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RESUME (EN FRANCAIS)

Le comportement magnétique dans les structures en couches minces a suscité un intérét considérable
pour ses applications technologiques tres variées. Au fur et a mesure que la dimension des films
magnétiques diminue, ils sont capables de présenter diverses propriétés magnétiques n'ayant pas
d'équivalent dans le matériau en vrac a mesure que le magnétisme interfacial devient plus important.
Cependant, sonder les interfaces magnétiques enterrées dans de telles hétérostructures peut étre un défi
majeur. L'anisotropie magnétique perpendiculaire (PMA) est une telle quantité induite par l'interface qui
se produit a l'interface entre différents types de matériaux. Cette these porte sur la détermination du
profil d'aimantation hors plan a travers des films ferromagnétiques ultrafins enterrés avec divers
matériaux adjacents par réflectivité magnétique des rayons X doux (SXRMR), fournissant ainsi une
description directe du magnétisme aux interfaces inférieure et supérieure. Cette technique combine les
informations résolues en profondeur de la réflectivité des rayons X avec la sélectivité des especes du
dichroisme circulaire magnétique des rayons X pour sonder le profil de magnétisation dans le plan (ip) et
hors du plan (oop) avec une résolution inférieure au nanometre dans les couches minces.

Les systemes a base de métal lourd/ferromagnétique/oxyde sont bien connus pour leur capacité a fournir
un-PMA élevé se produisant principalement par I'hybridation a l'interface FM/oxyde par recuit a des
températures plus élevées. Nous avons étudié le profil d'aimantation dans des séries d'échantillons de
MgO/CoFeB/(W)/Ta avant et aprés recuit a différentes températures par des mesures au bord Fe L3. Une
transition de I'axe magnétique facile de ip a oop pour les couches de couverture Ta et W a été observée,
accompagnée de changements dans la distribution magnétique de Fe sur I'épaisseur de CoFeB.
L'échantillon en couches de ta coiffe a montré un profil d'aimantation amélioré et plus homogeéne aprés
recuit a un recuit a 340°C par rapport a une distribution de gradient avant recuit. Cette distribution s'est
encore modifiée aprées un recuit a 400°C ol |'axe magnétique facile est revenu a ip. Pour la couche de
protection W, nous avons observé un profil de gradient avant ainsi qu'apres le recuit a 400°C, mais
accompagné d'une amélioration de I'aimantation aux deux interfaces.

Nous avons également étudié un autre systéme de Gd en couches minces Pt/Co/Gd qui s'est avéré étre
un empilement prometteur dans le contexte des études de déplacement de paroi de domaine chiral en
raison du couplage antiferromagnétique sur des sites atomiques individuels de l'interface Co/Gd. Avec
SXRMR, nous avons obtenu la distribution de I'aimantation hors du plan a travers les couches Co a partir
de mesures au bord Co L3 ainsi que les couches Gd a partir de mesures au bord Gd M5 a différentes
températures de 300K a 40K. Pour la couche de Co, dont la température de Curie est supérieure a la
température ambiante, I'analyse montre un profil homogene sur I'évolution de la température. En
revanche, pour la couche de Gd, dont la température de Curie est connue pour étre proche de la
température ambiante, nous avons observé un profil magnétique inhomogene sur la plage de
température de 43K a 300K. Bien que pour 300K, un profil de magnétisation oop pur a été résolu a
l'interface immédiate avec Co. A des températures plus basses, nous avons observé un changement dans
le profil oop et la manifestation de la composante ip plus loin de l'interface d'interface immédiate Co/Gd
ou Gd est fortement mélangé avec le bouchon Al couche



RESUME (IN ENGLISH)

Magnetic behavior in thin-film structures has attracted considerable interest for its wide-ranging
technological applications. As the dimension of magnetic films reduce, they are able to exhibit various
magnetic properties having no equivalent in bulk material as interfacial magnetism become more
important. However, probing buried magnetic interfaces in such heterostructures can be a major
challenge. Perpendicular magnetic anisotropy (PMA) is one such interface induced quantity that occurs at
the interface between different types of materials. This thesis focuses on determination of the out-of-
plane magnetization profile through buried ultrathin ferromagnetic films with various adjacent materials
by soft X ray magnetic reflectivity (SXRMR), thus providing a direct description of the magnetism at the
bottom and top interfaces. This technique combines the depth-resolved information of X-ray reflectivity
with the species selectivity of X-ray magnetic circular dichroism for probing in-plane (ip) and out-of-plane
(oop) magnetization profile with sub nanometer resolution in thin films.

Heavy metal/ferromagnet/oxide-based systems are well known for their capability to provide high PMA
mainly occurring through the hybridization at FM/oxide interface through annealing at higher
temperatures. We investigated the magnetization profile in series of samples of MgO/CoFeB/(W)/Ta
before and after annealing at different temperatures by measurements at Fe L3 edge. A transition in easy
magnetic axis from ip to oop for both Ta and W cap layers was observed which was accompanied by
changes in Fe magnetic distribution over CoFeB thickness. Ta cap layered sample showed an enhanced
and more homogeneous magnetization profile after annealing at annealing at 340°C compared to from a
gradient distribution before annealing. This distribution further modified after annealing at 400°C where
easy magnetic axis turned back to ip. For W cap layer, we observed a gradient profile before as well as
after annealing at 400°C however accompanied by an enhancement of magnetization at both interfaces.

We also studied another system of Pt/Co/Gd thin film Gd which has proven to be a promising stack in the
context of chiral domain wall displacement studies due to the antiferromagnetic coupling at individual
atomic sites of the Co/Gd interface. With SXRMR we obtained the distribution of the out-of-plane
magnetization across the Co layers from measurements at the Co L3 edge as well as Gd layers from
measurements at the Gd M5 edge over various temperature from 300K to 40K. For the Co layer, whose
Curie temperature is higher than the ambient temperature analysis shows a homogeneous profile over
temperature evolution. On the other hand, for Gd layer, whose the Curie temperature is known to be
close to room temperature, we observed an inhomogeneous magnetic profile over temperature range of
43K to 300K. Although for 300K, a pure oop magnetization profile was resolved at the immediate interface
with Co. At lower temperatures we observed change in oop profile and manifestation of ip component
further away from immediate Co/Gd interface interface where Gd is strongly intermixed with the Al cap
layer.
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Chapter 1 : Introduction

1 INTRODUCTION

In this thesis, we are interested in investigation of depth resolved magnetic profiles in ultra-thin film
sample with perpendicular magnetic anisotropy (PMA) by resonant magnetic scattering. It is essential to
understand why we are motivated by PMA, its origin and the systems that give rise to this phenomenon.
This will be followed by importance of studying interfacial effects, magnetism, and why we are motivated
by it.

1.1

Since properties of magnetic thin films and multilayers first triggered interest more than 60 years ago [1],
various new physical phenomenon such as interfacial perpendicular magnetic anisotropy
in thin films [2,3], Giant Magnetoresistance (GMR) [4,5], Tunnel magnetoresistance (TMR) at room
temperature [6,7], oscillatory character of RKKY exchange coupling [8] and others have been discovered.
These phenomena all consider spin of the electron in addition to its charge thus associating magnetism
and electronic transport with new term — spintronics [9].

It was the discovery of giant magneto resistance (GMR) in a sample of Fe/Cr multilayer by Fert and
Gruenberg, which won them a noble prize in 2007 that had the strongest impact on both fundamental
and applied physics. The Fe electrodes were separated by Cr layers and their magnetic state was changed
into parallel or anti-parallel through manipulation by an external magnetic field. The orientation of the
external magnetic field when changed gave two different resistance states (low and high) for electron
transport measurements. It is the large resistance variation between parallel and anti-parallel
magnetization giving rise to the name GMR. A schematic diagram represented in Figure 1.1, shows a case
of two ferromagnetic layers (F1 and F2 in blue color) that are separated by nonmagnetic (NM) layer (in
yellow color).

? / / r
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Figure 1.1 Schematic explanation of the GMR effect.

From application point of view, discovery of GMR offered a new concept for magnetic sensor device: spin
valve [10] which were then rapidly integrated into read/write heads by hard disk drive (HDD) industry
after showing improved sensitivity. Development of such HDDs has been a strong driving force in micro
magnetism, nano magnetism and spintronics. This has allowed increase in areal density of information
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stored in HDD at an average rate of 60% per year, representing more than 8 orders of magnitude over 50

years.
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Figure 1.2 Read/Write heads technologies which contributed to areal density increase in HDD [11]

In these devices, digital data is stored as magnetization direction of a tiny nanometer sized magnetic
domains. Each of these domains with a specified magnetization direction defines a bit. The orientation of
small magnetic domains (bits) where storage magnetic media is designed to have two stable states at
remanence. This is achieved by the uniaxial axis of anisotropy that provides a specific orientation of
magnetism. Thus, magnetisation has two possible directions along anisotropy axis. The uniaxial anisotropy
is characterized by an anisotropy energy per unit volume K;, and thus anisotropy energy is given by:

E = —K,(M-7)? (1.1.1)

Where M is the orientation of magnetization with respect to the easy axis of magnetization.

Since in HDDs, we want to increase the areal density, the aim has been to decrease size and increase
storage density. Writing information requires switching magnetisation of the grains of the magnetic
material from one stable state to other overcoming an energy barrier AE that separates the 2 stable
states. The required energy is given by [12]:

AE = K,V (1.1.2)

Where K, is the anisotropy per unit volume of the storage layer and V is volume of the storage layer, i.e.,
the grain size. Itis AE that determines the stability of written information. If the barrier is not high enough,
magnetization, of a grain can switch to opposite direction due to thermal fluctuations (kzT). This will
result in degradation of stored information. Typical switching time to overcome energy barrier given by

AE (1.1.3)
T = Tgexp (m)
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Where 1 is the characteristic attempt time of 1 ns. In order for the information to remain stable through
retention time €, ctention time €NErgy barrier must be:

AE > kgTlog (tretention time) (1.1.4)
To
Thus, for a 10-year retention period,
AE = K,V > 45kgT (1.1.5)

At room temperature, to fulfil this condition, anisotropy needs to be increased too. This was initially
achieved in hcp-CoCr based alloys which were doped with Pt in order to switch in plane to out of plane
anisotropy [13]. This was done to reduce negative impact demagnetizing energy has effective anisotropy
with decreasing bit size.

MRAM devices (magneto resistive random-access memory), are universal memory devices introduced by
spintronics based on MTJ (magnetic tunnel junction) technology. MTJ is a spintronic device derived from
spin valves, consisting of two magnetic layers separated by an insulting tunnel barrier. From the spin
valves the metallic spacer is replaced by a very thin insulator (oxide) layer so that electrons can pass from
one ferromagnetic layer to the other by tunnelling. Spin filtering effect is dominant in such case leading
to a very high relative resistance variation called tunnel magnetoresistance (TMR) [14]. The resistance of
this barrier depends on the relative orientation of the magnetization of the two layers which may be
further imagined for binary coding in new recording applications.

After the first device demonstration in 1993, it was seen that MRAMs provided reduced noise, no volatility
and a lower power consumption with a high density in the smallest chip [15], [16]. This also proved to be
attractive for industrial applications [17]. Like in HDDs, in case of MRAMS too, retention can be directly
linked to barrier height K,,V. If the memory cell size is reduced to increase storage capacity, anisotropy
has to be increased in order to meet criterion for thermal stability. However, we cannot increase
anisotropy too much, otherwise energy to write information will be too large and the system will be
useless. These considerations show us that the anisotropy of a magnetic material plays an important role
in applications of magnetism particularly those related to memory and storage.

Although initially, in the studies of spintronic devices, the magnetization of FM layer was kept in plane, it
has been shown that PMA of a magnetic material can be of great importance in applications of magnetism
specially those related to memory and storage.

A solid-state memory, which is a device that reads and writes data with high speeds, used electronic state
of capacitors and transistors to store data. Although these devices enabled high performance, such static
and dynamic random-access memory (SRAM and DRAM) where data constantly needs to be refreshed
also don’t seem as an ideal solution. Another device called flash memory was developed, which although
nonvolatile, relied on moving parts, imposing size and speed limitations [18].
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Materials with out of plane anisotropy has come out as a solution in order to keep the magnetization
along a defined axis in MTJ and thus enhance robustness against thermal fluctuations [19-21]. Thus, in
this thesis, we are motivated to study specifically ultra-thin film systems with PMA.

1.2

In order to further our study, we will take some time to understand some basic terms that will be used
throughout the thesis, sometimes in repetition.

Electrons revolve around a nucleus giving us orbital magnetic moment m,. However, it does not suffice to
explain the total magnetic moment which is experimentally higher. Thus, we introduce the notion of ms,
which is intrinsic angular momentum of electron taking the value S = +1/2. Therefore, the total magnetic
moment is given by:

m= my+mg (1.2.1)
These two magnetic moments can interact with each other giving rise to spin orbit coupling (explained
further in details).

For magnetic moments within a volume density is defined by net magnetisation, M (in Am™). M; is the
saturation magnetisation, which is the maximum magnetisation available in the system when all the
magnetic moments are collinear. It must be noted here that, this definition of magnetisation and magnetic
moment is for general systems. It can be different at interfaces due to effect of neighbouring atoms which
we will discuss in more detail in further sections.

A ferromagnet (FM) is a material that exhibits magnetisation due to all the magnetising moments pointing
in the same direction below a certain ordering temperature defined as curie temperature (7). As we go
above T, the thermal fluctuations lead to cancellation of magnetisation as they outweigh the interaction
between magnetic moments resulting in a paramagnetic state. Antiferromagnetic (AF) material exhibits
net 0 magnetization due to antiparallel alighment of neighbouring magnetic moments. It is temperature
dependent and exists below Ty called the Neel temperature. Lastly, if the magnetisation of a system with
AF order is not fully compensated, system is known to have ferrimagnetism due to different magnitudes
of AF coupled magnetic moments.

Spin orbit coupling (SOC) is a relativistic interaction that occurs between the electron spin and orbital
angular momenta [22] thus, we can say that SOC describes the effect of the electron orbital motion on its
spin. The consequence of spin orbit interaction makes the angular momentum tend to align to spin of
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electron with preferential crystal axes and creates magneto crystalline anisotropy (discussed in detail
further).

SOC is a source of multitude of phenomenon such as perpendicular magnetic anisotropy (PMA), spin hall
effect, Rashba effect [23] and also Dyaloshinkii — Moriya interaction [24], [25], [26].

In transition metals, valence electrons in the 3d band, electric field is formed by ions of the crystal called
crystalline field. This is so strong that it blocks the orbital moment, making it insensitive to the spin
moment. This is called quenching [27], [28]. In many transition metals, the net magnetic moment has
contributions from orbital moments = 5% to 10% of the spin moments [29]. In absence of SOC, magnetic
moment of 3d ions would in fact be pure spin moment.

In rare earth materials (unfilled f band) SOC is larger than crystal field energy, resulting in large moments
and large orbital momentum contribution and lower T, due to weaker indirect exchange interactions of
more shielded f electrons.

Magnetic domains was introduced by Pierre Weiss in 1907 [30], when he was explaining why a
ferromagnetic material can exist in demagnetised state, which was later confirmed in 1931 by Bitter
through a visualization technique. It can simply be described as a region where atomic magnetic moments
are approximately oriented in the same direction which arise from the need to balance contribution of
different energy terms such as magnetostatic energy, exchange energy and magneto crystalline energy.
On increase of number of domains, magnetostatic energy term reduces followed by increase of the other
energy terms.

The region at the interface in between two magnetic domains is called a domain wall (DW). This region
brings an increase in exchange and anisotropy energy. A DW has finite width that results from the
competition between exchange and anisotropic energies. For thin films with PMA, mainly two types of
DW can be found, which can be distinguished from one another in the way atomic magnetic moments
turnin a wall which are called as Bloch and Neel walls as shown in Figure 1.3. In a Bloch DW, magnetisation
rotates in a plane parallel to the plane of domain wall while in a Neel DW, it rotates in a plane
perpendicular to the plane of the DW. The Bloch walls are found to be most stable in thin films with PMA.

J—=| A | J_,,’ A '
O] 1 [®] Ol=]®

Figure 1.3 (a) Bloch domain wall; (b) Neel domain wall; A is the DW width parameter.
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1.3

In magnetic media, spontaneous magnetization can lie in some preferred directions with respect to
crystallographic axis. This property is called magnetic anisotropy. The energy involved in rotating the
magnetization from the low energy direction (easy axis) to a higher energy direction (hard axis) is called
anisotropy energy E. There are several kinds of anisotropy:

Magneto crystalline anisotropy
Shape anisotropy
Stress anisotropy

.

Exchange anisotropy

Out of all these, only magneto crystalline anisotropy is intrinsic, while the others are extrinsic or induced.

Due to SOC, spins prefer to align along the certain crystallographic directions in order to minimize SOC
energy. This contribution is known as magneto-crystalline anisotropy. It can be observed by measuring
magnetization curves in different directions. For cubic close packed structures in case of Fe or Ni, the
magneto crystalline energy is given by series of expansion in terms of angles between different directions
of easy and cubic axes. It is sufficient to represent the anisotropy in an arbitrary direction by first two
terms in series of expansion - K, and K; since the rest of the terms are really small. In hexagonal,
tetragonal and rhombohedral structures - K.

First predicted by Néel in 1953, in multi layered thin film heterostructures, broken symmetry at interfaces
generates an anisotropy [1] which can also be described by the uniaxial anisotropy energy [31]:
¢ 1.3.1
& = Tssin2 0 ( )
Where K; is the surface anisotropy constant, t is the magnetic film thickness and 8 is the angle between
the magnetization and the film normal. This tends to bring the magnetisation in the out of the plane
direction. The term K, has two contributions from 2 interfaces and introduces an easy axis perpendicular
to the film and adds to MCA as well as shape anisotropy that arises from the dipole-dipole interaction [22].
The effective anisotropy energy K.rr can be written as:

K, poM? (1.3.2)
Keff = K1 + ?S - 2

Where, shape anisotropy is given by the last term in the eq.( 1.3.2). In ultra-thin film heterostructures,
volume anisotropy is mostly dominated by shape anisotropy since MCA contribution (K;) is much
smaller, and where the effective anisotropy is then given by:
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K - Ky poM? (1.3.3)
eff _T_ 2

Here, K, = K/t (Jm3) and Kerr = Ky — Kg, (Kg representing the shape anisotropy). Kq¢¢ > 0 which
implies that interface anisotropy outweighs shape anisotropy giving rise to PMA. We can see from this
empirical expression that interfacial contribution of anisotropy increases when the magnetic layer
thickness (t) decreases. Thus, we can define a critical FM thickness tc where for thickness greater than tc
magnetization will lie in plane. For systems such as Co/Pt, this thickness = 1nm as illustrated in Figure 1.4.

For thicker films, shape anisotropy dominates and favors ip magnetization. However, for thinner films, the
interfacial contribution dominates leading to perpendicular magnetic anisotropy (PMA).

(a) (b)

| | | | | o) o e o el o

Figure 1.4 lllustration of magnetic anisotropies in two often found cases. a) Out of plane magnetisation
b) In plane magnetisation (Figure adapted from [32])

Out of plane (oop) elements are promising for industrial applications [33]. PMA occurring in thin film
systems can have different origins, of materials where the phenomenon of PMA appears such as
ferromagnetic/heavy metal systems such as in Co/Pt, Co/Pd multilayers [34] or with rare earth metal such
as Gd [35]. According to observation, it was believed that to obtain PMA, it is essential to have heavy
metal present at the magnetic metal interface (that could be linked to the strongest SOC in heavy metal).

In the recent years, interfacial perpendicular magnetic anisotropy (iPMA) discovered at interfaces
between magnetic transition metals and oxides [36] despite the weak spin orbit coupling. This
phenomenon can be observed with a variety of amorphous and crystalline oxides along with various
transition metals such as Co, Fe, CoFe or CoFeB alloys that can be formed either from natural oxidation of
metallic element or plasma oxidation. This is a remarkable phenomenon considering that the measured
anisotropy amplitude between CoFeB/MgO is comparable or in some cases even larger to that found in
thin film systems with Co/Pt interfaces (1.4 erg/cm?) despite the weak spin orbit coupling since the
elements involved are light (Co, Fe, O, Mg etc.)

Detailed characterization techniques such as XAS (X ray absorption spectroscopy) and XPS (X ray
photoemission) have revealed that oxygen plays an essential role in occurrence of interfacial
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perpendicular anisotropy (iPMA) at magnetic metal/oxide interfaces produced by formation of Fe(Co) —
oxygen bonds [37], [38]. Ab initio calculations later showed that hybridization between the sp oxygen
orbitals and dz? orbitals in 3d metals along with the decrease in degeneracy in d orbitals causes such an
anisotropy [39]. Thus, the origin of large PMA is ascribed to the following factors:

e Degeneracy lift of oop 3d orbitals as a cause of weak spin orbit coupling.
e This leading to Hybridizations between dz?, dxz and dyz 3d orbitals.

Level of oxidation can also be an important factor to consider according to a study by Yang et al., [39],
where three structures have been shown (a) “pure” (O-terminated) interface, (b) an over oxidized
interface (with O inserted at the interfacial magnetic layer), and (c) an under oxidized (Mg-terminated)
interface. Infact largest values for PMA have been obtained for ideal interfaces while it is reduced for the
case of over- or under oxidized interfaces [40].

1.4

In this thesis our focus is on nanomagnetic behaviour at thin film interfaces, it is important to understand
how magnetic behaviour originates at and near interfaces, especially those between thin films. This
behaviour is due to breaking of inversion symmetry interfaces and surfaces that can produce a variety of
effects. Magnetism is known to arise from the strong short-range correlations occurring due to electronic
spin and orbital degrees of freedom which are inherently altered at interfaces, particularly in the presence
of strong spin-orbit coupling and during responses to stimuli. Therefore, interfaces not only modify bulk
magnetic properties, but can also create magnetism from nonmagnetic layers, alter the nature of a
magnetic state, or can impact its dynamic evolution following an electrical, optical, thermal, or magnetic
pulse as shown in Figure 1.5 where the circles with arrows in purple colour indicates interfacial atoms.
These indicate interfacial mixing of structure, chemical, magnetic, and electronic states which can modify
spin as well as orbital properties on each side to create new magnetic properties [41]. Here, time-
dependent stimuli such as charge currents, optical pulses, heat, and electric and magnetic fields (shown
in different incoming directions) can produce spin currents, which can in turn modify the electronic and
magnetic states. When we talk about interfacial magnetism, all such effects and changes in magnetism
occurring at interfaces are incorporated in that term.

One such effect that we studied is, PMA which creates a unique axis perpendicular to the interface. Thus,
it is intriguing to study how interfaces in heterostructures with PMA can affect the magnetization
distribution across a layer.
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Figure 1.5 Interface between a ferromagnet (blue atoms with arrows) and a heavy metal with strong
spin-orbit coupling (red atoms with circles). Interface atoms are shown in purple with circles and arrows.
The different directions around the heterostructure are time-dependent charge currents, optical pulses,

heat, and electric and magnetic fields (taken from [41])

In general, for ideal systems, the interfaces are perfect and thus we expect very less effects from extrinsic
factors related to structures of thin films and their interfaces. However, in real systems, the interfaces are
far from ideal and consist of disorder effects such as interdiffusion, roughness, strain and defects etc.
Some examples include interfacial roughness effects on GMR of spin valve structures [42—45], spin
transport across interfaces [46—48] and a phenomenon called exchange biasing [49] occurring at the
interface between an antiferromagnets and a ferromagnet which may give rise to an enhancement of
magnetic ordering temperature due to proximity effect [50]. Also, TMR effect is sensitive to the interfacial
region at the FM electrode/tunnelling barrier. It is known that extrinsic factors such as magnetic impurities
or structural dislocations formed at the barrier interface can largely degrade TMR [51-53]. For example,
a strong interface sensitivity of TMR has also been indicated by enhancement or reduction after insertion
of 4-monolayer bcc Co and 1-monolayer Cr at the barrier interface have been observed previously [54].

Efficiency of spin injection determined by the magnetic properties in the immediate interface region (a
few monolayers from the interface) in a heterostructure with a ferromagnet (FM) [55]. Therefore, in order
to improve the spin-injection efficiency, we need to be able to separate out the magnetic properties at
the interfaces from those at the centre of the thins films [55].

On magnetic systems, effects of surface such as critical behaviour near the transition temperature have
been studied extensively [56-58]. It is also common to see a shift in the T (Curie temperature) or Ty
(Neel temperature) for ultra-thin films due to reduction of thickness [59-61]. This can be due to extrinsic
effects or even intrinsic finite size objects. These due to lesser neighbours atoms at interfaces, spin orbit
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coupling [62] or correlation effects (due to reduced coordination) that can modify the underlying
electronic band structure [63]. In the case of antiferromagnets, it has been seen that the consequences
of surface exchange modifications can prove to be particularly dramatic since the net spontaneous
moment of the material is dominated by surfaces and defects [64—66].

1.5

Thin film magnetic heterostructures with PMA which play an essential role in current recording media
industry and technologies [67] are the core study of this thesis. Since PMA is an interfacial property, and
interfaces are known to play a fundamental role to create new methods of rapid manipulation [68] in the
field of spintronics. We want to go beyond the layer-averaged description of magnetism in
heterostructures and see the effects at a more local scale, and how far the effects extend from the
interface.

The progress of techniques with elemental specifies and monolayer sensitivity by using the non-
destructive depth profiling technique of X rays (XMCD at scattering condition) open up opportunities to
understand the magnetism of the buried interfaces. The high flux available at the third-generation
synchrotron source permits magnetization density profiles to be obtained with higher spatial resolution
than possible with polarized neutrons [14]. This is the technique we performed in this thesis and will be
discussed in depth in the next chapter
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2 RESONANT X RAY MAGNETIC SCATTERING

Scattering experiments have been one of the most powerful ways to obtain information about structure
of matter. Through conventional scattering methods of electrons and neutrons we have been able to
study precise spacing as well as location of atoms in various solids. Experimental techniques which use X
rays such as X ray diffraction and reflectivity have been known as standard methods to study the structure
in solids. X ray diffraction is a method that uses hard X rays which are close to energy range of 10 KeV in
order to accurately determine crystal structure determination [69]. Due to high interface sensitivity, X ray
reflectivity technique in specular condition has been one of the work horses to determine structural
properties such as layer thickness and interface roughness in thin film heterostructures. Also, since
penetration depth of X rays is of the order of micrometers in 10KeV, they have also allowed one to probe
real bulk properties. Thus, easy availability and cheapness of these X ray sources have aided in widespread
use of these techniques.

However, along with determination of lattice structures, determination of magnetic structures has been
another challenge in solid state physics. To probe bulk magnetic properties, we have techniques such as
magneto optical Kerr effect (MOKE) and superconducting quantum interference device (SQUID), however
in these methods we are only limited to average value of magnetisation over the whole sample. We are
not sensitive to information in a certain thickness, or the effect of interfaces, within the thin film samples.
We have studied in the previous chapter; how interfacial affects play a significant role in improving thin
film heterostructures for magnetic recording applications.

Thanks to the tunability of the synchrotron radiation in the mid-1980s providing possibility to change the
polarization of incoming light has opened gates to many magnetic scattering experiments. Synchrotron
radiation is an intense as well as versatile source of X rays providing increased brightness and flux with X
rays that more brilliant compared to lab sources by a factor of 102 This has allowed one to work at
energies where electronic transitions occur for specific elements, thus enabling research at elemental
resonances. This has been used to carry out absorption experiments to study local magnetic properties of
magnetic materials such as X ray magnetic dichroism (XMCD) effect, introduced in the year 1987 by Gisela
Schutz, et al. [70,71].

When reflectivity measurements are made at energy is tuned at absorption edges: L,,3 edges for transition
metals and Ma,s edges for rare earth metals, dramatic changes occur in atomic scattering factor as a
function of the magnetization of the sample [72-74]. Thus, in general, by using circular polarized light
tuned in resonant edge energy, any technique can be turned into its magnetic counterpart through effect
of XMCD.
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In this thesis, our main focus will be on a specific scattering technique called soft X ray resonant magnetic
reflectivity (SXRMR), better known as a combination of XRR and XMCD as it involves measuring intensity
of specular reflectivity at resonant energies by changing the angle of circular polarised light. This method
enables us to measure magnetic moment depth profile of a chosen element along the growth axis with
high accuracy [75] [76],[77]. Kao at NSLS Dragon beamline measured one of the first reported results on
SXRMR on Co [78,79]. A strong asymmetry was measured at Co L2,3 edge indicating strong sensitivity and
a relation to XMCD effect. This technique is popularly known to determine interfacial magnetism in
heterostructures which can be important for applications into spin injection, TMR and GMR where high
spin polarisation through interface is an essential issue.

2.1

Since being discovered in 1895 by Wilhelm Conrad Rontgen, X rays have been an invaluable probe to study
structure of matter for a range of materials. They are electromagnetic waves with a wavelength in the
region of an Angstrom (10°m). Here, we will discuss some the important characteristics of X rays.

Electromagnetic radiation such as X rays can be thought of as superposition of electromagnetic waves.
They have both electric field E* and magnetic field B as shown in the Figure 2.1 which are perpendicular
to each other and the wave propagates in a direction perpendicular to them (we can say transverse
direction). Both electric field E* and magnetic field B can be written as:

E*1 = EBexp—i(wt—k.r) B = Bexp—i(a)t—k.r) ( 2_1_1)

The term (wt — k.r) is the phase of the wave, r is the position vector, t is the time and w = 27mv is the
pulsation.

)

v
Eo

H

Figure 2.1 An X-ray is an electromagnetic wave where the electric field E* and magnetic field B are
perpendicular to each other and to the propagation vector k.

1 Here we have used E* to represent electric field to not confuse with E for energy.
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As the electromagnetic waves are described vectorially, we can introduce the notion of polarization. It
describes the orientation of oscillations of the electric field E*and magnetic field B. Figure 2.1 shows an
electromagnetic wave that is linearly polarized since with time the two planes of polarization do not
change their orientation. Thus, electromagnetic wave can be said to be polarized when all waves that
compose it have electric planes parallel to each other and it is represented by vector €.

We can also write the equation ( 2.1.1) taking polarization into account as since direction of € is same as
that of E”

E* = eEjexp @tk (2.1.2)

In the third-generation synchrotrons, we can have X ray beams with almost all photons having the same
polarization. Radiation from a bending magnetic is linearly polarized whereas that from insertion device
can be also circularly polarized.

a) Linear o and & polarizations

kl
scattering plane 4

y  F .
X

7

Figure 2.2 Geometry of scattering experiment with polarized light showing the directions of the o and it
vectors with respect to the scattering plane

Y

In scattering, polarized X rays are defined to have one component perpendicular to the scattering plane
o and the other component parallel to the scattering plane is 7. Figure 2.2 shows the orientation of
both o and m with respect to the scattering plane. A plane wave that has only & components (or
alternatively only T component) is said to be linearly polarized. Linear polarization states have 0 angular
momentum that is projected along the propagation direction. We can represent electric field as a matrix

E: = (é) EL = ((1)) (2.1.3)

Where E; and E}, denote waves polarized in g and 7 directions.
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b) Circularly polarized light

Figure 2.3 Shows the circular polarized waves at a given time (a) Left-handed circular polarized light
€~ (b) Right-handed circular polarized light C*

An electromagnetic beam is called circularly polarized when the electric field rotates around the
propagation vector k. With propagation vector along z direction and phase along y is shifted by /2
with respect to x, amplitude for circular polarized light is:

s 1 /1 (2.1.4)

Ct=F—| i
V2\g

Here, CTand C~ are the right and left polarization and F sign ensures that angular momentum is +

along the direction of propagation.

A useful relation between wavelength and energy of X rays is given as follows:

12.398[KeV - A] (2.1.5)

A(R) = E[KeV]

Where E is the energy of X rays and 1 is the wavelength also where % = 12.398[KeV - A]. When we

talk about hard X rays, the wavelength is in range of 0.1 to 1nm, which is comparable to the interatomic
distances. For soft X rays, the wavelength is between 1 and 10nm which is comparable to distances in
nanometers for solids, and is usually used to study magnetic ordering.

2.2

X ray photon interacts with matter in form of scattering and absorption. In this section, we will present
the fundamental aspects of interaction of X rays with matter in order to further develop the theory of
magnetic scattering.
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Absorption is described as an energy dependent process occurring when incoming X ray photons are
absorbed by an atom. It is known to be very useful process to study electronic properties of the outer
shell of atom such as a valence state or local atomic displacements with methods like Extended X-ray Ab-
sorption Fine Structure [80], X-ray Anomalous Near-Edge Structure (XANES) [81].

When the energy of the photon is large enough to overcome the binding energy between the electron
and the nucleus, electron is expelled from the atom leaving it ionized. This is called the photoelectric
effect; it has been shown in Figure 2.4 X ray absorption is given by linear absorption coefficient u where
udz is the attenuation of the X ray beam, after travelling thickness dz distance at a depth of z from the
surface.

The intensity I(z) changes from z to z + dz is:

I(z+dz) — I(z) = —1(z)pdz (2.2.1)

Which gives,
I =1(0)e ™ #* (2.2.2)

When an X ray photon expels an electron from an inner atomic shell, it creates a hole in that shell which
can be subsequently filled by an electron from the outer shell. This results in emission of the photon with
energy equal to the difference of the binding energy of the 2 shells. Emitted radiation is also called
fluorescence. This emitted photon may result in emission of a secondary electron from an outer shell.
This secondary emitted electron is called Auger electron. All 3 of these processes are shown in Figure 2.4.

{a) Photoelectric absorption (b) Fluorescent X-ray emission
Coniinuum . Continuum anifuum
L S Energy
—O——M ——— —_— oM
—\.—c,—a)—l —O——0—L — O e—0—L
= i K

(c) Auger clectron emission

Continuum J,--’
I_—=
—_—{——M

—o—0—0— L

K

Figure 2.4 Schematic energy level diagram of an atom (a) The photoelectric absorption process (b)
Fluorescent X-ray emission (c) Auger electron emission

The absorption coefficient is related to the atomic absorption cross section o,;:



Chapter 2 : Resonant X ray magnetic scattering

ulm=1] = poy,s[m—3m?] (2.2.3)

Where p is the atomic density. While the process of absorption is distinct from scattering, it should be
borne in mind that the two are actually related which will be discussed in the following sections.

Now, we come to the other form of interaction of X rays with matter — scattering. It has been one of the
most important physical phenomena to enable the study of microscopic structure of matter such as
photons, electrons and neutrons. One method to study structure as introduced before is XRD that has
been used as a great tool to structurally characterize crystalline systems, relying on Thomson scattering
mechanism related to the interaction between the photos and the charge density of the electrons. This
method uses hard X rays with photon energies near hw = 10 KeV for crystal structure
determination [82]. Since, X ray wavelength is comparable to the interatomic distances in solids, enabling
us to solve the lattice structure.

In the classical description of the scattering event electric field of the incident X ray exerts force on the
electronic charge which then accelerates and radiates the scattered wave. Scattering event can be
classified as elastic or inelastic. Elastic scattering is a photon in-photon out process where there is no loss
of energy whereas in inelastic scattering, a change of energy takes place. Sometimes in quantum
mechanics we may observe that the scattered photon has lower energy relative to the energy of incident
photon. This inelastic process is called Compton scattering.

In this section, we will outline some key concepts such as scattering vector and differential cross section.

We begin by considering electron as the most basic scattering object. Thus, the ability of an electron to
scatter an X-ray is defined as the scattering length. In order to make any progress, we will begin with a
fundamental quantity the differential cross section written as:

do _ R (2.2.4)
N ¢An

Here, the strength of the incident beam is given by the flux, ¢ which is simply the number of photons
passing through unit area per second. The incident beam interacts after interaction with the scattering
object. The number of scattered photons recorded per second in a detector is /sc subtends a solid angle
AQ. The differential cross- section is thus a measure of the efficiency of the scattering process where
details of the experiment.
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Here we describe the elastic scattering from a single atom with Z electrons. It is important to mention
here that in an atom, protons and neutrons are not known to participate in the scattering since they are
too heavy and neutrons are not charged.

Since, we take the interaction of X rays with electrons, we start by considering a distribution of electronic
charge by a number density, p(r). Thus, the scattered radiation from the atom is a superposition of
contributions from different volume parts of this charge distribution. From Figure 2.5, the phase
difference between the volume element at origin and at position r is —k’ - r, where incident wave is of
wave vector k is written as,

Ap(r)=(k—K) r=Q-r (2.2.5)

Where, Q is the scattering vector as defined before and Q = 2|k|sinf = (47”) sin 8

Avolume element dr at r will contribute an amount —r,p(r)dr to the scattered field with a phase factor
of e!@7". The total scattering length of an atom is given as,

—10f°(Q) = -1, f p (e QTdr (2.2.6)

One atom

Figure 2.5 Scattering from an atom. An X-ray with a wave vector k scatter from an atom to the
direction specified by k’

Where f°(Q) is called the atomic form factor. Thus, we can define the atomic form factor as a response
of atoms to the electromagnetic X rays depending on the interaction between photons and electrons.

For Q — 0 all the volume elements scatter in phase thus f°(Q = 0) = Z which is the number of electrons
in the atom. The right-hand side of equation above is a Fourier transform.
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In the classical picture of the X ray scattering from an atom, the electric field of the incident wave exerts
force on the electronic charge causing the electrons to oscillate and radiate the scattered wave. The
oscillating electron thus becomes the source of re- radiating the X ray. This scattering of an X ray is
characterized by change in its momentum AP and energy E. An incident particle with wave vector k;
scatters and resulting in the final wave vector k;. The momentum transfers during this process

AP = hk; — hk; = hQ (2.2.7)

Where h = h/2m , his the planks constant and Q = k; — kg is defined as the scattering vector.

The difference in the incident and scattered wave vectors then provide with information on momentum
transfer scattering vector Q and energy transfer

In our study, we will only deal with the case of elastic scattering where AE = 0 and only Q is modified.

In order to understand resonant scattering, it is important to understand what this term means in our
study. An excitation process is simply described as resonant or non-resonant depending on whether the
energy of the incident photon hw corresponds to the excitation energy AE.

At resonance, however we define atomic form factor as,

f(Q.E)= Q)+ f'(E)+if"(E) (2.2.9)

Where f’ and f"' are dispersion corrections to £ ° which is an isotropic non resonant term. The dispersion
corrections assume their values when the X ray energy is equal to one of the absorption edge energies of
the atom. In order to derive these terms, we solve an equation of motion of bound electrons in an
alternating electromagnetic field. These dispersion corrections are also known as anomalous dispersion
corrections even though there isn’t anything anomalous about them.

It must be noted here that in case where energy of the X rays is different compared to the energies of
occupation of electrons, we can consider that there is no absorption and only f° is taken into account.

2.3

Till now we have learnt about charge scattering, interpreted through Thomson scattering however, we
also want to obtain information on the microscopic magnetic properties in magnetic samples. This
sensitivity to magnetism arises from the spin component of the electromagnetic wave. A well-known
probe that is sensitive to such information is related to the use of visible or near visible light, where the
angle of polarization of light is modified with the magnetization of the sample [83], [84]. This can happen
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in reflection (Kerr rotation) or in transmission (Faraday rotation). As these techniques are based on the
application of light, they are non-destructive and contactless. Since then, these magneto-optical effects
are widely employed, and use laser radiation. These effects are related to inter- or intra-band transitions,
accessible by dipole allowed transitions utilizing photon energies in the eV range. However, they are not
element selective and these methods do not provide a way to separate between spin and angular
momenta, and they are only quantitative after comparison with other magnetometry results.

The advent of synchrotron radiation will increase access to increasingly fine effects [85]. This gave ability
to perform a magneto optical experiment conducted by X rays, such as XMCD.

Magnetic circular dichroism is based on the difference occurring in absorption of left and right circular
polarized light due to change in magnetization in presence of an applied magnetic field. The direction
of this applied field is parallel to the direction of propagation of X ray vector.

Before a sample experience a magnetic field, the electrons are equally distributed over the orbitals. On
applying a magnetic field is applied, electrons with different spins are energetically separated. Due to the
spin-orbit interaction all the orbitals, except the s orbital (/=0), will be separated further into more energy
levels. To be able to detect magnetic circular dichroism, the measured sample must both have spin-orbit
interaction and spin polarization.

As we put the X ray radiation beam on the sample, it results in absorption of the photons by the electrons
which in turn becomes photo electrons. Thus, the X ray absorption signal is recorded by measuring the
current on the surface of the sample by exciting electrons into conduction band. Initially, the photo
electron is spin polarized through absorption of right circularly polarised (RCP) and left circularly polarised
(LCP) photons which carry angular momentum. This process has been shown in left hand side of Figure
2.6.

The 2p electrons are resonantly excited from deep bound Fe 2p level. SOI causes the Fe 2p level to split
into a less bound 2ps/; and a more bound 2ps,,; state excitation, with 13 eV energy difference which ae
also known as the L3 and L2 edges. (Left side of Figure 2.6) Then, magnetic properties enter when the spin
polarized photoelectron is excited into an unoccupied valence state.
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Fe 2p — 3d absorption
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Figure 2.6 2p to 3d transition on incidence of circular polarized X rays (on the left). Energy dependent
edge absorption of Fe for parallel and anti-parallel magnetization and corresponding XMCD signal.
(Figure taken from [86])

The excited photoelectron present in the final or intermediate state acquires a spin polarization through
the spin-orbit coupling interaction. Thus, it becomes sensitive to the spin imbalance in the unoccupied
density of states near the Fermi energy.

By measuring the difference in absorption or scattering of X rays with opposite helicities, a measurement
of this spin imbalance is obtained, which is proportional to the absorbing or scattering atom’s net
magnetic moment. This difference is shown in right hand side of Figure 2.6.

Thus, a direct relation of XMCD amplitude and the magnetic moment implies a general quantitative
character to this method. This technique is successful not only because of its element and site specificity
but also the fact that we can separate spin and orbit contributions to the total magnetic moment by so
called sum rules which have been introduced by Thole and Carra. With the help of a single ion
approximation, they were able to derive a sum rule for projection of the orbital moment (L,) [87] and
also for the spin moment (S, ) [88].

In this section, we aim to understand both effects of polarization as well as working at resonant energy
along with sensitivity to magnetism in this section and develop the expression for resonant magnetic



Chapter 2 : Resonant X ray magnetic scattering

scattering, and we will derive the atomic scattering factor containing magnetic related terms arising from
X ray magnetic circular dichroism.

In order to obtain the scattering amplitude, time dependent perturbation theory has to be used and
resonant processes requires a full quantum mechanical treatment. In the quantum mechanical picture of
resonant scattering as shown in Figure 2.7, an incoming incident photon excites an electron to a higher
lying level. Electron then decays back into the initial state by emitting a photon having same energy as the
incident one via an intermediate state. Scattering cross section in such process is derived by considering
the time dependent perturbation of the sample by the incident photon where resonance is considered an
intermediate state.

In) O O Im)

|i) O O If)

Figure 2.7 Diagram of resonant x-ray absorption showing each energy level with the electronic quantum
states.

In order to further develop the theory, we introduce scattered intensity I into a solid angle d{2 is given as
the square of scattering amplitude f(q, E).

(32) = Ir@ By (231)

The charge and magnetic dipole scattering without anomalous dispersion are described by M. Blume’s
approach [89], thus we can express eq. ( 2.3.1) as:

(Z%)scat =If@B)* = (%) P p(Ef) (2.3.2)

which relates scattered intensity to transition probability P;_,; which is then multiplied by density of
intermediate state p(E;) and normalized by intensity of the incident light I,. Transition probability P;_,
per unit time for second order perturbation theory can be written as:

. ( 2-3.3)
27[ ’ H nmn H

Here, eigenstates |i) describes the initial state where electron is excited and then decays back into the
final state |f) where |n) is the eigenstate for intermediate state of the excitation. The first order term
which includes transitions directly from |i) to | f) without intermediary states is called the Fermi’s golden
rule.
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The material in initial state |i) is characterized by an electronic ground state |a) with incident photon with
wave vector k and polarisation vector €, giving |i) = |a; k;€). Then, the Hamiltonian H might induce a
new transition of the system to a new eigenstate |f) = |b; k’;€’).

The interaction Hamiltonian in equation ( 2.3.3) for quantised electromagnetic wave is then given as,

e ROy A Y et
S () x A(ry)

where, A(rj) is the vector potential of the electromagnetic wave linked to electric and magnetic field
E(r) and M(r) vectors through Maxwell’s equations [90]. The j electron states are described by p;, 1
and s; (impulse, position and spin respectively).

In equation ( 2.3.4) first term describes radiation field itself while 2" term introduces the interaction of
electron this field corresponding to a charge dipole term. 3™ term represents interaction of
electromagnetic field with spin and the last term accounts for the spin orbit coupling. Splitting the
Hamiltonian, we can write the full elastic scattering amplitude as:

(2.3.5)
2

hw
Frut = g | (01e971]a) € - €) i {b] 5, @5 fa)e x ©

h2 <b|M,-(k’,e"”|c> (c|M;(k, €|a)
=
m

= (E,—E.)+ho lg

(b|M;(k,€|c (|M-(k' €"|a)
mz (E, —E;) —hw

X (Eq — Ep + hw — ho')

The first 2 terms account for charge and spin distributions related to scattering while third and fourth are
related to the resonant excitation. This equation contains most of the X ray scattering phenomenon such
as dichroism and polarization.

Finite width of the energy distribution of the intermediate state |c) introduces a modification of the
denominator in the form of inverse lifetime 7. It must be noted that the intermediate state is expressed
now by eigenstate |c). The transition matrices M; ;(k, €) can be written as,

(2.3.6)

M;;(kg) = Z (E Py +i(kX€)-s; ) e~k
L\t e h ij
h

It is important to differentiate the pure magnetic scattering which is a direct interaction between the
magnetic moment and the electromagnetic wave from the resonant magnetic scattering which deal with
an additional magnetization-sensitive component in the atomic structure factor in the vicinity of an edge.
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First let’s investigate the case where we look at magnetic scattering far away from resonance as derived
by M. Blume [91]. After simplifying the second order terms in equation ( 2.3.5). The scattering amplitude
for non-resonant charge and magnetic scattering is given as:

_ e? Q x P; , (2.3.7)
o = £ ple@lae o) - e o], (1 A+ 58) o) 0
With the substitution vectors for the polarization,
A=2(1—-k-k')( € x€e)—(kxe)k-€)+ (k' xe) (k' €) (2.3.8)
B=(e'xe)+ (k'x€e)k'-€)—(kxe)k-€)—(k'xe)k-e) (2.3.9)

It is worth to realise that A and B are formally different which means that spin and orbital momentum
contribute differently. Using the charge density n(Q) Fourier transform, spin density $(Q) and orbital
momentum L(Q) equation ( 2.3.10) can be written as,

h 1
non— mag — n(Q)(e -e) —i (m_(:z) o [EL(Q) A+ S(Q)- B] (2.3.11)

This equation has 2 terms where the first term describes scattering from charge distribution and second
term describes the magnetization densities. fj, is the Debye — Waller factor. Although both electric and
magnetic transitions contribute, electric multipole transitions that are dominant. Magnetic contributions
are smaller by a factor by a factor hw/mc?,

Omag (hw) NMag( 5)? frag (2.3.12)
Ucharge mc? fz

In conclusion, the non-resonant magnetic contribution is negligible in comparison to the resonant
contribution further described in the next section. A more detailed description on this can be found
in [92].

To calculate the resonant magnetic scattering, we consider the case when incident photon has an energy
of hw corresponding to the transition energy of a bound electron state in the atom (E, — E.). The
scattering amplitude is then dominated by the third term of the equation( 2.3.3). The transition matrix
M;(k, €) is determined for the respective electric 2!-pole transition E;. Lifetime of 7. of intermediate



Chapter 2 : Resonant X ray magnetic scattering

excited state directly influences scattering amplitude. In other words, transition is directly proportional to
density of unoccupied states in the conduction band above the Fermi energy Er.

In this discussion, we will only focus on electric dipole (E1,! = 1) transition in the following discussion.
Corresponding quadruple resonant (E2) transition can be found in the literature [93].

Within the dipole approximation the transition matrix element reduces to:

M(k,€) = Zzpn etk (2.3.13)
N n

In 3d transition metal magnetism strongly affects the 2p = 3d excitation and that the electric dipole
transition E1 is the dominant transition in these systems. The magnetic resonant scattering factor is then
given as [94]:

Where,
Tes = [(6' - €)F O — (e x €) - MFD + (¢ - M) (e - M)F(Z)] (2.3.14)
FO) — (i) (Fis + Fy ] (2.3.15)
4k 11 1-1
3 2.3.16
FO = (ﬂ) [F11 - F1—1] ( )
(2.3.17)

3
F(Z) = (E) [2F10 —Fi1— F1—1]

This equation fully describes the anomalous scattering from charge as well as magnetism within dipole
corrections. F(9 is independent of magnetic moment M and is the pure charge scattering not sensitive
to the sample magnetization related to resonant enhancement at absorption edge. F(1) is dependent on
the difference [F;; — F;_1] of the transition matrix elements for left and right polarised light and scalar
product of the incident X ray polarisation and magnetisation M. The third term is quadratic in M is the
origin of the so called X ray magnetic linear dichroism [95]. This term is usually omitted since its very
small in comparison to circular dichroism.

For simplicity in differentiating charge and magnetic terms, we can rewrite equation( 2.3.18) as

freS = (€' - €)F, —i(e' X €) - ME, (2.3.19)

Where,
Fo= —fo—f +if" (2.3.20)
E, =m'+im" (2.3.21)

This expression of the magnetic resonant atomic scattering factor is only valid for an isotropic
crystallographic system where the spherical or cubic symmetry is broken only by the magnetic moment.
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The isotropic part is described by the triplet (fo, f', f') which doesn’t change the polarisation of the
scattered beam. We have already described term f;(q) related to Thomson charge scattering and
f'"and f"are the anomalous charge scattering given by [F;; + F;_;] and can be separated into two
separate processes. First process is related to the excitation of the bound states to unbound continuum
states which lead to the step like structure in XAS absorption (absorption edges). This kind of scattering is
usually independent of the chemical environment of the atoms and whose tabulated values can be found
in []. The second type of process is the dipole selected, bound- bound excitation of the core electrons to
the unoccupied states. These are responsible for the characteristic resonances (white lines) at resonant
edge of an atom. Since it involves excitations from the valence shell, the resonance shape depends on the
local environment.
Finally magnetic scattering with terms m’, m'’ describe the magnetic contribution (XMCD) at resonant
edges and are given by [F;; — F;_4]. It is a part of the bound — bound excitation process with a different
polarization dependence.
We omit the third term in equation here since it is considerably smaller than circular dichroism in the
non—res

second term. In general expression, we also omit fmag since its several order magnitudes smaller

than 2p — 3d circular dichroism.

Thus, f', f"',m’,m" are called the resonant parameters that need to be determined in order to quantify
a magnetisation profile. The determination of these parameters will be described in chapter 3 of this

thesis.
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Figure 2.8 Resonant parameters f’, f/, m” and m” near Co absorption threshold deduced from the
measurement of absorption by the sum’s rules for m”” and by the transformation of Kramers Kronig for
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Thus, till now we have learnt the expression for atomic scattering factor at resonance whose expression
contains both charge and magnetic sensitive parameters. The magnetisation-sensitive effects occur in
ferro(ferri)magnets because the intensity contains a product of a magnetic and a nonmagnetic amplitude.
This term is obtained by measuring the asymmetry ratio which is defined as R,
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R = It—1" (2.3.22)
NEEYE

Where I and I~ are reflected intensities are the reflected intensities for positive and negative helicities
respectively.

To achieve such results, one measures twice the intensity reflected once with a definite direction of the
magnetic moment or, of the photon's polarization, and a second time with one of these moments
reversed. There are therefore two ways to calculate the ratio. One is to fix a given polarization and to
measure the intensity twice applying a field in two opposite directions and the other one is with a fixed
applied field to change the polarization of the incoming photons between the two reflectivity
measurements.

2.4

Kinematical approach to XRMS introduces us to a formalism which doesn’t take into account several
layers’ multiple reflections and transmissions that can be as well as the roughness of the interfaces. It is
based on the reflected intensity from one layer thus in principle, it doesn’t allow derivation of a magnetic
profile as a function of depth, although it enables the sensitivity to orientation of magnetisation as well
as the experimental configurations. Thus, through this formalism, we are able to express the reflected
intensity in terms of magnetisation components of my,,;, Myrq, and my,y, (Figure 2.9) that correspond to
the transverse, longitudinal and polar components from the polarisation and the angle 6.

We have understood by now that resonant atomic scattering factor depends on polarization of incident
and reflected beam. Thus, one way to express reflected intensity as a function of polarisation is to express
atomic scattering factor in a linear and circular basis. Following the work of Brunnel and De Bergevin [96]
Hill and McMorrow in their paper formulated scattering factor in linear basis (o, 1) [97].

Figure 2.9 Sensitivity to components of magnetisation
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fres —F (1 0 ) iR ( 0 Mo COS 6 + My, Sin 9) (2.4.1)
¢\0 cos(28) M \=myppn €OS O + My Sin 6 —M¢rans SN 26

This is the matrix form for resonant scattering amplitude. As defined before, here € = +1 is the sign for
reversing magnetisation. From this expression we can express reflected intensity as a function of
polarization of the incident beam, €.

=1, +1,
P , , (2.4.2)
(S a e
= [ + 171

We can express the incident polarization as a combination of linear polarizations i and o as e, and e;.
We take into account the phase shift by a complex part, thus the incident polarization vector can be
written as
€= (.e" ) (2.4.3)
ide,
Here, § = +1 which allows to consider + or — phase. We can develop expression for intensity |, as a function
of components of magnetization, its sign (¢), angle 6, and polarization of incident beam,

1= + [ (2.4.4)
. 2 . 2
I=[efoor+ i8€nfum| + €cfom + i8€nfrm] (2.4.5)
Putting,
Fe=fi1+f> (2.4.6)
Fn =my +m, (2.4.7)

Where f3, f>, mq and f, are the resonant parameters (used in experimental chapters), we arrive at the
expression for [
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I = (es + egcos?(20))|F.|?
+ [(ea +e,) (mlonzcosz(ﬁ) + mpolzsinz(e)) + (eg — ex)MypnMye; Sin(20)
+ Meran’ sin2(26)en] E,|?
+ 84\ [eser (—Mioncos® (6) + Myoisin®(8) ) (fimy + fomsy)
+ eenMiransin(40) (f;my — fimy)
(2.4.8)

This is the expression for intensity taking into account the incident linear polarized light and the
interaction with components of magnetization. Here if we replace ¢, §, e, and e, we can calculate this
expression to calculate different asymmetries.

In order to be sensitive only to the magnetic components, we calculate R, given as

Ip —Im (2.4.9)

Ip+Im

Here, Ip and Im are the intensities collected by either flipping the field (¢ = +1) or by reversing the
polarization (6 = £1). A finite value for R will indicate sensitivity to magnetism.

Using ) we can calculate I by putting values values for e, e, € and & for each configuration and thus
calculate R for incident beam linearly ( o, 7t ) or circularly polarized to check the sensitivity to each
component of magnetization - My, My, aNd Mypgy.

- Sensitivity to m;y, > Mygn = 0, Myy = 0,

I — |FC|2 ( 2.4.10)
R=0
- Sensitivity to Myyqn = Moy = 0, Myo; = 0

I = |F-|? + cos?(8)|Fyl? (2.4.11)
R=0
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- Sensitivity to My = Myop = 0, Meran =0

I = |F-|? + sin?(8)|Fy|? (2.4.12)
R=0

This shows us that we don’t obtain sensitivity to either of the 3 components with the linear ¢ polarized
light. Thus, no asymmetry ratio means that we can use o polarized light to calculate structure but not
magnetism in the sample.

- Sensitivity to m,,, > Mg, = 0, Mpor = 0

I = cos?(20)|F;|? + cos?(8)|F)|? (2.4.13)
R=0

- Sensitivity to m.q,, > Mo, =0, Mpot = 0

I = cos?(20)|F;|? + sin?(0)|Fyl|? + esin(46)(f,m;, — fimy) (2.4.14)
"~ |F|2 + tan%(20)|M|?

- Sensitivity to m,,,; = My, = 0, Mypgn = 0

I = cos?(20)|F;|? + sin?(0)|M|? (2.4.16)
R=0
This shows that, we are only sensitive to m;,4, through the use of linear it polarized light.

Now, we turn to circularly polarized light. It must be noted that all experiments in this thesis were
conducted using circular polarization.

- Sensitivity to Mo, > Mypgn = 0, My =0

I'= (14 cos?(20))|F¢|* + 2cos?(0)|M|* — 64cos®(0) (fymy + fom,) (2.4.17)
R —4cos3(0) (fimy + fomy) (2.4.18)
B (1 + cos?(20))|F¢|? + 2cos?0|M|?
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- Sensitivity to My;.q, > My = 0, My =0

I=(1+cos?(20))|F;|? + sin?(20)|M|? + esin(40)(fymy — fym,) (2.4.19)
_ sin(40) (f,m,; — fim,) (2.4.20)
(1 + cos?(20))|F¢|? + sin2(20)|M|?

- Sensitivity to Mpyo; = Myop = 0, Meran =0

I = (14 cos?(20))IF;|? + 2sin?(0)|Fy|? — e64sin®(0)(fymy + fomy)  (2.4.21)
R - —4sin3(0) (fim, + fLm,) (2.4.22)
(14 cos2(20))|F; |2 + 25in20|Fy, |2

Thus, if we apply circular polarized light, we arrive at an expression of asymmetry ratio for all 3
components of magnetism. However, this only makes it possible to be sensitive only to the components
longitudinal (m,,) and out-of-plane magnetization (m,.;) since if the magnetism of transverse component
cannot be probed by circular polarization.

If we observe asymmetry signal is located rather at small angles then the magnetization is longitudinal
due to dependence on cos3(0) from the expression of Mlyn.

If we get while if the asymmetry signal is strong at large angles, the magnetization has an out-of-plane
component due to dependence on sin3(8) from the expression of asymmetry.

If the asymmetry is zero, it does not mean that the sample is not magnetic, only that there is no magnetic
component in the diffraction plane.

All the configurations with linear o, linear it and circular light have been summarized below in the table
below.



Chapter 2 : Resonant X ray magnetic scattering

Table 1 Summary of sensitivity to 3 components of magnetization with linear or circular polarized light

o polarised

C+ Circular
polarised

’

n

ez=1,¢€,=1, e=1 and
6=+1

Till now, we have discussed how sensitivity to each component of magnetization arises by the use of
different polarizations. However, the magnetization component can also rotate in a plane, in which they
maybe be described by resolving the magnetization vector in 2 components.

A. Rotationin M,, plane

When the magnetization also has a tendency to rotate in yz plane we will see, by using which configuration
of polarization we can be sensitive to the magnetization vector. Since it is tedious to calculate it, we will
just summarize them below.

Using Linear o polarization or Linear mt polarization, we are not able to achieve any sensitivity to such
rotation however with circular polarized light we obtain the expression for R as,
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4 (—mloncos3(9) + mpolsin?’(G)) (fimy + fomy) (2.4.23)

(1 + cos?(20)|Fq|? + [2 (mlonzcosz(e) + mpolzsinz(e))] | e |?

Where, we can collect intensity to calculate ratio either by changing field or by changing helicity. They are
equivalent. Such a rotation of magnetization in yz plane was investigated in our thesis (given in Annex).

B. Rotationin M,, plane

In this case, we do not obtain any sensitivity using linear o polarized light, however both it polarized and
circular polarized make us sensitive to this magnetization vector with different ratios for flipping field or
flipping helicity.

Conclusion: These expressions of the energy dependence of magnetic asymmetry at different angular
position are not suitable to calculate the full angular dependence of the X-ray reflectivity and hence the
angular dependence of the magnetic asymmetry since they do not take into account multiple reflections
phenomenon in a stratified media nor the roughness of the interfaces. For a complete analysis of the
XRMR data it is necessary to use 4x4 matrix formalism briefly presented in the next section.

Thus, these expressions using kinematic approach will enable us to be able to comment from the shape
of the magnetic asymmetries if the sample presents a net magnetization and what are the components
of the magnetization: longitudinal, transverse, or polar (OP). This way of being able to understand data,
is also sometimes called qualitative analysis which have used in this thesis.

2.5

Thus, X ray resonant magnetic reflectivity can be expressed as a technique that combines nondestructive
depth profiling potential of X ray reflectometry with excellent sensitivity for magnetic phenomenon using
thel XMCD. Momentum transfer and scattering provide structural information while XMCD provides
magnetic information of the chosen element with high accuracy [75-77,98,99].

Within the framework of this thesis, we are interested in studying thin film stacks which can be considered
as a succession of continuous media having different densities and therefore interfaces. In order to study
thickness of layers as well as quality of interface, we wish to study the oscillations that are generated by
constructive interference of X rays that is reflected by each layer where the dimensions are greater than
interatomic distances.

Since X rays are electromagnetic waves, it is essential that we consider some sort of refraction
phenomenon that can occur at interfaces between media. In order to understand such phenomenon, each
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media is given its own refractive index, n. Macroscopic optical properties of a material are described in
terms of n. Refractive index of vacuum is 1, by definition. For visible light in glass, refractive index is
known to lie between 1.5 to 1.8. However, for X rays, the refractive index is known to be very small, usually
close to 1. In general, X rays the refractive index can be expressed as:

n=1-8+ip (2.5.1)

Where § and [ are called optical constants. § is related to the dispersion within the medium and £ is
related to the absorption and in conventional X ray regime they lie in the range of 10°- 108,

In the soft X ray range, they can reach up to 10" *2values at resonance. In case of hard X ray regime energy
of incoming photons lies mostly above resonant edges, § is seen to be positive that causes n to become
smaller than 1. However, in optical regime n is larger than 1 since incoming photon energy is less than any
resonant edge.

We understand from the description of atomic form factor that it describes the response of atom to the
electromagnetic field. For a material that consists of only 1 kind of homogeneously distributed
nonmagnetic atoms, refractive index n with form factor f can be written as [100] :

21pq (2.5.2)

nw)=1- 2

2mpq .
rof @)geo = 1 =52 To{fifeo + /(@) + if (@)}

Where scattering amplitude is in the forward scattering direction Q = 0. Here p, = pN4/M which is the
atomic mass density, Ny is the Avogadro constant, 1y is the Thomson scattering length and k = 2m/A. Like
the scattering amplitude, refractive index is strongly dependent on energy at resonance. In a non-isotropic
system where, optical properties are polarization dependent, § corresponds to the real part of the
scattering amplitude, written as:

2mp (2.5.3)
§(w) = kza ro(fg=o + f'(@))
And S relates to its imaginary part given as,
27'[p ( 2.5.4)
B) =~ =5 rof" (@)

For conventional X rays not at resonance, we can write,
2T, (2.5.5)

nx1l-6~=1-

Since in this case, f’ and f'' are negligible. The propagation direction of the X-ray beam in the material is
shallower than in vacuum, since n is smaller than unity (the medium is optically less dense than vacuum).
This leads to the occurrence of total external reflection for angles smaller than the critical angle. In this
case electromagnetic wave cannot penetrate the second medium and the entire intensity is reflected.
This effect occurs also for soft X-rays, if 6 > 0.

Optical theorem connects linear absorption coefficient u to 8 as follows:
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k 5.
o (@) = - 0a() (2.5.6)

It states that absorption cross section g, (w) of a scattering process is proportional to imaginary part of
scattering length.

X ray reflectivity is a well-established tool is used find structural compositions of ultra-thin film and multi-
layer systems on a nanometer scale specially in hard X ray region. When partial beams reflected in thin
films interfere with each other, it gives rise to constructive and destructive interference. This is geometry
dependent as we get constructive interference only for wavelength that can fit into the geometry related
effective phase difference. This makes reflection measurements as a depth profiling technique.

In simple words, reflectivity is described by the interference of X-rays which are reflected at different
interfaces. In X ray range, even a small change in n will introduce an interface and thus travelling x ray will
be reflected.

In the specular reflectivity, incident angle is equal to the reflected angle and the scattering vector Q is
perpendicular to the surface. Thus, XRMR provides magnetic spatial distribution with a precision down to
angstrom scale, sub-monolayer sensitivity and can possibly separate the spin and orbital magnetic
moments by changing the angle of circularly polarized incoming light at resonance energies and then
measuring the intensity of the specular reflection.

From above, we understand how reflectivity occurs. Now, we are motivated to understand the scattering
geometry that is used to obtain scans for specular reflectivity. A beam is incident on the sample at an
angle 8 and the reflected beam intensity can be measured as a function of 6. z component of the
scattering vector Q, is parallel to the z axis which is perpendicular to the surface is the component of the
reciprocal space. This illustrated in Figure 2.10.
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Figure 2.10 scattering geometry used in reflectivity experiments.

k; is the incident wave vector at an angle 6; to the sample surface and ks is the reflected beam after
scattering through an angle 6. Thus, scattering vector can be written as:

4
Q= kf—k; = ;sine (2.5.7)

Where A is the wavelength of the incident beam. For elastic scattering, where there is no change in energy
of incident and reflected beam, the magnitudes of these wave vectors remain the same.

2.5.8
leel = [ler| = 1iel = > (258

The out of plane and in plane components Q, and Qx respectively can be expressed in terms of k; and

kf. Thus, the transformations are:

2 [sin(¢ — 0) + sin 0] (2.5.9)

Qz=/1

And,

Qx = en [cos(¢ 6) — cos 6] (2.5.10)

Here ¢ = 6¢ + 6; and we take 6 = 0; and are respectively known as detector and sample angles. ¢ =

6 — (%) , using this we can write equations ( 2.5.9) and ( 2.5.10) in terms of a and ¢ as,

Q; = 47” [sin (%) cos a]

Qx = [sm (¢) sina]

A
These equations have a common factor— [sin (%) which only depends on the detector angle and the

(2.5.11)

(2.5.12)

difference between Q, and Qx depends upon a.

Through these equations, determination of different types of grazing scans specular, off specular (diffuse)
and rocking scan (transverse) are possible.
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In the case of specular condition angle of incidence is equal to angle of reflection, which means 6; = 6
and thus ¢ = 0. As a result, Qx disappears and scattering is only sensitive to the out of plane component.

2.6

We have seen that among other techniques to understand structure of layered systems, reflectivity is a
technique to characterize properties along the growth axis. Through this technique, we are able to
determine properties such as atomic density, thickness and roughness of thin films and multilayers. When
we do not take magnetism inside the thin films into consideration, Parratt formalism is applied in order
to understand propagation of light of from one medium to another such as from vacuum to inside a
material. Reflectivity can be solved by using classical physics considering interaction of X ray with matter
as dynamical.

If we include magnetism, in order to study magnetic profile, we tune the energy of the X rays at the
resonant edge of the element we are studying. To determine such a profile, based on a classical Maxwell
approach that solves the propagation of waves in the media along with a quantum mechanical description
for the atomic interactions.

In our technique XRMR, the origin of sensitivity to magnetism based on magneto-optic Kerr
effect [101], [84] which is based on rotation of polarization of the optical photon due to the magnetization
in transmission as well as reflectivity geometries. Various theories introduced by Mansuripur et al., [102]
and Zak et al [103] have been introduced in the past to be able to study propagation of waves in magnetic
media originally written for optics (Kerr, Faraday effects) but used just as well in the X-ray range.

Some of the previous PhD students Marta Elzo, Emmanuelle Jal etc., developed a formalism for resonant
magnetic reflectivity applied to a stratified magnetic media [104]. This was done by Eigen-waves
propagation in the media along with a quantum mechanical description of atomic interaction with a
photon. Eigen waves are known as the waves with indices of refraction which do not undergo a change in
polarization state while propagating. In our case we will show that eigenvectors are the circular
polarization vectors. For this boundary propagation matrices method was used [105]. The theory that has
been coded in DYNA in a MATLAB environment.

In order to have a proper understanding, we will briefly explain the developed theory for a general system
with the help of Marta [105] and Emmanuelle’s [106] thesis following it very fast.

We do this with the steps of boundary propagation method (BPM) by using Eigen waves as propagating
waves.

For electric field the medium has a linear, tensorial and dispersive response and for magnetizing field the
medium has linear and scalar response, the constitutive relations of beam propagation are given by:

ij=j
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B= uH (2.6.2)

Where D is the electric displacement, €;; is a tensorial dielectric permittivity with i, j = x,y,z, which
takes into account the process of magnetic resonant X-ray scattering, B the magnetic induction and H
the magnetic field. The relation between € and the scattering factor is:

 4m " 2.6.3
X= ﬁz Ng fa ( )

E=1+y (2.6.4)

Where n, is the number of the atom a per unit volume, x is the dielectric susceptibility and fa is the
scattering length. As the wave propagates, the change in the direction and amplitude of the wave vector

k0=27n in the vacuum which on propagating through a medium is changed to k=

(nykox,nykoy, nsko,) . Here we also define refractive index n, which will be given by taking into
consideration the Maxwell’'s equations with constitutive equations developed before for a

. . 2m .
monochromatic plane wave with k = - leading to:

JB
vxg- OB (2.6.5)

at
. OE (2.6.6)

VXB= e,ua
nXx(nmxE)+EE=0 (2.6.7)

The solution of equation will lead to 2 indices of refraction corresponding to two Eigen waves with
with p; and p; polarizations. This can be rewritten as,
D=nXx(EXxn) (2.6.8)

Which gives an expression of D equivalent to photon polarization of the propagating wave in the medium.
We apply boundary conditions using the conservation of planar fields electric field E and magnetizing field
H at interfaces once we know D,,; and D, as eigen waves, giving us:
E=€"'D (2.6.9)
H=nxE=n x (€' D) (2.6.10)

We introduce a matrix called A4,,, whose job is mathematical. It projects D,,, of the eigenwaves amplitudes
into x and y planar components

é—;:i); wz /5;2\ (2.6.11)

Ay Dy =
mYm (n X ’E\T—nl X \Hx’m/
\@vxer)  \tom
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A, is a 4x4 matrix and there is one for each media. The benefit of using this matrix is one can now use
matrix algebra. The condition of continuity at the interface between the media m and m + 1 is then
written:

ApDiy = Amy1Dmia (2.6.12)

This permits us to calculate change of polarization of the wave between mediamandm+ 1 :

Dims1 = Amir “AmDim (2.6.13)

We have just modeled the passage of an electromagnetic wave from one medium to another for a perfect
interface.

Now, we consider the propagation of the waves within the medium. When an electromagnetic wave
propagates through the medium, it is attenuated and its phase ¢ is modified. This modification depends
on refractive index of the medium n:—;l , angle of incidence 0 along with the depth at which wave is found,
z. Thus, we need to apply the pseudo vector Dm by following propagation matrix to know the amplitudes

of electromagnetic waves when they are at a thickness z within the medium.
21

eTn’“lsin 0, 0 0 0 (2.6.14)
21w .
B 0 eTn lsin 6, 0 0
Fn(2) = 2T, +1sin @
0 0 el z 0
0 0 0 ezTnn‘Tsin 6,

Finally, in case of a multilayer, one multiplies the matrices corresponding to the boundary conditions at
each interface with the matrices corresponding to the propagation in each layer (Figure 2.11). The
polarization state in the final layer is:

. ) (2.6.15)
Dy = 4; HAumA;n AyD; = MD;
m
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Figure 2.11 Schematic diagram indicating the reflectivity process. Here, D; = E; is polarization state of
the electromagnetic field in the vacuum, A, A,,_; relates the polarization states on both sides of an
interface. Pm propagates the wave between the two interfaces of the mth layer

The matrix M is a 4x4 matrix relating incoming and outgoing waves with the polarization states in the
vacuum. We solve the system by conditions that the two amplitudes of the incident eigenwave states are
known, and the two amplitudes of the states coming upward from the last layer are zero:

D; =M~'Df (2.6.16)
Roughness, is taken into account with a Debye-Waller treatment where the assumption is that the
roughness is stationary, the roughness o is not dependent of the point under consideration. At the
interface of m - 1 layer with m layer, the matrix element A;,!A4,,_; must be multiplied by et =

2
e~ (kmtkmy1)?° /2, where * stands for the matrix element that relies waves with the same or different
direction of propagation.

Thus, the formalism that has been presented can be used for whatever orientation of the magnetism with
respect to the polarisation of the incident beam, but only samples with different media are homogeneous
and where the spin-orbit coupling electrons 3d can be neglected because of a very great symmetry
(spherical or cubic) or the phenomenon of “quenching”. In this thesis, the refinement carried out by using
this formalism will be discussed as quantitative analysis.

2.7

Apart from the technique of X ray resonant magnetic scattering, synchrotron radiation has given birth to
various other techniques in order to study the magnetic properties.



Chapter 2 : Resonant X ray magnetic scattering

XMCD is a technique that we described extensively in the previous section, where total electron yield is
often used to investigate surface/interface magnetic moments. It is capable to detect escape depth of
secondary and auger electrons ranging between 2—-5 nm from the surface and along with the elemental
sensitivity makes it very attractive for study of magnetic properties. However, it lacks sensitivity to
investigate magnetic moments in a real surface/interface region surface/interface.

An alternative technique known as depth resolved XMCD has been developed where, unlike the
conventional setups electrons are collected by the use of detection angle dependence of their effective
escape depth thus electrons emitted at different angles are collected separately. Since electrons have
finite elastic mean free path 4, in solids, probability of inelastic electrons at depth z escaping into the
volume is proportional to exp [—z/A, sin8,] where 8, is the angle between emission direction and
surface of the sample. Thus, detection of electrons as a function of detection angle yields depth
dependent XAS and XMCD spectra. It has proved to be a powerful tool to investigate magnetism in surface
and inner layers separately in a FM film [55,107].

Polarised neutron reflectivity has the ability to directly probe atomic magnetic moments and provide
information about the in plane magnetic moment in absolute units. However, this technique is not
element specific and also has limited spatial resolution due to low incoming neutron beam flux. In the
case of magnetic heterostructures, PNR can detect local variations in magnetic moment and PNR spectra
can be described by model magnetisation profiles [108].

Ultra-thin films can pose situations with broken symmetry at interfaces, finite size effects as well as
asymmetric termination of the layer stacks having different layers at top and bottom which can play an
important role in these structures. In comparison to SXRMR, one of the major differences is we have
higher resolution in case of SXRMR (0.5-1nm in SXRMR and 2-3 nm for PNR). Also, in SXRMR we have
sensitivity in all directions but not the same can be said for PNR where, we are limited to direction in the
plane of the surface of the sample.

It is an atomistic spectroscopy technique based on Mossbauer effect making it possible to probe the
direction of the magnetization within the sample in a vertically resolved manner with the use of inserting
isotopes at different positions within the film. The resolution of this technique, however, this technique
is limited to only a few materials (mostly Fe and Co) [109].
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2.8

In this chapter, we understood the interaction of X rays with matter and obtained the expression for
atomic scattering factor at resonance, which aids us in developing the case of resonant magnetic
reflectivity. Through be sensitive to the charge magnetic interference, we introduced the expression for
asymmetry ratio and established if we can be sensitive different components of magnetization through
different polarizations. We also introduced the dynamical approach where take into account roughness
as well as multiple reflections in a thin film system. Most important we calculated the full expression of
atomic scattering factor at resonance and introduced resonant parameters. In the next chapter we will
discuss how to retrieve these resonant parameters and refine measured data using dynamical approach
in DYNA (defined previously)
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3 EXPERIMENTAL TECHNIQUES AND DATA COLLECTION

Till now we discussed why we are motivated to work on ultrathin films, especially with perpendicular
magnetic anisotropy and how having a good knowledge on interfacial magnetism is essential for systems
with PMA. In chapter 2, we studied that resonant soft X ray magnetic reflectivity is a technique that is
based on understanding the magnetic profile of a specific element in the sample. It can be simply
described as XMCD at a scattering condition. Thus, through this technique we are able to resolve the
contribution of magnetic moment of a specific element throughout the thickness of layer along growth
axis.

This chapter describes how the experiment was conducted at synchrotron radiation center, followed by
the way data analysis was done. We then present the experimental approach of the resonant magnetic
scattering of soft X-rays, from the different modes of acquisition to keys aspects of the quantitative
analysis. We finally introduce other complementary methods used in the laboratory such as SQUID and
the extraordinary hall effect for magnetic characterization.

3.1

Since its first observation at general electric particle accelerator, USA [110], synchrotron radiation has
become a pioneer in experimental physics for its utilization in various characterization techniques due to
its ability to provide unique properties such to their high brilliance, collimations, broad energy spectrum
as well as coherence power. Synchrotron radiation sources produce 10? times higher brilliance than
laboratory-based sources with the help of insertion devices.
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Figure 3.1 A schematic diagram of a third-generation synchrotron radiation centre. (Image taken from
website of SOLEIL)

A synchrotron radiation is generated by charged particles travelling at relativistic speeds, manipulated by
applied magnetic fields which force them to travel along curved paths. Figure 3.1 illustrates various
elements involved in the production and use of synchrotron radiation.

(1) Electrons are produced by thermionic emission from a hot filament (electric gun) which serves as a
source after which electrons are accelerated by either a microton or linear accelerator to several hundred
MeV of energy. (2) Following that, electrons are transferred into booster ring which is a circular
accelerator where their energy is boosted to reach main storage ring energy (2.75 GeV at SOLEIL). (3) After
that, electrons are periodically injected into the storage ring. (4) In a storage ring, it is electrons and
positrons that are kept circulating at constant energy where the electrons move at a relativistic speed and
kinetic energies of order GeV. The ring structure consists of both bending magnets and straight sections
that are composed of insertion devices such as undulators and wigglers used to produce intense
synchrotron radiation. (5) The energy lost by the electrons in emitting the synchrotron radiation is
compensated for by radiofrequency cavities. (6) The synchrotron radiation is diverted by optic systems in
experimental stations called beamlines where (7) each beamline is a specialized laboratory, equipped to
prepare and analyze samples to be studied and to process the information gathered.

Figure 3.2 shows the components of a typical experimental station, where with the help of insertion
devices, the beam is directed into the beamline. Monochromator plays an important role to tune energy
of radiation emitted wiggler or undulators for experiment. After, through the help of beamline optics
using X ray mirrors and refractive Fresnel lenses the size of the monochromatic beam can be modified and
thus can be focused on small sized samples. Thus, finally X rays are delivered to the sample on which after
experiment can be performed.
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Figure 3.2 Schematic diagram of a typical X ray beamline at a third-generation light source. The distances

are indicated (figure taken from [100])

In order to increase the intensity of the synchrotron beam, its energy resolution, and the control of its
polarization, we use insertion elements such as undulators. These are periodic magnetic structures where

the electrons have a forced oscillating path in the plane as shown in Figure 3.3. The emissions of a
radiation at each change of direction are coherently superimposed, which gives a very large flux of
photons. The spacing and the position that are relative to each other for the 2 magnets makes it possible
to not only modulate the energy but to polarize the produced X-rays [111]. Thus, thanks to these
undulators it is then possible to pass from one polarization to another such as o, m and C*, C". These
insertion elements are placed between two bending magnets as shown in Figure 3.3.

3.2

undulator
—
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Figure 3.3 Diagram of an undulator, with its energy spectrum (Figure adapted from [106])

The measurements presented in the manuscript have been conducted at SEXTANTS beamline situated in

synchrotron Soleil, Saint Aubin, France. It is a beamline dedicated to soft X ray scattering techniques

covering an energy range of 50 — 1700 eV. Main scientific purpose of this beamline is investigation of
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electronic and magnetic properties using elastic, inelastic, magnetic and coherent resonant X ray
scattering based on element selective photon in photon out mechanism providing magnetic sensitivity.

Figure 3.4 shows a schematic diagram of the SEXTANTS beamline with the positions of working station
and optical elements. The monochromator after the hutch has 5 gratings (G1-5) which enables in selection
of energy of desired network according to desired power and resolution and the rotation of this network
leads to the selection of energy we desire. Along with this the beamline consists of several mirrors to focus
and refocus in and three main stations to perform experiments on — (A) AERHA for resonant inelastic
scattering, (B) IRMA for elastic scattering and holography experiments and (C) RESOXS for elastic
scattering in a reflectometer (as marked in a red circle). More details on optics of the beamline is given by
M Sacchi, et al [112]. The beamline provides a beam with resolution of AE > 10%, beam size sample on
the sample =~ 200 um?2and polarization states linear (vertical and horizontal), and circular (left and right).

Radio- M3/ Mé M4 refocusing A. AERHA
protection Monochromator switching mirror High resolution
l'“m_h GI1-5 M2 ES mirrors > 3 spectrometer for
R Y IS ! resonant inelastic
¥ 2 e m—r, W"..r\
£ ¥ 0 " i . "= / :
—_—— ‘W . o1
- * [ : <
it Crmsen by Gt/ 23 \
| 5 M C. RESOXS
B. IRMA-2 M7 /M8 Soft X-rav
M1 A/B horizontal eI TS Soft X-ray
Sirrors E5cu Elastic scattering and refocusing reflectometer for
Ocus . A 5
. holography experiments mirrors elastic scattering

Figure 3.4 Layout of SEXTANTS beamline with main optical elements and three working stations denoted
by A, B and C. RESOXS has been marked in red color where we conducted experiments in this thesis
(figure taken from [112])

Although SEXTANTS beamline consists of various experimental set ups, we conducted our experiments in
RESOXS chamber, which will be described in the following text.

3.3

After one of the very first devices dedicated to soft X ray scattering experiments appeared in 1988 [113],
development and improvement of their capabilities such as angular range, acquisition geometry, sample
environment such as temperature, magnetic field etc. have continued to increase. In this thesis, we
conducted soft X ray scattering experiments inside RESOXS shown in Figure 3.5, a large volume
diffractometer designed to work under high vacuum, low temperature and a reasonably high magnetic
field was developed by Nicholas Jaouen, Jean-Marc Tonnerre et al, [114].
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Figure 3.5 Photo of the RESOXS set up at SEXTANTS beamline.

In experiment at RESOXS, reflectivity experiments are realised by incident beam directed at a certain angle
onto the sample surface followed by measurement of intensity of reflected beam. This beam is collected
at the detector. The direction of the beam is fixed and it is the sample and detector which are installed on
coaxial stages. The intensity is collected for a chosen energy and polarisation with the possibility of
applying a magnetic field. Depending on the experiment requirement, it is also possible to change the
temperature of the sample inside the chamber. Also, to make sure that the beam arrives at the centre of
the sample, we need to align the sample with the different axes. The experiment inside the diffractometer
is performed by rotating the sample on itself (relative to the perpendicular axis to the diffraction plane)
and rotation of detector relative to the sample, called & and 28. The schematic diagram of experimental
set up is shown in Figure 3.6.
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Figure 3.6 Sketch showing sample environments with incoming X ray beam and the magnetic set up on
the sample. (figure taken from [114])

RESOXS set up

The RESOXS set up consists of a chamber with an upper and a lower flange having & and 2§ assembly
respectively where the axis of ¢ and 28 are placed oppositely, on the upper and lower parts respectively.
Upper flange contains the sample manipulator, cryostat magnet system holder, all axes motion bellow,
and various other parts. This bellow allows the y rotation and the three translation motion axes within a
limited range as shown in Figure 3.7. The lower flange is connected to the lower half of the vessel and
consists of a 20 crown and detector cables and also contains vacuum pumps, feedthroughs and main
pumps. The detector that is used in the chamber is a silicon photodiode which has a sensitive area and a
silicon diode current.

When the sample is places inside the chamber, it is connected to various motors which allow rotation ¥,
vertical translation ty, horizontal translation along the beam tz and horizontal translation perpendicular
to the beam tx. These motors as shown in Figure 3.7 allow movement of sample by angle 6.
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Figure 3.7 RESOXS chamber set up showing the flange, tank and support on the left hand side. View of
motors that move and hold whole sample block on the right hand side.

Magnetic field — We need to apply an external magnetic field in order to orient the magnetisation of the
sample with respect to the polarisation of the photons. Ideally, it would be necessary to be able to apply
a field in the three directions — transverse, longitudinal and polar, however, at RESOXS we are limited in
our options. This is due to the constraints we have concerning maintenance of ultra-high vacuum which
means installing number of vacuum pumps around the beamline setup. We also want to measure up to
the largest possible angular range whose benefits we will discuss in further text. These constraints make
it difficult to set up a system where we can apply magnetic field along all three directions. Currently, at
RESOX we are able to apply a field in transverse and longitudinal direction with respect to the sample
surface, however a magnetic that can apply an external magnetic field in polar direction in the setup is
under development (discussed in detail in Conclusion and perspective).

The magnetic setup at RESOXS consists of an electromagnet in the upper flange of the RESOXS chamber
consisting of two pairs of cylindrical poles made of pure iron. This setting can be used to reverse magnetic
field both transverse and longitudinal and also to change the amplitude of the magnetic field to obtain
hysteresis curves. It is shown in right hand side of Figure 3.8.
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Figure 3.8 View of the sample inside put inside the transfer line in order to transfer it into the chamber
using sample manipulator on the left-hand side. On the right-hand side, is a capture of sample inside the
chamber from outside. The red lines are the 4 poles of magnet around the sample in order to provide
longitudinal magnetic field.

For measurements, the sample is places inside the load lock as shown in Figure 3.8 on the left-hand side.
Using the sample manipulator which is a long circular rod, we put the sample inside the chamber as place
it as shown in Figure 3.8 on the right-hand side.

Temperature - The study of magnetic properties is also highly dependent on temperature. Magnetic
behaviours have been known to change at low temperature infact, a trend of increasing magnetisation is
observed as we go to the low temperature. At RESOXS we are able to go access low temperature as low
as 30K, and to control the temperature which is necessary to observe magnetic properties that do not
exist at ambient temperature. In this thesis too, in Chapter we will discuss results of temperature
dependent magnetic profile.

3.4

Data collection at RESOXS during an experiment involves several steps as discussed in this section.

An experiment begins by checking the calibration of the photon energy of the beamline. This is done by
measuring the absorption edge, usually in transmission through an ultra-thin foil (Figure 3.9) of a
reference element (Fe, Co, ...) chosen according to the proximity of one of its absorption edges with that
of interest for the element in the sample to be studied. The energy of the photons can then be chosen
either at an energy close to the absorption edge or a few tens of eV below to start the alignment of the
sample which has been introduced into the RESOXS chamber.
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Figure 3.9 Initial scan for caliberation of energy

In a typical specular X-ray reflectivity experiment, the incident beam is impinging the surface of a flat

sample at an incident angle @ and the reflected beam is collected by a detector positioned at an angle

corresponding to twice the value of the incident angle relative to the direct beam. The aim of the

alignment is to get the surface of the flat sample as perpendicular to the diffraction plane as possible and

blocking half of the direct beam at &= 0°. But it is first useful to check the zero position of the detector

since the scattering vector g, = 4nsin6/A is defined from the angular position of the detector. Then, the

alignment procedure generally requires 5 steps that can be repeated in a loop to optimise the first

settings:

Once positioned on the 5-axes sample manipulator of the goniometer at & = 0, the sample is
translated along the surface normal (t,) so that the intensity of the direct beam is reduced by a
factor 2. The complete recording of the curve from a value close to zero to the value of the
maximum intensity of the direct beam (or vice versa) makes it possible to estimate the size of the
focused beam at the level of the sample.

Then a rocking curve @ scan, for a fixed position of the detector, around an angular value
corresponding to half that of the detector) is recorded with the detector set at 0°. The fangle is
positioned at the value corresponding to the maximum of intensity and set to 0. This will be the
new zero position of the @ rotation (taken into account the sample) improving the parallelism of
the sample surface with the direct beam. As this new angular position generally changes the
intensity of the direct beam, it is useful to repeat the first step.

A vertical translation (t;) scan is used to centre the sample with respect to beam. From a new t,,
the two first step can be repeated.

The shape of the rocking curve at &= 0° gives an indication of the alighment of the sample with
respect to the axis of rotation 6. An asymmetrical shape indicates that the position along the
direction parallel to the beam (tx) must be adjusted until a symmetrical rocking curve is obtained.
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e The last step is to adjust the tilt of the sample (rotation relative to the x axis) to ensure that the
entire beam will reach the detector throughout the angular scan from =0 up to 80°.

For a reflectivity measurement over a large angular range, it is also important as a final step to check that
for each pair 6/28the intensity measured does indeed correspond to the maximum possible intensity. To
do this, a series of rocking curves are measured for different positions of the detector between 0 and
160°. If the maximum reflected intensity occurs at a @ position which deviates from the value
corresponding to half the angle of the detector, the evolution of the deviation as a function of & is
adjusted (very often by a polynomial of order 3 to correct a deviation increasing from 0 to 0.2° at very
large angles) and the polynomial parameters are inserted into the control program of the goniometer to
remain at the top of the rocking curve throughout the scan.

Basically, three main scan parameters determine the measurements, the angular position of sample and
detector, € and 26, respectively, the incident photon energy, E, and the applied magnetic field on the
sample, H.

e In an angular scan, the sample and the detector are scanned and the reflected intensity is
measured as a function of the incident angle which is equal to the exit angle in the specular
condition.

e Inan energy scan, the sample and the detector are positioned at a couple of values (6,2 6) and the
reflected intensity is measured as a function of E over a range covering the L2,3 edge for a 3d
element and the M4,5 edge for a rare earth. For both types of scans, it is possible to flip an applied
magnetic field for each data point.

e In a magnetic field scan, mainly dedicated to the recording of hysteresis loops for a specific
magnetic element, the energy of the photons and the couple of value (6,26) are chosen in order
to benefit from a significant magnetic contrast.

In the following sections, we will introduce motivations for each scan with figures.

For the measurements presented in this thesis, the intensity has not been normalized by the incident
intensity (10) for the following two reasons. On the one hand, the measurement of 10 must be of very good
quality so that the normalization does not affect the reflectivity signal and, in particular in the soft X-ray
regime, this requires a measurement using too many photons, especially if one wishes to measure the
reflectivity curves at wide angles (or over a large scattering vector domain) where the intensity could be
very close to the minimum value measurable by the detection chain (2-5 102* amps in RESOXS). On the
other hand, the top-up mode at the SOLEIL ensures great stability of the incident beam.

Once the alignment is complete, a first angular scan is recorded at an energy of photons sufficiently
below the absorption threshold (off-resonance scan as shown in Figure 3.10) for two reasons. First, it
will allow us to select specific angular positions. Second such a scan will be useful for the determination
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of the structural parameters since the refinement can be carry out by considering that this measurement
will not be affected, or only slightly, by eventual mistakes on the corrective terms f' and f", as well as by
their magnetic counterparts m' and m", or by a small error on the value of the photon energy used for the
fit, as off-resonance means very small variations of atomic scattering factor. Thus, it is expected that the
determination of the density of the layers (p) will more reliable. As the magnitude of the reflectivity by
each layer is proportional to p.f limiting the errors on f should lead to a more robust density
determination.
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Figure 3.10 Off resonant scan at energy far below from Co L2,3 edge

Until now, the polarisation state of the beam was not important. However, in general, measurements are
made with circular polarisation as this is the polarisation state of the X-ray beam most frequently used for
XRMR experiments. If the studied system presents a planar and easily orientable magnetization in the
diffraction plane myn, circular polarization will be used. If the system has perpendicular magnetisation
My, circular polarization will also be used. However, to be sensitive to a planar magnetization component
but oriented perpendicularly with respect to the diffraction plane mean, we will prefer the linear n
polarization (lying in the diffraction plane). This was described in chapter 2 for kinematical expressions.
Hence, the polarisation state of the beam will be chosen with respect to the magnetization of the sample.

Along with this, at RESOXS chamber, we can collect data at different acquisition modes achieved by
changing either polarisation of incoming beam or by direction of applied magnetic field. Since in the
experimental chapters, we these different acquisition modes during the time of collection of data, it is
necessary that they are discussed. It maybe be noted here that we will strictly discuss configurations using
circular polarised light since we didn’t use any linear polarised light during our experiments.

Depending on the magnetic state of the sample different acquisition mode can be used to reveal the
magnetic contribution in the energy and angular scans.
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e |f the magnetization is out of plane, we currently have no possibility to reverse the magnetic

configuration of the sample in situ during a scan thus measurements are performed at

remanence. Therefore, the dichroic effect in the reflectivity curves will be highlighted by

measuring a first scan with right (or left) circular polarization and then a second with the opposite

circular polarization. In fact, to have a mean to check reliability of the observed dichroic effect we

generally record four scans following the sequence CR/CL/CL/CR (or the opposite one). Figure

3.11 illustrates the method in the case of an angular scan as well the asymmetry ratio. In

accordance with the analytical expressions, we derived from chapter 2, we observe asymmetry

ratio at high angles when we are sensitive to oop component.
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Figure 3.11 Experimental angular dependent reflectivity and their corresponding asymmetry ratio for Co
and Gd edge.
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To be sure to get a strong out of plane sensitivity and hence strong magnetic asymmetry, the
magnetization of the sample can also be reversed by approaching a 0.4T permanent magnet (Figure 3.12)

as close as possible to the surface sample. This provides the amplitude of the field strong enough and that

the new magnetic configuration could maintain once the permanent magnet was removed from the

RESOXS chamber.
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Figure 3.12 Experimental set up in order to be sensitive to polar component. A permanent magnet
maybe brought close to the sample surface. The red and blue arrows represent the circular right and left
polarization

This mode of acquisition will be called afterwards RevPol mode. In this mode of measurement, we
measure the oop component using circular polarized light (at the present only at remanence).

e However, if the magnetization is in-plane, it is possible to apply a saturating field, provided
saturation or a single-domain state can be achieved with a field strength of 0.17T. The data are
collected with right or left circular polarization by reversing the applied field along the longitudinal
direction at each data point of the scan (referring to analytical expression from chapter 2). In the
case of very small signal, it could be useful to check the dichroic nature of all the features observed
in the magnetic asymmetries. The same measurements can then be for the opposite circular
polarisation and the superposition of the two magnetic asymmetries indicate that the magnetic
configuration established under positive and negative fields was identical to the ready sign. The
experimental set up is shown in Figure 3.14. The acquisition will be named flipHlon mode. Figure
3.13 shows the asymmetry ratio where we see splitting of opposite intensity at lower angles which
corresponds to an asymmetry ratio at lower angles as well. Thus, such a signal signifies sensitivity
to in plane component.
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Figure 3.13 Experimental angular dependent reflectivity and their corresponding asymmetry ratio at Fe
edge

Figure 3.14 Experimental set up in order to be sensitive to longitudinal component. A permanent
magnet maybe brought close to the sample surface. The red and blue arrows represent the circular right
and left polarization

Energy scans are collected at a few 8, 28 positions. Based on the angular dependency of the magnetic
asymmetry the angular positions is selected at low angles for in-plane magnetization and large angles for
out-of-plane magnetization in order to be sensitive to the magnetic contrast.

The motivation of such scans is threefold:
e First of all, it allows the selection of a few photon energies in the vicinity of the edge to optimize
charge and magnetic contrast as shown in figure Figure 3.15.
e It allows us to check the energy calibration of the beamline because it is very important to know
as precisely as possible the value of the energy of the photons that we used in the quantitative
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analysis of the data, carried out at from the fit of the reflectivity curves collected in the vicinity of
an intense and relatively narrow absorption edge. This turns out to be easy, if the acquisition of a
good drain current signal, collected simultaneously with the reflectivity measurements, is
possible. Otherwise, it may be less straightforward due to the weighting of the real and imaginary
parts by factors depending on the angle at which the measurement is carried out. In this case, an
accurate determination of a possible difference between the energies chosen for the experiments
and the energies to be used in the modelling of the data can be obtained by an adjustment of the
energy scans. Sometimes, the signal is dominated by the imaginary part and looks very similar to
XAS and XMCD measurements, making it easier to check the calibration.

e Moreover, in some case it could be very useful to validate the optical constant used especially
when the XAS and XMCD data used as shown in figure are coming from a reference sample. If the
intensities (ref and R) are nicely reproduced, this contributes to validate the optical constant
derived from another (however similar) systems. All these 3 points have been illustrated in
chapter 4 and 5.

2.00E-08 . . .
0.0000003
o~ —
= 2 1.50E-08
5 5
5 0.0000002 :
= 2
& S 1.00E-08
= by
n ‘»
S 0.0000001 S
£ £ 500E-09
0.0000000 0.00E+00

1190 1200 1210 1220 1230 1240 1190 1200 1210
Energy(eV) Energy(eV)

Figure 3.15 Energy dependent reflectivity scan measured at 2 specific 8 in the vicinity of Gd edge.

The next step is to collect hysteresis loops. Unfortunately, this is possible only for in-plane magnetisation
since a magnetic device to apply variable out-of-plane magnetisation is not currently available.

First, the motivation is to compare with magnetometry data if available and, as it is a species selective
hysteresis loops to provide eventually slightly different information.

Second, this allows us to check the reversal process, the shape of the loops, the coercive field and whether
saturation of the magnetisation is reached or whether the magnetisation is mainly single domain. These
considerations are important to establish that the field reversal leads to an identical magnetic
configuration with an opposite sign.

In case of doubt concerning the single domain state, magnetic asymmetries can be measured using
different methods. For example, results from the flipHlon acquisition mode using CR and CL can be
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compared. Results obtained from flipHlon mode and revPol mode using the same amplitude for the
applied field can be compared.
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Figure 3.16 Evolution of a hysteresis loops measured at different angular positions.

Finally, angle dependent reflectivity curves and magnetic asymmetry can be collected at different incident
energies near the edge for the quantitative analysis of the structural parameters of the heterostructure
and of the magnetisation profile of the layer(s) by data refinement. The acquisition of reflectivity curves
at several energies in the vicinity of an absorption edge amounts to measuring these curves with a set of
four resonant parameters (f1, fo, m1, ms) of different signs and amplitudes leading to curves different in
shape and amplitude and to more robustness in the model determination. These are illustrated in Figure
3.12 and Figure 3.13.

3.5

In the previous chapter, we got familiar with the two theoretical approaches to understand and analyse
the results of the SXRMR technique, which were — kinematical theory, leading to an analytical expression
of magnetic asymmetry and a dynamical approach which took into account a matrix development to
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simulate the reflectivity intensities. In this work, kinematical theory is used to discuss qualitatively the
results by visualizing various geometric terms., whereas dynamical approach is used to fit the
experimental data in order to determine the structure of the heterostructures as well as magnetization
profiles by refining certain parameters (discussed further).

To obtain depth resolved magnetisation profile we perform a quantitative analysis of the experimental
data which is done with the help of dynamic theory developed in chapter 2. We perform such an analysis,
coded in MATLAB called DYNA environment [104] as shown in Figure 3.17.

Here, determination of the magnetisation profile of a specific atom, or the distribution of the
magnetisation amplitude along the growth axis of a specific atom in a magnetic layer, is determined from
the adjustment of the magnetic asymmetry by a model of flat and continuous sublayers, each of constant
magnetisation whose amplitude and orientation may vary from layer to layer. As the magnetic asymmetry
is strongly dependent on the structure due to the term in the denominator, a prerequisite before trying
to simulate and refine the magnetic asymmetry is the determination of the structure of the multilayer
stack.
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Figure 3.17 A view of software DYNA coded in Matlab

From top to bottom and left to right, the first quadrant allows us to:
e Select the formalism (Parratt or magnetic simulations) and the type of scans (energy or angle
dependent scans)
e Loading of one or more experimental data for a single or multiple fit.
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o Define the condition of acquisition of the data (polarization state, initial and final E or @values,
energy or angular step, angular resolution of the reflectometer

o Set the beam size and sample size in the direction of the incident beam to reproduce the intensity
reduction due to the beam footprint.

o Define useful parameters for the adjustment such as the scaling factor to apply to the data or to
the calculation to obtain comparable intensities, as well as a value allowing to simulate a
continuous background adding to the data (stray light in RESOXS, dark current) and, in the case of
energy dependent scans, an offset value to adjust for an error in the energy calibration.

The 2nd quadrant is dedicated to the parameters used for the automatic refinement and in particular
to the selection of the parameters to be refined. They are listed in a window. There is also a possibility to
create a link between the values of the parameters. The "start" button is used to launch a fit.

The 3rd quadrant at the bottom is used first to define the structure from the target values at the time of
deposition for the thicknesses (nominal thickness) and the raw values for the densities. Obviously, the
roughness values at the start are only a guess or are related to estimates from other results. The
parameters mmes, pand y, related the magnetization amplitude and orientation, will be defined later Here,
it is also possible to set minimum and maximum values for each parameter to be used during the
refinement.

The results of simulations are displayed in fourth quadrant. Experimental data can be superimposed and
the automatic refinement can be started. During the refinement, it is possible to visualise the change in
the simulated curves, to follow the changes of the parameters in the 2" quadrant as well as the evolution
of a few parameters such as the number of iterations and the value quantifying the quality of the fit (least
square method)

The values of the four resonant parameters (fi, f, mi, mz) do not appear in the Dyna screen. They are
stored in two separated files with the name of the material constituting a layer followed by the extension
.cf for E, f1, and f, .mf for E, m1, and m,. The name of each layer and the content of .cf and .mf files must
be defined by users. The code will calculate the four resonant parameters (fi, f2, m1, ma) to be used from
the energy value of the simulation. In the 3rd quadrant, a button entitled "Look up database" allows access
to all the resonant parameters stored in the database. In addition, the possibility of building the file for a
new alloy or a new compound is given in this part of the program.

For simulation of the reflectivity curve using DYNA, it is an important pre requisite to know the optical
properties of all the layers of the system. If we work at energies far away from the edge (> 100eV) the
scattering factors are calculated from the first principles starting from the equation ( 2.3.5) which are the
non-resonant scattering factors in good agreement with experimentally obtained values. These are
typically used in non-resonant X ray reflectivity. Popular compilations that are used are given by Henke-
Gullikson table [115] and the Chantler table [116].
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XRMR and XMCD are dependent on the resonant transitions which occur from core states to the
unoccupied states at the fermi level. Close to the resonant edge, optical properties on near fine edge
structure of the spectrum which depends on the chemistry of the material this makes use of tabulated
values (mentioned above). This makes it necessary to determine the scattering factors experimentally.

The procedure to determine the resonant parameters is described below in Figure 3.18

Retrieving the resonant parameters

XM&MWWMQM%M%rF———*——
60 F J
5t —— Chanter
Midpoint of first step 50 | —— 300K E
— ‘ e
€ 10 —— XAS data at Co L2,3 edge| ] S 40} 3
% —— Chantles f, g Step 2
) = 30f i
5 : Step | - 20} i
} /
! 10} Multiply reference edge jump
0 _N = and add a linear equation
- A A A 0 1 1
770 780 790 800 810 770 780 790 800 810

Energy (eV) Energy (eV)

——f, calculated from KK relation to calculated f,

—f, calculated from scaling of XAS data f,

f,f,(e/atom)

-20

Step 3

-40

790 800 810
Energy (eV)

770 780

Figure 3.18 lllustrates each step to consider for retrieval of resonant parameters.

l. Before beginning the process, it is essential to check if the energy scale of the experimental XAS
data matches is similar to that of Chantlers f, data which is done as shown in Step 1 of Figure
3.18. In most cases, we will need to modify the energy scale to equalize distance between each
point since the energy scale of experimental XAS data since the peak of resonant edge will most
of time be at different energy. This is done by matching the energy scale of our experimental data
with the f, table generated from Henke or Chantler’s data set. We match the energy at L3 edge
of the absorption spectra with midpoint of the first step of generated f.
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1. Next, we have to scale the experimental absorption spectra with the f, values from chantlers’s
table for a particular element at the cloud of points far away from the edge. For these points,
away from the edge, the obtained raw data is made to superimpose with the f, from Chantler’s
table so that a comparison can be made. For f, values from Chantler’s table, we have a step for
each edge. The scaling needs to be done properly, and sometime, a linear fit need to be made for
points if they stray away. Next, edge jump of the absorptive part f, of the table have to be
determined at exactly the same energy values and ranges such as has been chosen for the data
normalization. The edge jump has to be determined from the value of this linear fit compared to
the tabulated value at the very same energy as it has been derived in the measured XAS spectrum.
The resulting factor (edge jump) is then multiplied to the XAS data. The resulting curve should
now perfectly fit into the reference Chantler curve.

M. After adjustment of the data to electron units, Kramer’s Kronig relation [117] (defined below) is
applied to the f, by entering the absorptive values in the program which applies kramers-kronig
relationship to them. Thus, we get the dispersive part f;.

2 [ee] rerr !
fl(w) = Epf @ f7@)

2_ o2
0 WP— w

3.5.1
do' ( )

In terms of the magnetic part the same procedure has to be done. One measures the XMCD absorption,
for example for reversed magnetization with fixed circular polarization. Both curves are adapted to
tabulated values as sketched above. This provides an XMCD absorption signal, which gives the dispersive
part using Kramers—Kronig relations. This procedure has been done by many groups so far.

The first step, determination of the structural parameters (Figure 3.19) which are density (p), thickness (t)
and roughness (o) is essential to obtain the magnetic profile. Initially the refinement is performed for data
without magnetic contribution (off resonant scan, as described before): this is the case of measurements
far from an absorption edge (collected in the domain of soft X rays and in the laboratory with hard X rays
of length 1.54 A wavelength). This step is essential in order to get values for density as close to the real
value as possible.
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Figure 3.19 Different parameters such as thickness, density and roughness which can be derived from a

reflectivity curve (figure from [118])

After, refinement for measurements at energies in the vicinity of absorption edge, by refining the average
intensity /,, of the FlipHlon or RevPol mode. I, is calculated by:

_ I (3.5.2)

av — 2

Where Ip and Im are collected at circular right, CR (or + applied field) and left polarized light, CL (or -
applied field). The refinements will be made in the "Parratt" mode which allows a much faster simulation.

The procedure of refinement used in this thesis is described below:

1.

Initially we start with refinement at energy far away from the edge. This is done to have a starting
point of the structure, before going to fit data at energies in the vicinity of the edge. This done by
taking into account the thickness and roughness parameters initially and working on improving
the fit.

Since we are not working at an energy close to the edge, we may refine the densities if sometimes
we need a better fit, keeping the roughness and thickness fixed and starting with the densities of
the thinnest layers. The lower limits are defined 15% below the value of the densities of the
crystalline phases because this could correspond to the density of an amorphous layer. The upper
limits are defined as those of the crystalline phases. With the same limits, the refinement will be

extended to all densities.

Finally, once the simulation is sufficiently close to the experiment, all the parameters are refined
and certain limits made less constraining if necessary. The results of the adjustments at energies
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far from the edge, where the resonance parameters have no effect and where an error in the
determination of these parameters therefore has no effect, will serve as a set of starting
parameters for the refinements of the measurements collected near the absorption edge.

4. For measurements at the edge, initially we start with something defined as multifit angular scans
where data is uploaded at each energy and a simultaneous fit is carried out for all the data with a
single model.

However, it is rare to obtain a satisfactory fit of the data set. A significant difference can be
detected for the parameters of the layer containing the resonant atom and the adjacent layers.
Indeed, the significant variation in the scattering power of this atom at resonance, particularly in
the soft X-ray range for the L3 and M5 edge, may be the cause of these modifications. For
example, the value of the thickness can take into account the mixed resonant atoms at the
interfaces. This variation of the thickness parameter can also be accompanied by a variation of
the roughness. Of course, if the intermixing is reduced, this phenomenon is not important and the
thickness and roughness values are very close.

5. The new result obtained by this multifit approach serves as a starting point for the individual
refinement of the angular scans at the edge.

With the exception of the densities, all the values of the structural parameters resulting from the
best fits for each energy are used to define the average value and the standard deviation of each
parameter. The different treatment of density comes from the fact that the reflected intensity is
sensitive to the density of the product multiplied by the atomic structure factor. Due to potential
errors on the four resonant parameters in the vicinity of the edge (scaling, energy resolution), the
value of the density can be distorted, during the refinement, because it corrects these small
errors. It is possible not to refine the density in resonance condition. However, in order to reduce
the impact on the magnetic asymmetry of the differences between the simulated reflectivity
curves and the experimental curves, it may be preferable to improve the fit of the reflectivity data
with a less significant density value. All this aspect will be illustrated in chapter IV and V.

Before attempting a refinement of the measured data close to the edge, we seek to determine as precisely
as possible a possible difference between the energy set for the measurement and the real energy of the
incident photons on the sample. This is to check the existence of a possible error in the calibration of the
beamline. The amplitude of this difference will result from the refinement of the energy scans carried out
at several angles of incidence. This is a tricky refinement because it is not done on a logarithmic scale but
on a linear scale and is more sensitive to small errors in structural parameters. For small angles, one can
try to simultaneously refine the magnetic asymmetry signal, with a constant profile (only 1 value of mms
for the whole layer) because the signal is more sensitive to the average value of the magnetization than
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to the magnetization profile [119].Thus, the energy difference can be determined from the position of
the edge in the reflectivity and magnetic asymmetry data. We focus on the edge used to choose the
energies of the angular scans, typically the L3 edge of 3d transition metals and M5 of rare earths. Indeed,
effects of shrinking of the energy scale may appear in particular if the XAS/XMCD spectra used to
determine the resonant parameters were not recorded on the same beamline at the time of the
reflectivity experiments. The refinement of the energy scans carried out at small angles of incidence,
where an imperfect knowledge of the structural parameters will be less penalizing, could provide
information on the quality of the resonant parameters used.

We have seen that how we can begin the fit at an energy with data derived from a measurement which is
far away from resonance. When we go to resonance and work on an energy close to resonant edge, the
resonant parameters play a big role as they are energy dependent. This means we need to be very careful
with which energy we choose to work on since even a small change in energy can drastically change the
curve. During the experiment at the beamline, most of the time we do not work on energy same as that
of the L3 edge (706.8 eV in case of Fe) since it depends on the energy calibration done at the time of
experiment at the beamline. One way to solve this issue is by measuring model a theoretical curve that
superimposes with the energy dependent reflectivity measured at a fixed angle. In order to perform this,
we try to adjust the two peaks and bring them to superimpose with each other by shifting the energy. If
there is a difference in the peaks, this number is then added to all the experimental energy values while
performing refinement to reduce all possible errors that can occur from the difference in energy.

The analysis of data from an XRMR experiment aims to determine the magnetization profile of a thin film.
For this, it is necessary to reproduce the angular dependence of the magnetic asymmetry revealed in
reflectivity measurements carried out in the vicinity of an absorption edge presenting an effect of circular
magnetic dichroism of the X-rays for a specific magnetic element. In principle, a single measurement at
an incident photon energy where the magnetic dichroism signal is strongest contains all the information.
However, to overcome one of the difficulties related to reflectivity experiments, namely the uniqueness
of the model resulting from the refinement of the data, it is possible to adopt a multi-energy approach
for which the quartet of resonant parameters is very different. In this case, it is necessary to determine
the structure of the multilayer for each energy. The structure obviously does not depend on the energy
of the incident photons. However, in order to reproduce as closely as possible all the characteristics of the
curves of reflectivity, it is necessary to accept some differences in the value of the parameters from one
energy to another, provided the differences lead to an acceptable dispersion of the results.

The quantitative analysis of the magnetic structure is carried out by refinement of the energy and/or the
angular dependent magnetic asymmetry at several incident angles or energies near the resonance,
respectively. In order to get the most accurate magnetic profile, therefore it is essential to get a good idea
about the structure. Refinement of asymmetry ratio is performed simultaneously for each energy along
with the structure by including the extracted average intensity.
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We start this analysis by initially considering a homogeneous distribution of magnetism in the magnetic
layer however depending on the quality of the fit, we may sub divide the magnetic layer into various slices
that allows deriving the depth resolved magnetic profile. Keeping the structural parameters constant that
we obtained from structural refinement like it was explained in detail previously, we define a weighting
factor mms which corresponds to modifying the magnetization averaged over a certain thickness across
the layer is described by an amplitude called mms (magnetic moment scaling). It is a weighting factor
whose amplitude is linked to the XMCD of the reference samples. A value equal to 1 implies an amplitude
of the 3d magnetic moment of 2.1 us for Fe and 1.7 us for Co (although it can be for other magnetic atom),
which result from the application of the sum rules [120].

Two angles (spherical coordinates) ¢ and y can be considered in case of arbitrary orientations of the
magnetization vector. @ corresponds to the canting angle of the magnetization (rotation of the
magnetization in the scattering plane) and y represents the way magnetization orientation departs from
the scattering plane in the sample plane. The presentation of this is displayed in Figure 3.20 These
parameters will be used when we will need to define a canted magnetization profile are needed to take
into account. The results were collected after measurement of R at several energies around resonance
imposes a strong constraint to the analysis if magnetic profile model is fitted to whole data set [121]. The
adjustment is constrained by simultaneously refining R and /,ve.

mpol

Figure 3.20 Diagram of orientation and definition of angles ¢ and v allowing to express the direction of
the magnetization out of the plane and in the plane respectively

3.6

There are different techniques that are sensitive to magnetism which can be utilized in order to get the
variation of magnetization along the easy or the hard axis (magnetic anisotropy). During the thesis, we
also performed experiments at Institute Neel, to measure average magnetization both ip and oop such as:
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SQUID is one of the most effective and sensitive ways to measure magnetic properties of ultra-thin films
where changes in magnetic flux can be studied as a function of temperature and magnetic field. The
magnetometer measures magnetic properties with magnetic field going up to 7 Tesla and a temperature
range between 1.9K — 400K. Thus, this technique simply gives the total magnetic moment of the sample
in ug. A schematic diagram for SQUID is shown in the Figure 3.21.
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Figure 3.21 Schematic representation of SQUID magnetometer placed in a magnetic field. (b) The
variation in SQUID voltage as a function of sample position

The SQUID technique is based on Josephson effect where SQUID magnetometer consists of 2
superconductors separated by thin insulting layers forming two parallel Josephson junctions in a
superconducting loop operating at a constant DC supply Figure 3.21 (a). The sample travels longitudinally
through the superconducting detection coils and there is a change in magnetic flux of the sample which
induces an electric current in the detection coils following the Faraday’s law of electromagnetic induction.
As the sample is moved through the detection coils, there is a variation of SQUID voltage as shown in
Figure 3.21(b).

Hall effect is a transport measurement which is very sensitive to the perpendicular component of
magnetization. It describes a phenomenon where transverse hall effect is generated on passing of
electrical current /, through a magnetic conducting material. Hall Voltage for out of plane magnetized film
is given by:

VH = I,u(RoHZ + REMZ) ( 361)
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Where Ry and R represent the ordinary and extraordinary hall coefficient. R is related to the Lorentz
force which acts on the moving charge carriers and Ry corresponds to the anomalous Hall voltage, that
scales linearly with the out-of-plane component of the magnetization M,. We can use anomalous hall
voltage to measure out of plane magnetization M,. For in depth view on this effect, refer [122]

3.7

In this chapter, we discussed the experimental set up that has been used in this thesis. We introduced
synchrotron radiation which provide us the ability to tune the energy of the beam, change polarisation
and at the same time provide high brilliance and flux enabling us to perform X ray scattering experiments.
We understood briefly the set up at RESOXS and understood in depth how the data is collected at RESOXS
including which scans we make for what reason. We also discussed how after the collection of data; we
treat the data by refinement in which steps are followed to get a magnetisation profile at the end of the
element we want to study. We also discussed magnetometry measurements which have also been used
in this thesis. Following chapters will be related to the experiments conducted during thesis which will use
all the concepts discussed in Chapter 3 as well as Chapter 2
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4 DEPTH RESOLVED MAGNETIZATION PROFILE OF
CoFEB/MGO/CoFeB/(W)TA PERPENDICULAR HALF MAGNETIC
TUNNEL JUNCTIONS

4.1

In the early studies of spintronic devices, magnetisation of ferromagnetic (FM) layer was made to be in
plane(ip) of the film plane where a strong Tunnelling magnetoresistance (TMR) effect could be realised in
the ip magnetised MTlJs particularly with CoFe/MgO/CoFe structures [123]. However, it was realised that
these devices suffer from problems such as low switching efficiency and limited scalability. Breakthrough
of interfacial perpendicular magnetic anisotropy (iPMA) in CoFeB/MgO/CoFeB structures which showed
higher TMR ratios, low magnetic damping and relatively small spin transfer torque (STT) switching
current [124]. This iPMA was seen to exist at interface between magnetic transition metals and
oxides [36], but was subsequently observed with alarge variety of amorphous and crystalline oxides along
with transition metals such as Co, CoFe and CoFeB alloys [125], [126], [127]. Since this discovery, plenty
of endeavours have been put to optimize the CoFeB/MgO interface so as to improve performance [12].
Such phenomenon of iPMA at transition metal/oxide interfaces if of a great interest not only from
research point of view but also applications such as magnetic memories. Spin-transfer torque magnetic
random-access memory (STT- MRAM) is one of such mainstream memory due to its characteristics such
as non-volatility, infinite endurance, low power, and high speed [128-130] with MTJ being the core
component of a STT-MRM.

In 2010, a study by Nistor et al., [131] established a correlation between the amplitude of interfacial PMA
existing at CoFe/MgO interface and the corresponding TMR in MTJ. Formation of CoFe-O bonds at the
interface during oxidation was observed influencing both interfacial anisotropy and TMR. The origin of
this lied at the magnetic transition metal/oxide interfaces due to hybridisation between O p and Fe (Co)
d;? orbitals. A similar experiment for the film containing CoFeB (Figure 2.1) showed that the magnetisation
lies ip as compared to CoFe/MgO. This demonstrated occurrence of reduced iPMA in presence of B at
CoFe(B)/MgO interface since presence of B hinders the hybridisation between Fe (Co) orbitals and oxygen
sp orbitals. Thus, this showed the importance of attracting B from the CoFeB/MgO interface. This
showed CoFeB/oxide systems with B show higher PMA.
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Figure 4.1 (a) Variation in the TMR ratio in CoFeB-based MTJ and in the perpendicular anisotropy of a

Pt/CoFe/MgO bottom electrode as a function of the thickness of the naturally oxidized Mg barrier. (b)

Comparison of TMR in ip magnetized CoFeB-based MTJ and of the anisotropy in Pt/CoFeB 1.1 nm MgO
bottom electrode for various Mg thicknesses (figure taken from [131]).

In 2010, another study was published by Ikeda et al., [124] where Ta/CoFeB/MgO based MTJs were
investigated for iPMA. The results proved to be a turning point since they showed large TMR and a large
PMA could be obtained with relatively low STT switching current. They used Ta interfaced with CoFeB
since Ta is known to be a good B getter. Thus, these studied showed that CoFeB/MgO MTJs with
perpendicular magnetic easy axis arrive to fulfil three conditions for their high performance given as:

Thermal stability factor — given as E = kgT, where E is the energy barrier that separates the two
magnetization directions, kg is the Boltzmann constant and T is the temperature should be more in
amplitude than 40 [132] for non-volatility. E = M HgV /2 where My is the saturation magnetisation, Hg
is the anisotropy field. As the junction size is reduced, the volume is reduced, which means that anisotropy
energy density K = M H}, /2 needs to be high enough to ensure high thermal stability.

Various materials such as FePt having perpendicular anisotropy have shown to satisfy this condition [133].

Efficient current switching - Intrinsic threshold current I, for current induced magnetization switching
(CIMS) is proportional to E,
e e
Ieo = a - MgHV = 20 X5 E (4.1.1)
UpY HBg

Where «a is the damping constant, y is the gyromagnetic ratio and g is a function of the spin polarisation
of tunnel current as well as angle between the magnetisations of the free and reference
layers [134], [135]. In case of ip anisotropy, equation (4.1.2) is replaced by Eg¢pq4 called demagnetization
energy resultsin E too large, which is also a reason why perpendicular anisotropy is required for reduction
of switching current. Thus, this equation shows that low value of « is required for low switching current
foragiven E.
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High tunnel magnetoresistance — bcc (001) CoFe(B)-MgO is a well-known system for high TMR. Crystal
structures of PMA materials are usually different from bcc, on annealing CoFeB that was initially
amorphous crystallises in structures apart from bcc as they are deposited in direct contact with materials
with PMA [136].

Thus, CoFeB-MgO material system is able to meet all three conditions for high performance perpendicular
MTJs [124].

Experiments have suggested that apart from CoFeB/MgO interface, a heavy metal (HM)
layer/ferromagnetic layer interface is also vital to achieve high PMA. Worledge et al., [137] showed that
HM/CoFeB/MgO structures with Ta and Ru where Ta/CoFeB/MgO structures after annealing shows PMA
although Ru/CoFeB/MgO structure remains ip magnetised. This revealed the fact that CoFeB/non-
magnetic counter interface also to affects PMA highlighting that study at both interfaces is essential in
order have better knowledge of such systems [138,139], [140], [141]. The cap layer on top of storage layer
influences the magnetic as well as transport properties of the p-MTJ due to modification of interfacial,
electronic and physiochemical properties [142], [118], [119], [120].

Annealing is an important parameter on magnetic anisotropy has also been explored by several groups
where it has been seen that annealing temperature will significantly enhance the PMA. However, for
practical applications it has been observed that thermally activated Ta ions have a tendency to diffuse
toward CoFeB/MgO during annealing at temperatures which are greater than 300°C which causes PMA
degradation [142,146].This limits the thermal budget that a PMA structure can tolerate [147,148] and
hinders integration with CMOS circuits because thermal treatment at 400°C is normally necessary for back
line processes. There has also been research on strong dependence of PMA on Ta thickness attributed to
Ta oxidation or diffusion into CoFeB layer during annealing.

Due to this we are interested to explore other options that can be used as HM layer.
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Figure 4.2 (a) Schematic drawing of top electrode half-MTJ stack and (b) Effective perpendicular
anisotropy (Kesr)as a function of annealing temperature(taken from [143]).

Recent years have seen numerous efforts made towards research on substitution materials to replace Ta
with a material that can remain PMA even after annealing at high temperatures.

An et al., showed that with W/CoFeB/MgO structure, interfacial PMA of 1.98 mJm2is obtained when the
sample is annealed at 350°C and even after annealing at 450°C, sample still exhibits interfacial PMA of 1.7
mim2 [149].

Thus, W has shown to improve PMA by 30% along with annealing stability as compared to Ta cap layer as
shown in Figure 4.2 has been attributed to overall stiffness of the stacking caused by large mechanical
hardness of W (melting temperature of 3422°C) [143], [150]. It also prohibits Fe diffusion from CoFeB layer
to the cap layer, that remarkably improves thermal robustness and magneto transport properties of the
stacks and corresponding patterned memory cells. W has other benefits such as reduced W interdiffusion
due to the strong W-W chemical bonds as well as a reduced B diffusion towards the barrier layer.

These findings benefit the compatibility of p-MTJs with standard CMOS back-end-of- line processes and
make W more attractive than Ta for practical applications. It has also been shown that W/CoFeB/MgO
with metastable B-phase (amorphous) W which has high resistivity is a promising system for SOT-MRAM
due its high spin hall conductivity [151-154].

This far we have introduced p-MTJ systems where we understand that origin of PMA is linked to various
factors such as role of oxidation state of CoFeB/MgO interface which can be influenced by annealing
temperature. We have also seen that capping layer can play a significant role in thermal stability of the
system. However, although in such heterostructures role of interface by itself hasn’t been understood
although we are working with ultrathin films with fine thicknesses. MTJs with crystalline MgO barrier and
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Fe electrode such as Fe/MgO/Fe layers have showed discrepancies in the theoretical calculations and the
experimental values where theoretical calculations [155], [156] showed high TMR up to 1000% whereas
MTIJs with Fe electrode have exhibited TMR ratios of 200% at RT [51], [157] and 604% for CoFeB used as
a ferromagnetic electrode. Such discrepancy is associated with the interface properties of the
heterostructures since spin dependent tunnelling is sensitive to the interface. For Fe/MgO interfaces,
hybridization of Fe and O has been theoretically predicted to result in enhancement of interfacial Fe
magnetic moment [158]. It has also been found that Fe magnetic moment at the interface may differ from
the inner sublayers [39] which elucidated that PMA not only originates from the first interfacial layer but
propagates to several monolayers.

There has been no experimental study to probe the depth dependence of Fe magnetic moment within
HM/CoFeB/MgO heterostructure where Fe magnetic moment at the two separate interfaces may differ
from the inner moment. Thickness dependent effects which sets limits on the useful magnetic thickness
usually observed by measurements of magnetic moment versus thickness and specified by the offset value
from the origin [159]. The calculated offset thickness indicates smaller magnetic thickness which is known
to occur because of either formation of magnetically dead layer (MDL) inside the film or by lowering of
Curie temperature near interfaces. Thickness of CoFeB becomes of prime importance due to the
relationship between PMA energy density K;, and ferromagnetic layer thickness t.

Measurements by Worledge and co-workers [137] shows K, t rolls over as a function of CoFeB thickness
below 9A thus suggesting that Kinterface is NOt constant but it decreases for thinner CoFeB layers. In
Ta/CoFeB cap layer systems, diffusion of Ta that is responsible for formation of dead layer, was suggested
to be reason for dependence of Kiperfqace ON thickness. However, origin of this phenomenon remains an
open question. A better understanding of distribution of dead layer can enable a better understanding of
magnetic profile hence this can aid in developing systems that maximize PMA.

Thus, we are motivated to systematically investigate Fe magnetic distribution a series of HM/CoFeB/MgO
samples with counter interfaces with two kinds of cap layers — Ta and W for as deposited (before
annealing) as well as after annealing (stackings are shown in Figure 4.3)

4.2

The samples were deposited on Si wafers by magnetron sputtering under an Ar pressure of 2x10 mbar
through a set up at Spintec, Grenoble [143]. MgO tunnel barrier was obtained by natural oxidation of a
metallic Mg layer 0.8nm thick under an oxygen pressure of 3x102 mbar with a flow rate of 100 sccm for
240s. On the top of the oxidized layer, a 0.5 nm thick second Mg layer was deposited. The samples were
annealed at different temperatures under high vacuum (5 x 102 mbar) for 10 minutes). The grown samples
are shown in Figure 4.3 where the nominal thicknesses of each layer are given in the parenthesis in A. It
must be noted that all the experiments have been performed on the CoFeB layer of 15A. The second layer
CoFeB is magnetically dead. It must be noted here that it is also the reason why we call our system half
MTI.
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(a) Pt (30A) (b) Pt (30A)
Ta (10A) L)
W (20A)
CoFeB(15A)
CoFeB (15A)
MgO(15A) N0 (5 A)
CoFeB (4A) CoFeBTIA]
Ta (30A) Ta (30A)
Si02/Si Si02/Si

Figure 4.3 Schematic diagram of two stackings grown by magnetic sputtering studied in this thesis. (a) Ta
cap layer (b) W/Ta cap layer

Throughout the thesis, we will refer to 5 samples —S1, $2, S2’, S3 and S4 as shown below:

Ta cap layer W/Ta cap layer
As - deposited S1 S3
Annealed at 340°C S2 --
Annealed at 400°C S2’ S4

4.3

Hysteresis loops results have been obtained by Extraordinary Hall Effects (EHE, Neel Institute) for
perpendicular (1) magnetic fields, and SQUID-SVSM (Neel Institute) for in-plane (//) magnetic ones. All
measurements are performed at 300K and 1T as maximum magnetic field. Inside the inset of each
hysteresis loop, we provide an inset to see the loop between +1800 Oe since, this is the value of the
applied longitudinal field at RESOXS. It must be that we do not present the values of remanence
magnetization at 17000e here but along with the presentation of magnetization profile for each sample
to aid in comparison.
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Figure 4.4 Ip and oop M(H) loops of as deposited half-MTJs with Ta cap layer for sample (a)as deposited
and (b)annealed till 340°C

Figure 4.4(a) and (b) shows the results for S1 and S2 containing insets within £1800 Oe. For S1, we observe
that the magnetic anisotropy of the CoFeB layer is ip. It can also be clearly seen from the inset of

Figure 4.4 where it should be noted that the magnetic saturation occurs only above 8 kOe which

corresponds to an amplitude of magnetic field larger than the one available in the RESOXS experiments.

Remanence magnetization accounts for 47% of saturation magnetization from these results. However,

after annealing at 350°C we observe a transition in magnetic anisotropy of the CoFeB layer is now

preferentially oop with close to 100% of the magnetization at saturation in remnant condition. Compare

to S1, it can be noted that a larger magnetic field, in the range of 14 kOe (not shown), is required, to get

the magnetization ip. However, the CoFeB layer retains more easily it’s ip magnetization since the

amplitude of the magnetization at remanence is about 70% of the value at saturation for S2 and only 47%

in S1.
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Figure 4.5 Ip M(H) loops of annealed half-MTJs with Ta cap layer (annealed till 400°C)
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Figure 4.5 shows the results for S2’ after annealing at a slightly higher temperature (400°C against 340°C),
and we can see that the magnetic anisotropy is again ip. Compare to S1, it can be noted that the
saturation magnetization is reached at about 4kOe and the amplitude of magnetization at remanence is
about 70% close to the value for S2.
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Figure 4.6 Ip and oop M(H) loops of as deposited half-MTJs with W cap layer for sample (a) as deposited
and (b)annealed till 400°C

Figure 4.6 shows the results for S3 and S4. The magnetic anisotropy of the CoFeB layer is in plane as for
S1. Again, the magnetic saturation occurs above 8 kOe which corresponds to an amplitude of magnetic
field larger than the one available in the RESOXS experiments. Remanence magnetization accounts for
about 50 % of saturation magnetization

The magnetic anisotropy of the CoFeB layer is now preferentially out-of-plane with close to 100% of the
magnetization at saturation in remnant condition. Compare to S3, it can be noted a similar amplitude of
the applied magnetic field is required to saturate the magnetization in-plane. Additionally, a larger
coercive field is observed, and the magnetization at remanence is reduced to 40%.

4.4

In order to understand contributions of ip and oop components in our samples, we start by qualitative
analysis of our samples S1, S2, S2’, S3 and S4. Although all the measurements are made in the vicinity of
Fe L3 edge, we were able to make some measurements in the vicinity of Co L3 edge for S4, which will be
presented. It must be noted that the measurements were conducted at different periods of beamtimes
thus, there may be some variations in experimental energies (within 1 eV) as well as in the intensity of the
incoming beam.
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The comparison of SQUID and EHE data for S1 shows the magnetic anisotropy is in plane and thus we are
prompt to use the FlipHlon acquisition mode.

Energy dependent reflectivity at specific angle

In Figure 4.7 we present the reflectivity scans at 3 different angular values — 5°, 14° and 26° together with
their magnetic asymmetries. During the experiments on the SEXTANTS line, these energy dependent
curves were used to choose photon energy in the vicinity of the L; edge to perform angular dependent
scans. The refinement of these curves will allow us to determine the precise value energy correction to be
taken into account for proper energy calibration.
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Figure 4.7 Experimental (red and black smooth lines) specular reflectivities at for 5°, 14° and 26°

measured for S1 along with asymmetry ratios (blue smooth line)

Here, the smooth green line represents the strong magnetic asymmetry calculated from the intensities of
left and right circular polarized light (/p, Im) in the vicinity of the Fe L3 and L, edges related to the nominally
1.4 nm thick CoFeB free layer as the 0.4 nm thick CoFeB layer below the MgO one is expected non-
magnetic. Various shapes are related to the fact that the data have been collected different q value and
hence a mixing of the real and imaginary part of the charge resonant parameters for the Ip and Im
intensities as well as a mixing of the real and imaginary part of the magnetic resonant parameters

magnetic asymmetry.
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e For an incident angle of 5%, both Ip and Im mimics quite well XAS data of Fe [120] and therefore
the signal is dominated by the imaginary term.

e In contrast, the shape of the intensities and of the magnetic asymmetry collected at 6 = 14° are
closer to the real part.

e The data collected at 6 = 26° looks like very much the one at 5°, except the crossing at 704 eV
indicating a significant real part contribution as illustrated by the crossing at 704.5 eV in the data
at 14°.

We expect at low angles to get a signal closer to absorption of Fe, since we are not sensitive to the
structure at low angles as the beam goes into the sample without being scattered so absorption is high.
On the other hand, as we go towards higher angles, we observe a larger intermixing of real and imaginary
parts of ASF as the beam is scattered by interfaces giving us an interference pattern.

The position of the resonance appears to slightly shifted towards the low energies and this shift will have
to be determined. At the time of these measurements the detection of the TEY signal was not working
properly. Therefore, the photons energy for the measurements of the angular scans were selected with
respect to these 3 curves and the adjustment of the energy values, that will be used for the fit of the
angular scans, will be performed from a multi-angular fit of the energy dependence of the average
intensity and discussed in the quantitative analysis.

Hysteresis loops at RESOXS

The maximum field available in RESOXS at the time of this experiment was 1700 Oe which was not strong
enough to reach magnetic saturation, and probably not strong enough to ensure a single domain
configuration as seen by SQUID. This question will be addressed in this section where we present
hysteresis loops inside the RESOXS chamber.
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Figure 4.8 Hysteresis loops measured at RESOXS at 706.2 eV at 24° and 5°

We have used the ability of the RESOXS device to record the element-selective hysteresis curve (here only
for Fe atom with the higher percentage in the composition).

Figure 4.8 shows hysteresis loops collected at @ = 24° and € = 5° energy 706.2 eV with left circularly
polarized light. This curve represents the variation of the specular reflected intensity at a specific angle
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and for a defined incoming photon energy with respect to a magnetic field applied along the longitudinal
direction.

At 0= 24" it shows mainly a square like reversal magnetic curve with a coercive field very close to the one
observed by SQUID data in

Figure 4.4. At first glance, this hysteresis curve resembles that obtained from the SQUID data. However,
there is a second contribution in the signal as illustrated by the slow decrease when going from negative
to zero field and, after a cusp, a slow increase when going from zero to positive field. This second magnetic
contribution is related to another net component of the magnetisation which appears to be larger on
either side of zero. Its presence induces a different form of magnetic asymmetry at 24° than that produced
by longitudinal magnetisation due to a very different angular dependence and combination of real and
imaginary parts. The consequence is that the field-dependent intensity variation between Ip and Im is
modified compared to that which would be due solely to a net longitudinal contribution. The signal at =
5° appears during the reversal of the magnetisation along the longitudinal direction, is preferentially
attributed to a net in-plane transverse contribution of the magnetisation, as opposed to a net component
perpendicular to the film. This attribution is supported by the following observation: if one seeks to isolate
this additional signal by subtracting a step contribution for the longitudinal part, it appears that the
reflected intensity at +1700 (A) to and -1700 Oe (B) is more or less identical, which is expected for a
transverse component with a circular incident beam unlike a perpendicular component.

In the quantitative analysis section, we will try to determine the amplitude of the average magnetization
by refining the magnetic asymmetries collected at low angles, which are less sensitive to an
inhomogeneous distribution of the magnetization as to compare to magnetic asymmetries at large
angles [160].

Angular dependent reflectivity scans

The next section presents the angle-dependent reflectivity curves and the derived magnetic asymmetries
collected with H = 1700 Oe. Figure 4.9 shows the data recorded at 670 eV, 705.2 eV, 706.2 eV, 707.2 eV
and 708.4 eV. Corresponding asymmetry ratio R (blue smooth line) has been plotted in the right column.
They are values selected from the energy dependent reflectivity scans. As mentioned previously, more
precise values have to be determined before trying to extract parameters from a refinement.

We also present average reflectivity at 670 eV which is sufficiently below the Fe L3 edge (-36.8 eV), useful
for the determination of the structure specifically mass densities since we get rid of the uncertainties of
the amplitude of resonant parameters. This is usually related to the various sources such as improper
energy calibration since differences in the exact incident photon energy during the time of experiment in
comparison with the one we use for calculations in DYNA.
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Figure 4.9 Experimental Ip and Im (red and black smooth lines) specular reflectivity at 670 eV, 705.2eV,
706.2eV, 707.2eV and 708.4 eV measured for S1 in the left column. Corresponding asymmetry ratio R
(blue smooth line) has been plotted in the right column
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A small signal (less than 1%) AT 670 eV in the magnetic asymmetry R indicates that the small real part of
the resonant magnetic parameter m'(m” = 0) is sufficient enough to play a sizeable role in separating I,
from I, at least up to 50°. Additionally, the magnetic asymmetry at 670 eV is showing the level of noise in
our experiment, especially at large angles, where the reflectivity is of the order of a few 102 amps.

The change in shape of the intensities as well as the asymmetry ratios can be observed as we go from
705.2 eV to 708.4 eV accounted to the different sets of parameters f3, f,, m; and m, at each energy value.
The differences between intensities Ip and Im directly indicates the presence of magnetic ordering of Fe
in the sample. The splitting starts to occur from 10° going up to almost 50° giving rise to an asymmetry
ratio of large amplitude (right column) and reducing to O at higher angles. The reflectivity curves at all
small angles for energies above 706.2 eV are significantly reduced. This can be attributed to the change
in beam size which will be understood by the quantitative analysis. However, it must be noted that this
effect, limited to values under the critical angle (or slightly above) will not affect the analysis of the
magnetic asymmetry for a layer buried under two other layers whose nominal total thickness is 4 nm.
Referring to the equation we developed in chapter 2, we can say that it indicates an ip magnetization
component in the magnetic layer, in agreement with the geometrical dependence of the atomic scattering
factor corresponding to its relationship with cos® 8. Thus, the magnetization is entirely in plane and
longitudinal which can be said for all energies.

The very small asymmetry signal, ranging from -1% to +1% visible at baseline is showing the level of noise
in our experiment, especially at large angles, where the reflectivity is of the order of a few 1012 amps.
We will quantify these results to have a depth resolved picture on magnetization in the CoFeB layer in
guantitative analysis section.

S2 was subsequently annealed at 340°C and the measurements performed by EHE shows square
hysteresis loops with 100% remanence indicating oop magnetisation. We therefore start our experiment
by using the RevPol mode in order to probe the magnetisation component. Although the EHE
measurements show almost 100% remanence, in order to correct any demagnetization linked to the
storage time and transport of the sample on the SEXTANTS beam line we decided to expose the sample
to a permanent magnet.

Energy dependent reflectivity scans

Just as we described in the case for S1, we first present energy dependent /Ip and Im reflectivity curves
along with the asymmetry ratios shown in at 8 different 0 angles (5°, 30°, 40°, 45°, 50°, 55°). We were able
to measure ranging from 5°to 55° because of the signal expected from oop magnetization is expected to
larger angles due to dependence on sin®0 as shown in details in section 2.4.1.3. This set of measurements
was conducted in a different period of beam time, which means there can be some difference in the
energy calibration as compared to S1.
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Figure 4.10 Experimental (red and black smooth lines) specular reflectivity at 5°, 30°, 40°, 45°, 50° and
55° measured for S2 along with asymmetry ratios (green smooth line) for each angle plotted on the right
Y axis.

We can see that the Ip and Im at 5° mimics the absorption of Fe for metallic Fe [120] while at other angles
we can see a mixing of real and imaginary part of ASF. As expected, the shape of the Ip and the Im
intensities are very different at the different angular positions. The refinement of these measurements
will allow us to determine the precise energy calibration to be considered in the quantitative analysis of
the angular dependent reflectivity data.

The spectroscopic features of these curves, such as the position of the maxima in the magnetic
asymmetries, will also help to optimise the choice of energies to be used for the angular scans.
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Angle-dependent reflectivity

The angle-dependent reflectivity curves Ip and Im are collected at 670 eV and at three resonant energies
706.4 eV, 707.4 eV and 708 eV shown in left column of Figure 4.11 as well as the magnetic asymmetries
derived from these curves (right column).
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Figure 4.11 Experimental (red and black smooth lines) specular reflectivity at 706.4 eV ,707.4 eV and 708
eV measured for S2 in the left column. Corresponding asymmetry ratios (green smooth line) for each
energy has been plotted in the right column.

Unlike S1, we notice that for S2 absence of splitting in lower angular range from 0° to 20° while splitting
of Ip and Im occurs at larger angular range visible above 30° up to 60° at each energy. This corresponds to
a magnetic asymmetry from an entirely oop magnetization as derived from the sin®0 dependence of the
Mmpor contribution in the analytical expression of R as discussed in Chapter 3. In agreement with the EHE
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data, we are clearly sensitive to the easy oop magnetic axis of the sample at remanence and hence there
is a clear transition of anisotropy from S1 to S2 after annealing through SXRMR as seen by the strong
changes of the shape of the magnetic asymmetries. Quantitative analysis will tell us if the transition from
in-plane to out-of-plane magnetization after annealing at 340°C is accompanied by a modification of the
magnetization profile.

During the experiments on S2, we were also interested in the evolution of the magnetization profile when
the sample is subjected to a longitudinal magnetic field of 1100 Oe. First the measurements were
performed using the RevPol mode and we observed a strong magnetic contrast at small and wide angles
revealing the simultaneous presence of in-plane and out-of-plane magnetisation components. This
configuration may typically be due to a canting of the net magnetisation. To assess the stability of this
configuration, we also measured the magnetic contrast using the FlipHlon mode (H=1100 Oe) for both CR
and CL polarisations. Both data sets confirm the presence of two components. One of the motivations
was to determine whether a change in the magnetisation amplitude distribution as a function of depth
could possibly accompany the rotation of the magnetisation.

We conducted measurements on another part of the MgO/CoFeB/Ta sample which was annealed at a
higher temperature 400°C compared to S2 in order to observe any change in magnetic distribution or
magnetic anisotropy after annealing higher temperature. From the SQUID results we have observed that
there was a loss of PMA at this temperature resulting in ip anisotropy. The motivation was to probe
changes in the magnetisation profile compared to S1 and S2 and possibly to gain additional information
on the loss of PMA.

Energy dependent reflectivity at a specific angle

Figure 4.12 shows the energy dependent Ip and Im reflectivity curves collected at 4 different 8 angles (5°,
13.8°,22° and 25°) together with the magnetic asymmetries at each energy plotted on the right-hand side
Y axis. These curves were measured in RevPol mode at the remanence because at the time of the
measurements, the magnetic anisotropy of this sample was expected to be oop. It was during the
measurement that we realized that the magnetization of the sample was actually ip. As the magnetic
contrast was strong enough, at least at small angles, we did not collect a new set of data in FlipHlon mode.
New SQUID measurements on this piece of sample then showed that in remnant condition it exhibited a
planar magnetization and 75% of the saturation magnetization.
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Figure 4.12 Experimental (red and black smooth lines) specular reflectivity at 5°, 13.8°, 22° and 25°
measured for S2’ along with asymmetry ratios (green smooth line) plotted on the right y axis.

The curves recorded at 5° and 13.8° exhibits general features similar that was seen for S1 in Figure 4.7. It
is not possible to comment for the data collected at 25° for S2 and 26° for S1, because huge variations
could occur with 1°difference. The fact that the data are similar at 5 and 13.8° indicates the effect of the
annealing on the structure is not significant in this angular range.

If we compare the energy dependent reflectivity scan at 5° for S1 and S2’ in Figure 4.7 and Figure 4.12,
we can observe formation of a small shoulder around 706 eV in the reflectivity. If we refer to [161] the
“shoulder” could rather be the increase of the intensity at the high-energy side of Fe L3-edge. In fact,
although at 5°, the energy dependence reflectivity looks like the measurements of absorption by TEY, it is
not a pure measurement of the absorption. It is therefore difficult to exclude that the difference observed
at 5° is due to a small modification of the structure (linked to annealing at a higher temperature) rather
than to an oxidation effect [162]. However, one would not expect to observe a change in reflectivity due
to a change in stacking properties at an angle so close to the critical angle (about 3°). This will need to be
verified with angle-dependent measurements but we believe that the 5° change is related to over-
oxidation of Fe at the interface with MgO, which could at least partly explain the strong decrease in PMA.
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Angle dependent reflectivity

Figure 4.13 presents the average intensity /oy and asymmetry ratio R. We wish to make a comparison
between S1, S2 and S2’ qualitatively, however the comparison is not very simple since the samples were
measured at different times thus face variation of energy. The reflectivity curves of S2 are less relevant
due to a shift of 0.2 eV of the incident photon energies, in particular near the Fe L3 edge and a transition
from in the plane to out of the plane for the magnetization which leads to intrinsically completely different

magnetic asymmetries.

For S2’, we can say by the shape of the magnetic asymmetries confirms the magnetization is entirely in
the plane, meaning degradation of PMA occurs as soon as the annealing temperature rises over a
certain threshold temperature. Such a phenomenon has been observed before for Ta cap layer on
Ta/CoFeB interface [142]. We observe decrease of fringe amplitude of reflectivity in comparison with
that of S1 not specifically at high scattering vector but for entire reflectivity curve. A strong change in
reflectivity at 670 eV indicates that further annealing beyond 350°C strongly changes the structure of
the thin film. The shape of asymmetry ratios again indicates that there has been a transition from oop
back to ip as the signal is stronger at lower angles. It will be interesting to observe changes in structure
and also how magnetisation profile changes from each sample.
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Figure 4.13 Experimental (red and black smooth lines) specular reflectivity and asymmetry ratio at 670

V,705.8 eV, 707.8 eV and 709 eV measured for S2’ in the left column. Corresponding asymmetry ratios
(blue smooth line) for each energy has been plotted on the right at column.
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In the following section, we will present the results on the series of sample with cap layer of W/Ta. We
will follow the same steps as the three previous samples and highlight the main qualitative differences
that can be observed by introduction W layer in the stacking.

This is the as-deposited MgO/CoFeB/W/Ta sample (S3) and as shown by SQUID results previously it
indicates presence of ip magnetisation.

Energy dependent reflectivity at a specific angle

Figure 4.14 shows Ip and Im reflectivity curves collected at 4 angles - 8°, 15.5°, 21.5° and 29.5° together
with calculated magnetic asymmetries (smooth green line). Except for the energy dependence of the
reflectivity collected at 8°, that looks like absorption measured in transmission, the 4 others reflectivity
curves represent is a mixture of both dispersive and absorptive parts of the atomic scattering factor.
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Figure 4.14 Energy dependent reflectivities Ip and Im (black and red smooth lines) at 8°, 15.5°, 21.5° and
29.5° with asymmetry ratios (blue smooth line) are presented in right y axis.

Hysteresis Loops

Figure 4.15Figure 4.15 Hysteresis loops measured at RESOXS at 706.2 eV at 13.8° and 43.5° displays two
hysteresis loops measured in RESOXS under specular reflectivity conditions at 6 = 13.8°(a) and 43.5°(b)

using an incident photon at nominally 707.8 eV.
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Figure 4.15 Hysteresis loops measured at RESOXS at 706.2 eV at 13.8° and 43.5°

They show the sharp reversal region observed in the SQUID data. Additionally, it appears that the loops
are almost square and the two branches well superimposed above +500 Oe. The opposite evolution of
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the reflected intensity with the applied field is related to the change of sign of the angular dependence of
the magnetic asymmetry at 707.8 eV for these values (see later). As for S1, the fact that the reflected
intensities for the two branches overlap indicates that the net magnetization achievable at 1700 Oe and -
1700 Oe correspond to a similar magnetic configuration, except for the orientation.

Angle dependent reflectivity

Figure 4.16 shows angle dependent reflectivity as red (/m) and black (/p) smooth lines for applied field of
-1700 and 1700 Oe respectively in the left column while the blue line represents the calculated asymmetry
ratio, R in the right column. These measurements were performed for acquisition mode FlipHlon. We see
that from 10° the splitting of Ip and Im becomes significant up to 45° giving rise to an asymmetry ratio
which exhibits larger amplitude at lower angles and reduces to 0 as we proceed to higher angles (till 60°)
showing existence of ip. However, compared to S1, the magnetic asymmetry starts to occur a larger angle
(5° vs 10°). This is attributed to the position of the magnetic layer being deeper below the surface due to
the insertion of the W.
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Figure 4.16 shows the experimental angle-dependent reflectivity collected at 670 eV and resonant
energies 704.2, 705.6, 707.8, 709 eV in the left column. The corresponding asymmetry ratios for each
energy are presented in the right column
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Lastly in this section we will see the qualitative results for the sample S4 after subsequent annealing at
450°C similar to the case of S2. A similar pattern is followed where the results are presented from energy
dependent reflectivity scans in order to help us choose the energies we worked on as well help in energy
calibration to get quantitative results. The EHE measurement that showed a square hysteresis loop with
100% remanence as for S2, thus we have an idea of orientation of magnetisation vector.

Energy dependent reflectivity scans

We start discussion of our results at the RevPol mode where Figure 4.17 shows the energy dependent /p
and /m reflectivity curves collected at 26.41°, 34°, 43.5° and 52.5° together with the ratios which have
been plotted in the right y axis. Since we are probing a sample with easy oop axis, we took measurements
up to large angular value, where we expect higher sensitivity to this component.
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Figure 4.17 Experimental energy dependent reflectivity Ip and Im (black and red smooth lines) along
with the asymmetry ratios plotted on the right y axis (green smooth line)

Again, such measurements show strong variations from one angle to another that are related to the
interferences between the layers of the heterostructure. Unexpected details in the reflectivity curves can
even be observed as in the case of the data collected at 43.5° below the L; edge. The quantitative analysis
of these data, aiming at determining the energy calibration and at the same time obtaining additional
information on the structure and the magnetization profile, will be presented in the following section.
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Also, it is reminded that at the time of the investigation it was not possible to measure the out-of-plane
hysteresis loops.

Angular dependent reflectivity scans till 60° and 80°

For this sample, we collected data for angular dependent reflectivity till angular range of 60° as well as
80° in order to get an improved knowledge on structure and specially the magnetization profile, since
measuring till 80° means we are able to probe a larger q space for Fe. Thus, we can get improved depth
resolution Figure 4.18 shows the angle-dependent reflectivity curves Ip and Im collected at 670 eV,704.2
eV, 707.8 eV, 709 eV as well as the corresponding magnetic asymmetries derived from these curves in the
right column.
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Figure 4.18 Experimental (red and blue smooth lines) specular reflectivity at 670 eV, 704.2 eV, 706.8
eV,707.8 eV and 709 eV measured for S4. Corresponding asymmetry ratio has been plotted on the right
column for each energy.
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Since this set of measurement took place at different periods of beamtimes, we can observe a slight
difference in the intensity of the 2 reflectivities at 60° and 80° for all the energies shown. This is attributed
to the different opening of the exit slits, 30 um and 50 um respectively at both time of measurements.
However, both sets of reflectivities have the similar shape and are superimposable at each energy which
is ideal. The corresponding asymmetry ratio retains almost similar shape for both sets of measurements
with slight differences in amplitude of the asymmetries for both sets of measurements.

Moreover, the magnetic asymmetries show for 704.2, 706.8 and 709 eV a surprising high level of noise in
particular compared to the data collected up to 80° where the magnetic contrast is relatively strong. The
noise is due to the change of gain in the 2.107° range of the Keithley multimeter used for the
measurements.

Co edge

Although all measurements were recorded mainly near the Fe L3 absorption edge due to the higher
concentration of Fe, we also collect some data in the vicinity of Co L3 edge for S4. Since, there was not
enough beam time to record several energy scans, we only performed 1 set of measurements at mode
RevPol for energies 776.8 eV, 777.8 eV and 778.6 eV. The angle dependent reflectivity curves Ip and Im as
well as the magnetic asymmetries derived from these curves are presented in Figure 4.19. The energy
calibration of this set of data relies on the measurements of absorption through a thin foil of metallic Co.
The edge was found at 777.8 eV for a tabulated value of 778.1 eV, therefore 0.3 eV will be added to the
photon energies used during the measurements for the quantitative analysis based on simulation of this
data.
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Figure 4.19 Experimental (red and black smooth lines) specular reflectivity at 776.8 eV, 777.8 eV and
778.6 eV measured for S4. Corresponding asymmetry ratio (green smooth line) has been plotted on the
right column.

We can see that the reflectivity curves at all energies are quite similar which is attributed to the low

amount of Co (8%) in the CoFeB layer of 1.6 nm nominal thickness. This quantity corresponds to a

continuous layer of Co approximately 0.13 nm thick. The magnetic asymmetries are also very similar.

After annealing effect: S3 and S4

Annealing effect on a sample has been known to introduce structural changes such as changing of
thickness or roughness at an interface of the sample or differences in composition grading. We are

curious to see, what can superposition of average reflectivity and asymmetry ratio for S3 and S4 at
different energies can show changes after annealing. This is shown in Figure 4.20.

In the left panel we superimposed average reflectivity for S3 and S4 while on the right panel, we

superimposed the asymmetry ratio.
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Figure 4.20 Average experimental reflectivities |,y (left column) and the corresponding asymmetry ratios
(right column) superimposed for S3 and S4 at 670eV, and several energies in the vicinity of the Fe L3
edge

By looking at the comparison of /av, we can see some changes directly in S3 and S4 differing from energy
to energy, let us discuss these changes. For 670 eV, we observe that the oscillations are exactly
superimposable till g = 2.2 nm™ and shows changes (increase or decrease) in the amplitude of oscillations
at some angular positions, however retaining the shape of reflectivity indicating a slight modification of
the stacking after annealing. Changes for energies in the vicinity of the L3 edge of Fe become more
significant such as amplitude of oscillations, shifts of the dip and formation of extra fringes. For 704.2 eV,
705.6 eV, 707.8 eV and 709 eV slight phase shift of reflectivity that is black curve for S4 has shifted more
towards left than red curve for S3, is visible especially evident between g = 5.5 nm™ and g = 6 nm™. This
indicates change in thickness of particular a layer containing Fe atoms, since we only observe this change
for energies close to L3 Fe edge. Another thing to note is formation of extra fringes particularly at 704.2
V and 705. 6 eV. Extensive simulations have revealed that changes in roughness and composition grading
across interface generate additional interference fringes [163]. Also at large scattering vector from 4.5
nmwe see that intensity falls of faster for S4 than for S3 which may say that one of the interfaces has
changed and thus roughness is maybe increased at some interface specially containing Fe atoms after
annealing. Thus, all these observable changes in thicknesses and roughness’s indicate that after
undergoing annealing of sample 3 at 400°C, the structure is modified and quantitative analysis will reflect
a better light on these changes.

Next, we observe changes in magnetic asymmetry after annealing for S3 and S4 for FlipHlon and RevPol
respectively. Clearly a transition from jp to oop can be seen as soon as the sample is annealed as the
oscillations at S4 are absent at low angles and oscillations for S3 die out at large angles.
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In this section, we are going to discuss the quantitative analysis by presenting the structural parameters
as well as the magnetic profile for each sample S1, 52, S2’, S3 and S4. This will be followed with a discussion
on comparison of all magnetic profile obtained for each sample.

Structure

Figure 4.21 shows the best fits obtained at RevPol and FlipHlon at 670 eV. We present both reflectivity
curves at since they were measured at different periods of beamtime. The refinement of these two curves
makes it possible to give an error bar on the structural parameters in particular on the densities we
determined far from the absorption edge. The experimental data is in good agreement with fitted data.
The derived parameters from the figure are given in Table 2 after the complementary analysis of the data
measured in the vicinity of the Fe L3 absorption edge.

It must be pointed out here that the shape reflectivity at lower angles (up to 3°) can be seen as different.
This is because, the measurements on the sample were not conducted at the same time, due to which
beam size was slightly different.

FlipHlon

Reflectivity (arb. units)

: o}
Incident angle (%)
Figure 4.21 Experimental specular reflectivities (/,v) (black circles) along with their best fits at 670 eV for
S1 at 2 acquisition modes FlipHlon and Revpol.
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Before analysing the reflectivity curves collected at in resonant condition, we need to determine the
amplitude of the energy shift to consider. By using the structural parameters obtained at 670eV, as an
initial set of parameters, we perform a multiA fit and simultaneously refine the average energy dependent
reflectivity curves at three different angular positions. We also perform multiA fit by considering a
gradient magnetization profile in the free CoFeB layer to fit magnetic asymmetries. Figure 4.22 shows
the experimental data at 3 angular positions and their best fit for average energy dependent reflectivity.
Although we started to fit by considering a uniform profile for magnetisation, we had to consider a

gradient profile in the end to have a good fit.
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Figure 4.22 Experimental and fitted energy dependent average reflectivity(red line) as well as
asymmetry ratio (green line) on the right y axis at 5°, 14° and 26°

The multiA fit carried out by using the same structural and magnetic model and same scaling factor at
different angular positions. We are able to reproduce reflectivity nicely for all three angles.

The fits of the magnetic asymmetry also reproduced very nicely the shape of the experiments data except
for the angle 5°. For all these angles the magnetic asymmetry was fitted with a gradient model with 4
sublayers. Although we tried to fit with only 1 sublayer with uniform magnetization, the small
discrepancies as well as the small number of angular positions preclude from concluding about a
homogeneous magnetization profile throughout the CoFeB layer [160]. For S3, we also show a fit of
energy dependent magnetic asymmetry by considering uniform magnetic profile (1 sublayer).

It should be noted that we also made an attempt to consider a weak magnetization on the bottom CoFeB
layer led to the absence of significant magnetization of Fe in this layer. For quantitative analysis of all the

samples this led to the same conclusion.
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Although we fit magnetic asymmetry here, we do not consider the amplitudes of mms very important.
We will discuss mms in more detail for angle dependent reflectivity in the following paragraph. (It will be
done the same way for all the samples)

The energy shift deduced from the fits is 8E = +0.45 + 0.01 eV. We will further look into what profile we
obtain from refinement of the magnetic asymmetry of angular dependent reflectivity.

Following Figure 4.23 shows the experimental curves and their best fits taking into account the energy
correction of +0.45 £ 0.01 eV. This is necessary to take into account due to difference in energy calibration
of our measurement and the one of reference sample for which we calculated the resonant parameters
in DYNA. We obtained fitted reflectivities in very good agreement with experiment for each energy. The
derived parameters are shown in Table 2.

_708.85 eV
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o

Normalised reflectivity (arb. units)
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©

Figure 4.23 Experimental specular reflectivities (black circles) and their best fits at 670 eV at FlipHlon in
the vicinity of the Fe L3 edge for S1
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Table 2 Structural parameters p, t and o for S1

p(mol.cm?) t(A) o(A)
Pt 0.100 £ 0.05 30.4+0.9 3.9+0.1
Ta 0.074 +0.009 7.810.7 57+2.1
CosFe72B2o 0.151 +0.009 13.5+2 5316
MgO 0.152 +0.027 15.6+2.2 572
CosgFe7,B20 0.132 £0.021 3.2+0.9 41+09
Ta 0.074£0.006 28.5+0.9 4+04

This table gives the average of over all the energies of thickness (t) and roughness (o) after refinement of
lav along with error bars calculated by standard deviation. For p, we considered the values strictly from
refinement at off resonant energy 670 eV, since we expect no influence of resonant affects that can occur
due to difference in energy used during calculations. We observe almost no change in thickness of CoFeB
and MgO as compared to the nominal values of 14A and 15A. We also note the roughness of CoFeB 5.3 +
1.6 A and 5.7 + 2 A for MgO. This roughness that may develop during deposition process due to
mechanisms such as island formations at the interface. It must be said here that to make the structural
profile given by SXRMR reliable, measurements are taken at several energies, which enables us to get an
error bar which is presented along each parameter. Also, we take into account the structure at an energy
far away from the edge, from which the data obtained is comparable to laboratory hard X ray reflectivity.

For Pt and Ta, we also observe a difference in their thicknesses with 2.2A decrease in thickness for Ta in
comparison with the nominal value of 10 A. We must note here that during the refinement, between 2 A
to 4 A thickness was interchangeable for Ta and Pt, therefore we fixed the thickness of Pt for refinement
purposes. It would be interesting to see how the structure changes after the sample is annealed.

Magnetization profile

In order to arrive to the best fit, we performed various refinements by considering different models
performed at more than one energy to confirm the accuracy of the best model. To constrain the
determination of the magnetization profile, with the goal to avoid obtaining a very good experiment-
simulation agreement with thicknesses of sub-layers whose sum would exceed the value of the thickness
deduced from the fit of the reflectivity, /l.v and R are then refined simultaneously. Figure 4.24 represents
all the models at 2 energies 707.65 eV (right column) and 708.85 eV (left column). The first attempt is
performed by just refining the amplitude mms for a single layer (constant profile) of Fe magnetisation
throughout the layer, thus only fitting thickness of the CoFeB layer by setting mms =1 for the whole layer.
However, this value didn’t stay at mms = 1, and as we can see, this did not result in the best fit to model
asymmetry ratio for both energies. This led to considering a model by slicing the layer in half and define
both slices with a specific value for mms and thickness. By considering 2 slices, we can see that we arrive
closer to best fit, however at large angles, it can still be improved. In order to obtain the best fits, we
considered a model with 4 slices of CoFeB layer which gave us a very good fits at all the energies proving



Chapter 4 : Depth resolved magnetic profile of CoFeB/MgO/CoFeB/W(Ta) half MT)J

the correctness of this model as shown in Figure 4.25 (left panel). It must be noted that we kept the
structure parameters constant at the time of refinement.
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Figure 4.24 shows experimental and fitted asymmetry ratio at 708.85 eV and 707.65 eV for S1 at
FlipHlon by considering several models to fit magnetic asymmetry.

Figure 4.25(right column) shows magnetisation profile using derived values for mms and thickness over
an average of all energies. On the y axis, we have the magnetic distribution represented by mms along
with the error bars on the mms values as well as thickness of sublayers from the standard deviation of the
values obtained for the different energies. Since, the profile does not consider the smoothing of the
magnetisation between the sublayers, it was necessary to take into account the error bars for thickness.
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Figure 4.25 shows experimental and the best fits at energies 705.65 eV, 707.65 eV and 708.85 eV on the

left column. Magnetic profile of Fe in CoFeB from Ta interface to MgO is shown on the right column. (It
must be kept in mind that the amplitude of mms should be read from 0 on the y axis.)

From the profile, we can say that the magnetisation is non homogeneously distributed in form of a
gradient. It increases from 40% at Ta/CoFeB up to full magnetisation of 100% at CoFeB/MgO. This type of
profile can be confirmed by the various models that we considered to get the best fits at each energy. We
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get the average Fe magnetisation in mms for this sample as 0.7 + 0.17 giving us 1.47 + 0.35 pg? indicating
that we reach 70% of full magnetisation for 1700 Oe. To compare with moment from of Fe in CoFe, we
observed it to be 2.34us [164]. Starting with S1, the first observation we make is that its magnetisation is
non homogeneously distributed in form of a gradient with minimum magnetisation at the CoFeB/Ta
interface with 40% of Fe magnetic moment of an atom (mms = 0.4 £ 0.33) increasing along CoFeB thickness
up to CoFeB/MgO interface which is fully magnetised (mms =1 0.2).

Comparing with SQUID measurements from we understand that we reach saturation at very high fields
that are unreachable in case of SXRMR measurements at RESOXS. Through SQUID we get Ms=1.1 + 0.08
uB at 8KOe (saturation) but 77% of the M; at 1700 Oe which corresponds to a moment of 0.85 ps. This
has been shown in the Table 3. All these values are summarised below. Thus, on comparing moment at
17000e from SQUID and SXRMR, we don’t reach at similar values. Through SXRMR, we are at low
magnetization from SQUID. It will be important to see the behaviour for other samples before discussing
the comparison in detail.

Table 3 shows comparison between moment calculated from SXRMR and SQUID

Avg. mms moment % of Moment

(SXRMR) Ms saturation at Ms
1700 Oe

0.7 +0.17 1.47 £ 0.35 77 0.85

Structure:

We followed the same procedure as we showed for S1, where we present Figure 4.26 that shows best fits
for all average reflectivities measured at 670 eV, energy far away from Fe L3 edge at 3 data sets. (FlipHlon
2 here represents a second data set at the same acquisition mode) We were able to obtain fitted data in
very good agreement with the experimental data. The parameters that were derived has been
summarised in Table 4 along with the parameters derived from the analysis of the measured in the vicinity
of the Fe L3 absorption edge.

2 Here to get the magnetization in terms of uB, we used magnetic moment of 1 magnetic atom as 2.1 uB from [120]
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Figure 4.26 Experimental specular reflectivities /o, (black circles) and their best fits (red smooth lines) at
670 eV for S2 at three acquisition modes.

Although from qualitative analysis for S2, we observed no significant shift in energy scale (<0.1 eV), we
performed similar multiA fit for S2 that was shown for S1. Figure 4.27 shows the experimental as well as
refined energy dependent reflectivity through a multiA fit at angular positions of — 5°, 10°, 20°, 30°, 40°,
45° and 50° that were refined by using structural parameters given at 670 eV.
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Figure 4.27 Experimental (black circles) and fitted energy dependent average reflectivity(red line) at 5°,
10°, 20°, 30°, 40°, 45° and 50°. For 40°, 45° and 50° asymmetry ratio is plotted on the right hand side y
axis (green line).
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We observe very good agreement with the same set of structural parameters from 5° to 30° (relatively
lower angular range) however for, 40° to 55° although the evolution of the shape is fairly well understood,
the agreement is not as good. For magnetic asymmetries on the other hand, agreement between the
experimental and simulated is very good starting 30° (not shown) up to 55°.

We determined &E values derived as 0.0 £ 0.1 eV. These results indicate that the resonance parameters
used for the analysis, although measured on a thick Fe layer on another beamline, are relevant.

Figure 4.28 shows the experimental as well as best fits for energies in the vicinity of the Fe L3 edge with
fitted data well reproduced. Since we determined OE as O for this set of measurements, no energy
correction is added. Table 4 shows the structural parameters that we obtained from the refinement of
average reflectivities for S2.

Normalised reflectivity (arb. units)

Figure 4.28 Experimental specular reflectivities (black circles) and their best fits at 670 eV, 706.4 eV,
707.4 eV and 708 eV in the vicinity of the Fe L3 edge measured for S2

In comparison to Table 2 we can point out some changes that take place after annealing. Although
thickness of CoFeB seems to remain unaffected, thickness of MgO can be observed is seen to decrease by
1A. Such behaviour is known to occur to due crystallisation from annealing [165]. There is also an increase
in roughness of CoFeB from 5.3 + 2.1 to 7.1 + 0.6 after annealing. Such an increase roughness maybe
explained as an affect from annealing where Fe tends to intermix with Ta as we also observe a slight
increase in roughness of Ta. Although, we see some increase in the thickness of Ta of about 2R, we aren’t
sure if this is really due to an observation of interchange of thickness of Ta and Pt up to 2-4 A. In the next
section, we will see the structural parameters for S2’.
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Table 4 Structural parameters p, t and o derived from best fits for S2

p(mol.cm?) t(A) o(A)
Pt 0.101+0.007 283+1.1 3.6+0.3
Ta 0.086 +0.004 9.6 £ 0.7 6.7+2.1

CogFe7,B2o 0.156+0.003 13.3+2.3 7.1+£0.6

MgO 0.161+£0.012 14.6*4.2 42+04
CosFe7,B20 0.156+0.014 2.5%0.7 3.7+0.6
Ta 0.077+£0.004 29.8%0.5 4.2+0.2

Magnetisation profile:

For this sample, we decided to see if the 4 sliced model like in the case of S1 could be used for refinement
of data for S2. Using this model, we got a distribution that was more homogeneous instead of distributed
in a gradient. To analyse the homogeneity, we considered a one-layer model at 708 eV as shown in Figure
4.29(left side top panel). We can see that the fit with one slice (red smooth line) gives us a shape as the
experimental data however differs in the amplitude. This indicates that while homogeneous distribution
is true, there is still small change in amplitude of mms over the layers which is why 4 slice model gives us
the best fit. We used this model to refine data at all the 3 energies which resulted in very good fits, and
we could obtain the best fit at each energy as shown in Figure 4.29(right side top panel).

Magnetisation profile as shown in Figure 4.29(bottom panel) for S2, shows a more homogeneous
distribution compared to S1 as mms doesn’t change between the interfaces (only by 10%).
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Figure 4.29 shows experimental asymmetry ratios for two models at 708eV (left side top panel). Best fit

of asymmetry ratios at 708 eV, 707.4eV and 706.4eV in the vicinity of Fe L3 edge (right side top panel).

Magnetisation profile from of Fe in CoFeB from Ta interface to MgO interface (bottom panel). (It must
be kept in mind that the amplitude of mms should be read from 0 on the y axis.)

After annealing at 350°C, for S2 we observe a transition of easy axis from ip to oop that the profile
becomes homogeneous with only 10% change in mms of both interfaces. Thus, it becomes fully
magnetised throughout the depth of the layer.

Structure

For S2’ we performed limited measurements of angular dependent reflectivity. The measurement at 670
eV has been shown along the measurements at energies (706.4 eV, 707.4 eV and 708.6 eV) in the vicinity
of the resonant edge in Figure 4.30. The figure shows a good fit at each energy using an energy correction
of -0.2 £ 0.1 eV. This value of energy correction was obtained from the multiA fit of experimental average
reflectivity along with asymmetry ratios at several angular positions as shown in the Figure 4.31. The
derived parameters are given in the Table 5.
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Figure 4.30 Experimental specular reflectivities (black circles) and their best fits at 670 eV in the vicinity
of the Fe L3 edge at FlipHlon measured for S2’
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Figure 4.31 Experimental (black symbols) and fitted energy dependent average reflectivity (red line) as
well as asymmetry ratio (green line) at 5° and 13.8°

As shown in the Figure 4.31, we were able to be a good agreement only for 5° and 13.8°. Although, the
origin of this issue wasn’t perfectly determined, an indication of oxide formation as observed in section
4.4.1.1.3, could be reasoned since our resonant parameters may not be good enough for data measured
at high annealing temperatures. To fit the magnetic asymmetries, we again took into account a gradient
profile with 4 sublayers.

Table 5 shows all the refined parameters for S2’ from the reflectivity curves presented in Figure 4.30. On
comparison to S1 and S2, for this sample we observe that the thicknesses of CoFeB and MgO have not
changed significantly after annealing at 450°C. The roughness of Ta doesn’t change a lot between the S1



Chapter 4 : Depth resolved magnetic profile of CoFeB/MgO/CoFeB/W(Ta) half MT)J

and S2’ but shows a higher value at S2. This evolution of Ta roughness is difficult to comment on since we
understand Ta tends to move to CoFeB/MgO [142] as we increase annealing temperature indicating that
roughness should also be high for S2’. CoFeB and MgO do not change significantly. The density of CoFeB
can be seen to be decreased although we other densities don’t change so much. It is surprising that we
didn’t see a significant change in Ta since it is known to diffuse into CoFeB/MgO interface due to annealing
at higher temperatures [142]. Another thing to note is increase in roughness of CoFeB with increasing
temperature, where such a change is known to occur due to some intermixing or uncorrelated
roughing [166]. Rest of the parameters including densities, do not seem to be strongly affected.

Table 5 Structural parameters p, t and o derived from best fits for S2’

p(mol.cm3) t(A) o(A)
Pt 0.101+0.007 25.1+23 4310.6
Ta 0.086+0.004 10.9%2.38 51%+25
CosgFe7;B20 0.156 +£0.003 13+25 6.8+1.1
MgO 0.161+0.012 14+ 0.7 3.8+1.1
CosgFe7;B20 0.156+0.014 3.9+0.8 3.9+0.6
Ta 0.077 £0.004 2912 5614

Magnetisation profile

Figure 4.32 shows the magnetisation profile comprising of error bars on the mms values and sublayers
thicknesses using the 4-slice model similar to S1 and S2. However, the refinement of asymmetry ratios
proved to be more difficult to get the best fits for this sample, however we managed to obtain relatively
agreeable fits.
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Figure 4.32 shows experimental and the best fits of magnetic asymmetry at energies 708.6 eV, 707.4 eV
and 706.4 eV on the left-hand side. Magnetisation profile from Ta interface to MgO interface on the
right-hand side. (It must be kept in mind that the amplitude of mms should be read from 0 on the y axis.)

From the magnetisation profile, we can see that after annealing at 400°C Fe magnetisation is redistributed
in the layer resulting in the profile of $2” which is similar to the profile of S1 with same gradient distribution
at each interface. It is interesting to note that the shape of the profile changes back to a more gradient
form as observed in S1. Thus, we can say that after annealing at higher temperatures the magnetisation
distribution in S2’ changes in comparison to S2 with a decrease in overall magnetisation.

Through SXRMR, we got the average mms as 0.75 + 0.09 giving us 1.57+ 0.15 us in comparison to SQUID
at 1700 Oe, through which, we achieved 94% of the saturation corresponding to 1.08 . All these values
are shown in Table 6. In this case also we observe that we get higher value of moment from SXRMR in
comparison to SQUID in par with previous results from S1 and S2.

Table 6 shows comparison between moment calculated from SXRMR and SQUID

mms Avg. moment % of Moment
(SXRMR) Ms saturation at uB
1700 Oe
(SQuID)

0.75 +0.09 1.57+0.15 94 1.08
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In this section, we will present the results on the structure profile after insertion of W, hence we will focus
on sample 3 and sample 4. The presentation of results follows the similar pattern as it was for previous
sections. We will start with results obtained at 670 eV, from where we will know about the structure of
the sample, after which the obtained parameters were used to fit the reflectivity at energies close to the

edge.

Structure

In Figure 4.33, we show the reflectivity measurements at 670 eV, at WoH, RevPol and FlipHlon. All the
three curves are completely expectedly superimposable, and we obtain very good fits for all 3
measurements. The parameters that were obtained along with the fitted data at energies near resonance

are presented in the Table 7.

Reflectivity

0 20 40 60
Incident angle (°)

Figure 4.33 Experimental specular reflectivities (black circles) and their best fits (red line) at 670 eV at
three acquisition modes
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Now, we present the experimental energy dependent reflectivity and magnetic asymmetry ratio with their
best fits at 8°, 15.5° and 29.5° that were obtained from multiA fit carried out by using the structure from

670 eV presented in Figure 4.34.
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Figure 4.34 Experimental (black circles) and fitted energy dependent reflectivity(red line) as well as
asymmetry ratio for two models (blue and green line) at 8°, 15.5° and 29.5°

We observe that the reflectivity at 8° and 15.5° which shows more of the spectroscopic features was
reproduced fairly well (red smooth line) whereas at 29.5°, we get really good fit. We obtained a 8E = -0.45
ev.

To fit the asymmetry ratio initially we considered a homogeneous profile (green curve) which reproduced
evolutions of the shape however, we observe strong deviations with respect to the amplitude of
asymmetry ratio. This indicates that the magnetization profile is in fact different from a homogeneous
distribution. Thus, we tried to fit the data by slicing the layer and thus getting a very good fit at all 3 angles
with 4 slice model (blue line). Since we applied refined asymmetry from angular reflectivity first, it gave
us a non-uniform model with 4 slices. Thus, we observe that this same model is able to fit better all 5
energy-dependent magnetic asymmetries using the latter model allows to be reproduced more or less
perfectly, providing an impressive confirmation of the graded magnetic profile. Although for 4 sublayers
we got mms (from the top to the bottom of the layer) as: 0.00, 0.32, 0.50 and 0.65, here we do not care
much about absolute amplitudes, but just the relative variations from one to the other.
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Using the energy correction of -0.45 eV we present the best fits at energies close to the resonant edge in
Figure 4.35. At each energy, we can see that we obtained a good agreement between experimental data
and their best fits. All the parameters that have been derived are discussed in Table 7.
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Figure 4.35 Experimental specular reflectivities (black circles) and their best fits at energies in the vicinity
of the Fe L3 edge for S3

Table 7 Structural parameters p, t and o derived from best fits for S3

t(A) o(A)
Pt 279124 27+03
Ta 11.2+0.8 39*1.3
w 20.1+0.9 3+2.2
CosFe7,By 14 +0.5 45+0.4
MgO 13.3+0.8 4+0.5
CosgFe7;,By 2.1+0.5 2.7+0.1
Ta 295+0.8 3.8+05

The parameters of Ta, W, CoFeB and MgO are close to nominal values of the sample where given error
bar for each parameter is calculated from standard deviation applied over all energies. The roughnesses
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for all layers are relatively low except for CoFeB. It will be important to see its evolution. The thickness of
W is very close to the nominal value of 20 A which will be interesting to observe the change in after
discussion of results after annealing.

Magnetisation profile

To derive the magnetisation profile, we will follow the same pattern as discussed for S1, S2 and S2’. We
always obtained the best fit with 4 slices of CoFeB layer as shown in the Figure 4.36(left side top panel)
with magnetisation distributed as a graded profile decreasing to CoFeB/W interface. To confirm this result,
we show a model with a homogeneous profile at 708.55eV and 707.35eV (green colour) with uniform
magnetisation, however it doesn’t result in the best fit and is strongly deviated from experimental data.
We also show a model where we started the fit with a profile with random values of mms at 708.55 eV
(red colour), but it always converged to a graded profile. Figure 4.36(left side bottom panel shows good
agreement between experiment and fitted data for all the energies.
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Figure 4.36 Experimental asymmetry ratios at 708.55eV and 707.35 eV with various models (top panel).
Best fit of asymmetry ratios at 709 eV, 707.8eV, 705.6eV and 706.4eV in the vicinity of Fe L3 edge (right
side top panel). Magnetisation profile from of Fe in CoFeB from W interface to MgO interface (bottom

panel).
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S3 therefore shows a gradient profile increasing from 0.25 + 19 to almost full magnetisation 0.97 + 0.08.
All the values for this sample are derived from both SQUID and SXRMR are discussed in Table 8 for purpose
of comparison. We observe that for this sample, we are in agreement with SQUID at 17000e.

Table 8 shows comparison between moment calculated from SXRMR and SQUID

Avg. mms Moment % of Moment
Us saturation at Us
1700 Oe
(SQuiD)
0.63+0.14 1.32+0.23 88 1.13

Structure

Figure 4.37 represents the experimental average specular reflectivity (black circles) along with their best
fits (smooth red lines) at several energies for all measurements at RevPol and FlipHlon 670 eV where we
were able to obtain very good fits good fits for all the data. Through refinement of these reflectivity curves,
we were able to values for density with error bars given in Table 9 along with the parameters that are
derived from energies in the vicinity of the edge.
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Figure 4.37 Experimental (black dotted line) and fitted (red smooth line) average specular reflectivity at
energies at 670 eV for S4.

Figure 4.38 shows the multiA fit for the energy dependent reflectivity at 26.5°, 34°and 52.5°. For each
angle we show refinement of energy dependent reflectivity (red line) and refinement of asymmetry with
a model consisting of 4 slices.
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Figure 4.38 shows best fits of energy dependent reflectivity (red lines) and best fit of energy dependent
magnetic asymmetry at 26°, 34° and 52°.

The refinement of reflectivity reproduced the experimental data quite well at 26.5° and 34°. For 52.5°, the
shape of reflectivity is rather well reproduced with however strong discrepancies in the amplitude.

The magnetic asymmetry, except for the small magnetic asymmetry at 26.5°, the energy and angular
dependence of the other are very well reproduced. From these refinements a 6E = - 0.45 + 0.1 eV is
optimized.

Now we come to the experimental angle dependent reflectivity. Figure 4.39(left hand side) shows all the
experimental reflectivity curves measured at energies close to Fe L2,3 edge, where energies were
corrected by adding -0.45 eV according to refinement of energy dependent reflectivity scans resulting in
very good fits for all the energies at energies from top to bottom: 708.55 eV, 707.35 eV, 705.15 eV,
703.75eV and 670 eV.
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Figure 4.39 Experimental specular reflectivities (black circles) and their best fits at energies in the vicinity
of the Fe L3 edge at several energies on the left-hand side and at Co L3 edge on the right-hand side.

Figure 4.39 on the right-hand side also represents the experimental reflectivities along with their fits for
energies 760 eV (18.05 eV below the Co L3 edge) and 3 energies close the Co L3 edge. The measurements
at Co edge were conducted to see if we can be sensitive to contribution from Co despite its small amount
(8%) in the system. The analysis of structure and subsequently magnetism can help us in providing a better
set of averaged parameters as well as the respective error bars. All the tabulated values of the structural
parameters for both Co and Fe are given in Table 9.

The values extracted at Fe and Co seem very close except slight reduction in thickness of CoFeB indicating
that the interface MgO-CoFeB is poor in Co as thickness of CoFeB is reduced while thickness of MgO is
increased and the layer above are very similar. On comparison with S3, we observe a decrease in thickness
of W by 2A° however, this increase is not clear to explain. On significant change we observe is low
roughness for W cap layer in comparison to Ta cap layer.



Chapter 4 : Depth resolved magnetic profile of CoFeB/MgO/CoFeB/W(Ta) half MT)J

Table 9 Structural parameters p, t and o derived from best fits for S4

t o) t g
(80°) A (80°) A (Co)A (Co)A
Pt 27+33 23+0.1 288+04 2.3+0.0
Ta 12.7+3 6.6+24 12.1*1.0 9.7+0.2
W 18.6+1.4 29+0.8 18.8+1 3.5+0.2
CosFe;sBy 13.8%1 52+0.2 125%0.9 59103
MgO 13.3+0.7 27111 14.2%0.3 2.8%0.1
CosgFes;2Bo 1.4+0.2 2+0.1 2601 2.210.1
Ta 30.2+0.5 4+0.3 29.3+0.1 3.6+0.2

Magnetisation profile:

In order to obtain the magnetic distribution of Fe in S4, at we started the refinement of magnetic
asymmetry by initially considering a model with homogeneous oop magnetic distribution as shown by the
blue line in Figure 4.40 at 703.75eV, which if compared to the raw data (black circles) has differences in
amplitude of asymmetry ratio. The homogeneous model shows smaller signal as well as shows a small
phase shift at large scattering angle. Although, the shape of the fit along the scattering angles remains the
same to the raw data, the deviations indicate that this model isn’t the best one to consider. The apparent
disagreement with the experimental asymmetry growing with incident angle implies that one or more
magnetic sublayers have different magnetic properties. The model with 2/3 slices although improved the
quality of the fit, did not give a fitting with high accuracy, however model with 4 slices gives a very good
fit of the magnetic asymmetry. We were able to find that this model works for each energy as shown
Figure 4.41(left hand side).
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Figure 4.40 Experimental and fitted asymmetry ratio from various models at 703.75 eV

Figure 4.41(right hand side) shows the corresponding magnetic profile shows a non-homogeneous graded
magnetization distribution from top to bottom along growth axis where CoFeB layer exhibits an oop
magnetization gradient. We also observed a gradient distribution of magnetisation for Co close to that of

Fe (not shown here).

0.2t
708.55 eV \
\f
2| |

14—

MgO

Magnetic asymmetry
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Depth from W interface (A°)

O 1 2 3 4 5 6 7

Scattering vector g(hm™)
Figure 4.41 Best fits of magnetic asymmetry at 708.55eV, 707.35eV, 705.15eV and 703.75eV on the left-
hand side. Magnetisation profile of Fe in CoFeB from W interface to MgO interface on the right-hand
side.
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4.5 Discussion

In order to see annealing effect in both Ta and W capped samples we have superimposed magnetic
profiles for Fe moment of S1 and S2 including S2’ on the left-hand column while superimposition of
profiles of S3 and S4 are shown in the right-hand side of Figure 4.42. Also, to see cap layer effect between
Ta and W before and after, we have superimposed profiles of S1 and S3 as well as S2 and this is shown in
Figure 4.43. To aid in discussion all values in terms of mms and magnetic moment are summarised in Table
10 to aid in discussion.
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Figure 4.42 shows superimposition of magnetic profiles for (a) S1, S2 and S2’ (b) S3 and S4 in along with

calculated error bars along the depth of CoFeB from W/CoFeB interface till CoFeB/MgO interface
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Figure 4.43 shows superimposition of magnetic profiles for (a) S1, S3 (b) S2 and S4 in along with
calculated error bars along the depth of CoFeB from W/CoFeB interface till CoFeB/MgO interface
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Table 10 mms and magnetic moment of Fe magnetization in S1, S2, S2’, S3 and S4

Sample mms at Moment at mms at Moment at
CoFeB/MgO CoFeB/MgO Ta(W)/CoFeB Ta(W)/CoFeB
interface interface (ps) interface interface
S1 1+0.2 2.1+044 0.4+0.33 0.88+0.72
S2 1.09 £ 0.03 2.24+0.11 0.96 £ 0.05 2.01+0.11
S2’ 0.8+0.11 1.68+0.24 0.4+0.1 0.84 £0.22
S3 0.97 £0.08 2.03+0.16 0.25+0.19 0.52+04
sS4 1.15+0.05 24+0.1 0.61+£0.19 1.28 £0.39

e Discussion of the gradient profile in S1 and S3, before annealing

We observe that for S1 and S3, we get magnetic distribution in a gradient form, minimum value at the cap
layer/CoFeB interface increasing till CoFeB/MgO. This observed distribution of magnetisation in form of a
gradient signifies an occurrence of varying local moment along the thickness of CoFeB layer from Ta(W)
interface to the CoFeB/MgO interface signifying differential interfacial magnetism. One possibility of this
magnetization gradient could be related a gradient of composition The DSIMS depth profile on these
samples [150] shows a change of composition since Ta and W do not attract Fe and Co the same way.
DSIMS shows that the difference between Fe and Co is stronger for W as to Ta where Ta attracts a bit
more the Fe. If a modification of magnetization amplitude has to be related, it is the change of the Fe/Co
ratio that could lead to a small change of magnetization which may be able to provide an explanation for
the difference of 0.88 uB (Ta) and 0.52uB (W) with large error bars. However, the explanation cannot be
here only as the reduction is too strong. The change of composition, stronger in W cap compared to Ta
cap, could be however at the origin of the smaller amplitude of Fe close to W (0.52) compare to Fe close
to Ta (0.88).

Since a compositional gradient with different density is not easily detectable in the reflectivity, we cannot
directly link to the gradient of Fe moment with its composition. But, from these results, we understand
that there is some distribution of Fe at the time of depositing, 10% more in Ta than W.

To understand such a distribution in our profile we can link it with the change in local Msand also T.has
been reported in[167], [168] were they observed higher M; and T, at CoFeB/MgO interface and
decreasing up to the metallic cap layer (W,Ta) /CoFeB interface due to intermixing and diffusion between
cap layer and magnetic layer as shown in the Figure 4.44. A reduced M in the magnetic layer with a metal
insertion in comparison to the free layer without insertion has been observed also before [169], [170].
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Figure 4.44 Sketch of local M(T) dependences (figure from [167])

We observe lower roughness for W cap layer in comparison to Ta for which we always observed higher
roughness. It has been evidences in samples before annealing during deposition is known to occur readily
during deposition as shown in Figure 4.46. Even though the magnetisation of Ta at Ta/CoFeB interface
seems to be higher than W by 20%.

Possibility to consider a magnetic dead layer vs a gradient profile

Since in magnetic calculations a MDL is usually considered, we tried to fit the profile by taking into account
a MDL of specific thickness as shown in Figure 4.45. We took into account another depth profile model
for W cap layer, based on a dead layer 0.6 [150] nm thick at the upper interface with W and homogeneous
magnetization over the rest of the layer as shown in the figure below (orange line) was tested and it can
be seen that we weren’t able to reproduce the data over the full angular range in comparison to the best
fit that considered a gradient distribution.
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Figure 4.45 A model taking into account magnetic dead layer used to fit experimental magnetic
asymmetry at 703.75 eV

This shows us that it may be more accurate to consider a gradual graded distribution of Fe magnetisation
inside CoFeB instead of a region inside film which is completely magnetically dead.
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e Annealing effect in S1, S2 and S2’

After annealing at 350°C, we observe a change in profile as it becomes more homogeneous with average
mms =1 for S2 only 10% change in amplitude. From the roughness values, we obtained an increase in
roughness of CoFeB with annealing temperature. This can be expected since Ta tends to intermix with Fe
easily due to the fact that FeTa has a negative large enthalpy of formation (-3468 meV/atom) [171], [172].

Transition of ip to oop easy axis after annealing and thus such occurrence of PMA after optimal annealing
is known to occur due to the improved crystallinity of the CoFeB electrode into CoFe where B is absorbed
by the Ta cap layer. Enhancement of PMA basically arises from B affinity, which is an important factor
for creation of PMA due to its tendency to diffuse out that leads to a formation of well aligned
crystalline structures during annealing [173].

After annealing at 350°C, we also observe an overall increase in magnetisation of about 30% for S1 and
S2 has been identified as predominantly relevant to B atom out diffusion [144]. It has been known that
annealing enables out diffusion of thermally activated B atoms from CoFeB interface toward Ta/CoFeB
interface which leads to enhancement of CoFeB crystallization corresponding to the increased M.
Diffusion of B out of CoFeB layers during annealing results in reduction of magnetic impurities (B atoms)
and thus an increase in magnetic moment [159]. Since size of B atoms is much smaller than other
transition metals (Fe or Co) atoms B diffusion may thus must be easier and faster compared to other
atoms thus dominating the magnetization variation during annealing. In this case, it can be evidenced
from study by Jyotirmoy et al., [143] which showed a decrease in B concentration at the CoFeB/MgO
interface after annealing. This increase has also been seenin [174] where it also shows that the Fe dichroic
signal has significantly increased after annealing thus indicating increased Fe magnetisation in the film.

After further annealing to a higher temperature till 400°C, we observe a deterioration of the oop
component and the magnetisation again turns into ip accompanied by change of shape of profile to a
more gradient distribution although, the amplitudes in case of S2’ are not as high and the magnetisation
at CoFeB/MgO is just 80%.

The transition of ip axis to oop axis has been observed in various studies for Ta/CoFeB samples before
in [142], [175] and [176] where it has been indicated as a result of thermally activated diffusion of Ta
into the CoFeB layer can occur in Ta/CoFeB may occur due to annealing. Ta is initially mixed with CoFeB
but above 350°C its diffusion becomes prominent above a certain threshold temperature usually above
300 °C causing a significant PMA reduction as Ta migrates to CoFeB/MgO interface [142]. This leads to
decrease in M, and a decrease in K. Although from our results, we don’t see a significant change in Ta
roughness, we observe an increase of roughness of CoFeB which can be due to alloying effect from Ta.

Such a decrease in K above 350°C is in agreement with previous work on a similar stack [138]. This can
also be proven by Figure 4.46 shows Ta 4f;;; and Ta 4fs;; core level photo electron spectrum for 250°C
annealed sample. For the middle component for alloyed Ta (green curve) it can be reasonable to consider
that this component comes from an intermixture of Ta and CoFeB indicating that such an intermixing
occurs readily on annealing. Also, we can see that the intensity of oxidized Ta is very less thus amount of
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Ta diffused into MgO is negligible. However, on further annealing both alloyed and oxidized Ta
components of the spectrum increases indicating migration of Ta into MgO.
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Figure 4.46 Ta 4f core-level XPS of Ta/CoFeB/MgO/AI203 stacks annealed at (a) 250°C and (b)
400°C [142]

Another notable characteristic of the Fe magnetization in the gradient profile is a high 3d magnetization
reaching up to mms = 1 before annealing and slightly increasing up to 10% after annealing for all S1, S2
and S3, S4. Such an enhancement of the magnetization up to 2.7 ML Fe on MgO has been studied by
XMCD [177] which is in accordance to our results. Another study using SXRMR showed enhancement of
Fe magnetization in the 2—3 ML near both MgO interfaces in a MgO/Fe(12nm)/MgO (001) trilayer in
comparison to the Fe magnetization in the center of the layer whose value was closer to the bulk value.
Such an increase can be seen theoretically in [158]. Such an increase has been reported due t

e Discussion of profile for W after annealing

For W cap layer after annealing, we observe that even though the profile is maintained by a gradient form,
there is an overall increase in magnetisation although there is an increase in amplitude of magnetisation
in comparison to S2 by 30% at CoFeB/W interface to 10% at CoFeB/MgO interface. Like mentioned
previously, this can occur due to B migration.

A key difference that we observe from our results is the different profiles for Ta and W after annealing. In
case of Ta, we observe a more homogeneous profile for S2 with only 10% change in amplitude between
2 interfaces, where for W layer, it maintains a more gradient profile even after annealing similar to S3 for
as deposited. This shows that after annealing, the interface magnetic effect is different in case of cap
layers, W and Ta. W in general is known to be less prone to diffusion in comparison to Ta since FeTa has
much negative larger enthalpy of formation (-3468 meV/atom) than of FeW (-554
MeV/atom) [171], [172]. Infact, we have more indication of changing roughness of CoFeB/Ta interface
than CoFeB/W interface, CoFeB roughness increases more with Ta cap. If we look at the borides of each
element Ta and W [178], we find that Ta-B has higher negative formation enthalpy in comparison to W-B,
leading to increasing Ms for Ta-B. This may explain the higher magnetisation at CoFeB/Ta interface in
comparison to CoFeB/W interface.
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Another possibility of lower magnetization at W/CoFeB as compared to Ta/CoFeB can maybe considered
due to possibility of DMI effect due to heavy metal and ferromagnetic effect [179]. At this interface,
magnetism could appear to reorient like skyrmions resulting in locally reduced magnetism. This effect is
different for Ta and W since W is heavier. Capability of skyrmions is more with W, thus we may create
more non collinear in W. It just means that they are less aligned and thus reduction at certain z position.

4.6

Thus, in this study, we have investigated a depth resolved magnetization for a series of half magnetic
tunnel junctions, with different cap layers and annealing temperatures. We observed that in case of Ta
cap layer, the magnetization orientation changes from ip to oop after annealing at 350°C with a change in
distribution of magnetization between 2 interfaces from gradient profile in case of as deposited to a more
homogeneous distribution after annealing. After annealing to higher temperature, we see a transition
back to ip and decrease in amplitudes of magnetization and the profile realigning again in a gradient.

In case of W cap layer, we observed that for before and after annealing, the shape of profile remains the
same although as observed from SQUID, EHE and SXRMR results we observed a transition from ip to oop
although there were some discrepancies in comparison of magnetization amplitude. Although we didn’t
understand the reason for this perfectly, it is worth mentioning that it is not easy to determine a magnetic
moment absolute value from XRMS.
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5 DEPTH RESOLVED MAGNETIZATION PROFILE OF CO AND GD IN
Ta/PT1/Co/GD/ALOX

5.1

In 2008, an alternative memory was proposed by Parkin, Hayashi and Thomas [180] called the magnetic
domain wall racetrack memory (Figure 5.1). In contrast to the functioning of HDDs (where bits are
displaced in relation to the recording head by a combination of rotating the recording disk and moving
recording head), racetrack memory (RM) works through magnetic domains, specifically domain wall (DW)
motion. These DWs are electrically shifted along racetrack memory with fixed read and writing positions,
not having any moving parts. Thus, these devices propose higher efficiency of MRAMS and are able to
overcome shortcomings of HDDs. High domain wall velocity is key to the performance of RM devices,
promoting research in devising materials that can provide maximum DW velocities.
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Figure 5.1 Sketch of a racetrack memory (A) A vertical-configuration racetrack in a U-shaped nanowire
normal to the plane of the substrate. The two cartoons show the magnetic patterns in the racetrack
before and after the DWs have moved down one branch of the U, past the read and write elements, and
then up the other branch. (B) A horizontal configuration uses a nanowire parallel to the plane of the
substrate. (C)Reading data from the stored pattern is done by measuring the tunnel magnetoresistance
of a magnetic tunnel junction element connected to the racetrack. (D) Writing data is accomplished, for
example, by the fringing fields of a DW moved in a second ferromagnetic nanowire oriented at right
angles to the storage nanowire. (E) Arrays of racetracks are built on a chip (taken from [180]).
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Initially magnetically soft permalloys were used to grow RTMs with in plane magnetization. Through
application of spin — polarized current in the racetrack, there is an angular momentum exchange between
electrons from the current and localized electrons in regions between opposite DWs. Such an angular
momentum exchange exerts a torque called spin-transfer torque (STT) which moves the DWs in opposite
direction to the current [181]. DW-velocities can be observed up to 100 m/s in these devices. However,
the DW width in soft materials is influenced by shape anisotropy leading to rather large domain walls
making the device unreliable [182].

More robust DWs were discovered in RMs with PMA with the magnetic preferential direction (easy axis)
perpendicular to the racetrack surface. One of the ways to achieve PMA is through presence of heavy
atoms like Pt at Co interface. This induces a strong hybridization of 5d Pt orbitals with 3d Co orbitals.
Strong spin orbit coupling of Pt produces an increase of Co orbital momentum which makes it possible
spin momentum perpendicular to the interface [183]. Miron et al., found in 2011, that Pt/Co layers give
rise to a phenomenon called spin orbit torque which allows DWs to move with high speeds up to 350 m/s
along the direction of the current [184].

In 2015, Parkin and Young introduced of a new version of RM using antiferromagnets [182]. One such
example of a synthetic antiferromagnets is a bilayer of Co/Gd racetrack memory where Co is deposited
on heavy metal Pt to benefit from the spin orbit coupling as shown in stacking in Figure 5.2. Magnetic
properties of these ferrimagnet racetracks can be tuned by the composition of the metallic layers. For
both Co and Gd, their magnetic properties behave differently with temperature due to a large difference
in their curie temperatures T¢ (for bulk Gd it is approximately 300K while for Co it is 1388K). Thus Co/Gd
bilayers can be engineered in such a way that at a certain temperature Ty, often known as the
compensation temperature there is no net magnetisation. This happens due to antiferromagnetic nature
of such a bilayer. At such a compensation temperature, very high speed of domain walls has been
observed [35]. Compensation of angular momentum at T4 has also been studied in such bilayers can also
result in efficient DW motion [185].
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T<Ty

Figure 5.2 Schematic of a DW in ferrimagnetic Pt/Co/Gd in the presence of a current j. Arrows and
colours in the Co/Gd layers represent the direction of the local magnetic moment, with the thickness of
the arrows being the magnitude of the moment. The green and magenta arrows in the Pt layer
represent the spin direction of the electrons in the current j. tecs and Tc, are the torques working on the
magnetic moment of the Gd and Co layers. (Figure obtained from [186] with minor modifications)

5.2

In recent years racetracks having (PMA) have gained considerable interest since they show very fast
current and field induced domain wall motion [187], [35]. In non-centrosymmetric systems, presence of
a layer with a strong spin orbit coupling such as Pt at one of the interfaces gives rise to an anti-
symmetric exchange interaction, the so called Dyzaloshinkii-Moriya interaction (DMI) [25,188] which
favors non-collinear spin alignment with a fixed chirality [189,190]. This leads to domain walls with a
Néel internal structure whose stability and dynamics is influenced by the DM/, but also by the
spontaneous magnetization of the layer (Ms) [191] and the effective magnetic anisotropy Kegs.

Very large domain wall velocities (>600 m/s) have been observed previously in rare earth-transition metal
systems (which are known for their large antiferromagnetic exchange coupling between the RE and TM
components [192] such Pt/Co(1nm)/Gd/Pt multilayer driven by a magnetic field [35] . This was said to
be possible due to decrease of Ms with respect to metallic Co (the maximum domain wall velocity is
proportional to D/Ms, with D the DMI energy), due to magnetic Gd coupled antiferromagnetically with
the Co moments.

However, we have no direct information about the extension of this interface coupling at the Gd/Co
interface. Is it just an immediate interface phenomenon or does the coupling effect propagate and
modify the magnetization distribution from the interface?

To achieve full potential of RM with Pt/Co/Gd stacks, it is desired to tune Ta (temperature where angular
momenta of Co and Gd are compensated) or Ty (temperature where magnetization of Co and Gd are
compensated) closer to room temperature it is essential to study magnetism in across this bilayer as a
function of thickness and temperature. By tuning magnetization of the magnetic layer or by having
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accurate knowledge of magnetic thickness of the ferromagnetic Co layer along with Gd layer we can DW
velocity can be optimize.

SXRMR can help us achieve this by depth resolved study at Co and Gd resonant edge along the growth
axis by getting a direct determination of the distribution of the Co magnetization from the Pt/Co interface
to the Co/cap one. Also, the magnetization profile in Gd layer to compare the thickness exhibiting
antiferromagnetic coupling with respect to the roughness of the Co/Gd interface.

Thus, we are motivated to:

e To understand the magnetism at the interface Gd/Co

e To understand if there is propagation of this magnetism into the depth away from the interface
and till which thickness and roughness.

e to understand the temperature evolution of the magnetization depth profile of Gd and Co layers
in the sample by using X- ray resonant magnetic scattering (XRMS).

We will discuss magnetic properties in Pt/Co/Gd structures to have a better knowledge of these systems
before we obtain a profile.

In order to understand the magnetic properties of the Pt/Co/Gd, here we introduce the role of each
material giving rise to magnetic effects at interfaces.

Pt is a heavy metal paramagnetic in nature with absence of spontaneous magnetization but presence of
high magnetic susceptibility. This occurs due to the fact that Pt has an electronic band close to fulfil Stoner
criterion for ferromagnetism [193]. On reduction of size, Pt atoms overcome the stoner criterion giving
rise to ferromagnetivity whose effect if further observed in Pt/ferromagnets (Co etc.) interfaces. It is
known to cause an enhancement of magnetization in FM materials through a phenomenon called
proximity effect.

Co on the other hand is a ferromagnetic material known for creating spontaneous magnetic moment
below Curie temperature (T, where T.of bulk Co is 1388 K). M is dependent on temperature since thermal
fluctuations due to localized spin that tend to distort parallel ordering. The material becomes
paramagnetic above T. due to thermal fluctuations distorting magnetic ordering.

Gd is a rare earth metal which is ferromagnetic in nature having a T. close to room temperature (293K)
for bulk Gd. The moment of a Gd atom consists of two components which are: (a) 4f electrons order
indirectly via the conduction electrons which produces a moment of 7 us (b) magnetization of 4f electrons
polarizes electrons in 6s and 5d bands (combined conduction band) producing another 0.63 ps.
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The magnetism at the interface of Gd and Co arises due to the indirect negative exchange coupling
between Gd 4f magnetic moments and the Co 3d magnetic moments. Even though Gd 5d magnetic
moments are parallel to Gd 4f moments through direct exchange, they are anti-parallel to Co 3d magnetic
moments via 5d-3d hybridization causing such an anti-parallel coupling [194]. Thus, the negative
interlayer exchange coupling at the Co/Gd interface along with the positive intralayer exchange coupling
(Co-Co and Gd-Gd) results in the creation of Co/Gd synthetic ferromagnetic bilayer where modification of
the thicknesses of Gd and Co leads changes in magnetic properties (net magnetization of the bilayer)
which can be tuned [195].

Thus, the Gd/Co/Pt stacking has been interesting in our study since the rare-Earth (RE) — transition metal
(TM) interface forms a large antiferromagnetic coupling between the Gd and Co components.

5.3

The sample under investigation Ta (4)/Pt (4)/Co(1)/Gd(wedge)/AlOx (6) where the numbers in parenthesis
are the nominal thickness in nm and the system was grown on Si/SiO, substrate by magnetic sputtering
at room temperature at Institut Neel as shown in Figure 5.3. The thickness of Ta, Pt and Co were kept
constant while the Gd layer was deposited in form of a wedge with variable thickness and Gd layer was
covered with 6 nm of Al to prevent its oxidation since after exposition to atmosphere the Al layer is
expected to be oxidized. The sample was later divided into several pieces, out of which we investigated 2
sample pieces. The Co/Pt interface was deposited with < 2 nm thickness of Co to benefit from the
perpendicular magnetic anisotropy and DMI for their use in motion in domain wall motion. Ta was used
as a buffer layer between the substrate and the Pt layer to improve Pt adhesion.

/AI
I -

Figure 5.3 Stacks of non-centrosymmetric trilayer Pt/Co/Gd

It should be noted that the SXRMR data were in fact collected on two samples pieces of the original sample
having in principle very same or similar characteristics. These samples will be labelled at A and B in the
following.
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Hard X-ray reflectivity (HXRR) data was collected in the D8 reflectometer at Institut Néel with a Cu K, x-
ray source corresponding to a photon energy of at an energy of 8041 eV for both the samples A and B
measured till Omax = 3.5° (g =4.98 nm™?). The experimental data (black circles) as well as their best fits
(smooth red lines) are shown in Figure 5.4. From the refinements of the structure, we find that we were
able to obtain a good agreement between experimental and fitted data. In fact, we can see that both the
curves are superimposable and very close in shape indicating that the structure of both sample pieces
should be similar. The structural parameters density (p), thickness (t) and roughness (o) of each layer
which were refined to obtain the best fits are shown in Table 11 along with the error bars calculated over
parameters over both the stackings.
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Figure 5.4 Experimental (black dotted line) and fitted (red smooth line) specular reflectivity collected by
hard X ray reflectivity

Table 11 Structural parameters p, t and o derived from best fits

pourc (mol/cm?)  (mol/cm?) t (A) o(A)
AlOy 0.194 0.164+0.019 40.7%+5.3 49+23
Al 0.100 0.055 + 0.007 16.7+1.6 5.2+0.1
Gd 0.050 0.029 £ 0.005 9.4+0.2 2.8+0.8
Co 0.108 0.095 +0.012 7.3+£0.1 1.4+0.1
Pt 0.110 0.110 £ 0.000 37.31+0.3 3.3+0.1
Ta 0.092 0.092 £ 0.000 35.9+0.5 3.1+£0.1
SiO, 0.132 0.126 £+ 0.000 12184+5.9 1.5+0.1
Si 3.0£0.6

For refinement, we divided the Al layer into a pure Al metal layer and a layer of Al oxide with formula
Al;0s. This was done since Al is well known for its tendency to get oxidised easily when exposed to the
atmosphere. Due to the time gap between sample growth and SXRMR measurements, sample was
exposed to the environment for a long time and thus to get better fits, we considered a separate layer of
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Al oxide. In fact, since we were not completely sure of the composition of the oxide (perhaps a
composition gradient related to the in-depth penetration of the oxygen atoms into the Al layer), the limits
of the density parameter have been set between that of pure aluminium and that of Al,Os.

For both samples, we find total thickness of Al layer (thickness of Al + thickness of Al oxide) as 57.4 + 6.9
A in relatively good agreement with the nominal value. The refined thickness of the Ta and Pt layers are
also found in good agreement with the nominal values. For Co thicknesses we get significantly different
from nominal values Co = 10 A. Unfortunately, the experimental data were recorded on a limited angular
range up to 3.5° corresponding to a gmax value of 4.98 nm™ As a result, the precision of the parameters,
extracted from the adjustment for the thinnest layers of Co and Gd, could also be limited. The very low
amplitude error bars most often come from parameter values which for sample A and B have reached a
high or low limits in the fits except for the roughness of the Pt and Ta layers. The interest of these two
reflectivity curves measured in the hard X-ray range is essentially to show that samples A and B are very
similar. However, the values of the structural parameters determined from measurements in a limited
reciprocal space raise several questions as to their reliability. In order to increase precision of structure
determination specially the thickness of Co and Gd, in the next section, we will look at the structural
parameters derived from SXRMR measurements conducted at off resonant energies (energy far away
from resonant edges) for both Co and Gd and compare the results with HXRR. We will also further compare
these parameters with results obtained for energies in proximity to the Co L3 and Gd M5 edge where we
can find increased sensitivity to Co and Gd respectively.

5.5

The SXRMR experiments for these samples were conducted near the Co L3 edge and the Gd M5 edge. In
this section we will present the resonant parameters that we used in order to obtain magnetic profile.

As in the previous chapter the fi(E), f2(E), mi(E), mz(E) for the Co L3 edge have been derived using CT
Chen et al, [120] data which was collected at room temperature. The data for the Gd M, s edge have been
derived from the work of S. Mangin et al. [196] at 100K. We have already indicated that the sum rules
lead to miot = 1.7 us/atom for Co. In the cases of Gd, the XAS/XMCD data came from total electron yield
(TEY) measured on glass/GdaoFeso (100 nm)/ThasFess (3 nm)/Al (3 nm). The derived resonant parameters
from these samples as shown in Figure 5.5(a) and (b) for Gd and (c) and (d) for Co were used in DYNA
program.
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Figure 5.5 (a) and (b) shows resonant parameters at Gd M4,5 edge and (c) and (d) shows resonant
parameters at Co L2,3 edge.

Later, we also took into account the XMCD and XAS data which was measured by J. Vogel and S. Pizzini at
the DEIMOS beamline at SOLEIL to provide a basis for comparison and to assess the relevance of the
resonant parameters used in DYNA from other references. Figure 5.6 (a) and (b) show the data XAS and
XMCD data measured on the sample at 300K and 4K for Gd edge.

Figure 5.6 (c) displays superimposition of f, value of Gd in Dyna and the scaling of the XAS data measured
on the sample at 4.2 K and (d) superimposition of scaled XMCD data and m; used in dyna scaled to

chantlers.
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Figure 5.6 (a) and (b) are XAS and XMCD signals measured at Gd M4,5 edge at 300K and 4K measured at
DEIMOS beamline (c) shows superimposition of XAS data scaled to Chantlers table of data from DEIMOS
beamline along with data used in DYNA software. (d) shows superimposition of the XMCD data scaled
and data used in DYNA

We observe that except for the difference in the energy scale between the measurements on ID12B and
DEIMOS (not analyzed in detail), the data compares quite well. However, the data collected on DEIMOS
seems to present a better energy resolution. As the energy resolution on SEXTANTS with 70um exit slits,
used during reflectivity measurements, is slightly worse than that of DEIMOS, the parameters available in
Dyna were preferred. Moreover, the comparison of the XMCD signal shows changes in the amplitude of
the spectroscopic characteristics below and above the resonance signal at 1188.2 eV. The origin of these
modifications has not been studied and is tentatively attributed to a slightly different environment of the
Gd atoms between the two multilayers. An analysis of the energy dependence of the reflectivity on
SEXTANTS will be presented later to confirm the relevance of the parameters used.

Similar data has been presented for Co edge in Figure 5.7. (a) displays XAS and XMCD data measured at
DEIMOS. (b) show the superposition of XAS at 4K and 300K with data from CT Chen et al., scaled to
Chantlers table.
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Although there is a slight problem of resolution on the higher energy side of scaled XAS data, the peak
seems to superimpose each other well.
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Figure 5.7 (a) shows XAS and XMCD signals measured at Co L2,3 edge at 300K and 4K. (b) shows
superimposition of XAS data scaled to Chantlers table along with data used in DYNA software

energy (eV)

We obtained the data for XMCD of Gd and Co on the sample measured J. Vogel and S. Pizzini much later
after almost finishing analysis on the data using the resonant parameters of S. Mangin. That is why in
order to see, if the data from both different samples are close enough, we have shown the superposition
of the data. To see the SQUID results, for this sample we refer to the results on a similar sample since we
weren’t able to successfully perform VSM SQUID on this sample ourselves [197].

Figure 5.8 shows the fits of average reflectivities at 760 eV (18.1 eV below Co L3 edge) and 1172.2 eV (17.4
eV below Gd M5 edge) which are energies far away from the L3 and M5 edge for Co and Gd respectively.
From the Figure 5.4, we can say that we were able to obtain very good fits for both the energies with good
agreement between experimental and fitted data. In all cases, these gmax values were higher than that
reached with the incomplete hard X-ray measurements.

The average refined parameters are given in Table 12 for both sample A and B at 760 eV and 1172.2 eV.
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Figure 5.8 experimental and fitted average angular reflectivity at 1172.2 eV and 760 eV

Table 12 Structural parameters t and o derived from best fits

Poui (mol/cm3)  (mol/cm?) t (A) a(A)
AlOy 0.194 0.171 £ 0.016 34.7+£10.7 6.6+24
Al 0.100 0.072 £0.019 16.9+7.3 9.8+53
Gd 0.050 0.040 £ 0.007 11.5£0.8 7331
Co 0.151 0.095 +0.012 6.3+1.1 2.8+13
Pt 0.110 0.106 + 0.006 38.9+0.5 3.2+04
Ta 0.092 0.092 £ 0.001 35.1+£0.5 3.7x£0.7
Sio; 0.132 0.129+0.003 11599+1324 23+04
Si 24+21

AlOx density appears to be slightly lower than Al,Os; density that is probably due to an incomplete
oxidation process of Al or a density of the initial pure Al layer smaller than the bulk one. The 34.7 A
thickness of this layer indicates the depth to which the oxygen atoms have diffused inside the capping Al
layer. The large error bar could have two origins on the one hand the inhomogeneous propagation of the
oxygen atoms, as evidenced by the large roughness of the aluminum layer underneath, and on the other
hand a time evolution effect, leading to a difference in the thickness of the AlOx layer, since the data at
low temperatures were measured later than those at room temperature. The roughness of this capping
layer is not so high. It should be noted here that for all the refinement an additional layer to simulate the
surface contamination has been taken into account. The thickness and roughness of this layer are limited
at RT to about 30 A and 7.5 A, respectively. To be able to satisfactorily reproduce the reflectivity curves
recorded at much larger values must be considered. The thickness and the roughness also depend on the
time spent at low T and the vacuum in the chamber before cooling the sample. The density of the Al layer
assumed to be initially pure appears clearly lower than the bulk value. This could be due on the one hand
to a poorly crystallized or amorphous Al layer, and on the other hand to an alloying effect with the Gd
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atoms at the lower interface, as evidenced by the high roughness of the Gd layer. The sum of the thickness
of the AlOx layer and that of Al appears slightly less than 60 A as expected from the nominal values.

For Gd layer, the density is about 80% of that of the bulk, which seems reasonable for a layer thickness of
the order of a nanometer. Although the refinements were performed over a larger range of q, the
thickness of the Gd layer is again found to be around 1nm with a small standard deviation value. Since,
we are working for Gd as a wedge, we maybe probing at a different part of the wedge where Gd is 1 nm.
However, the Gd layer also exhibits large roughness at the Gd/Al interface as mentioned earlier. This high
roughness could be associated with a thick layer of intermixed GdAI [198,199]. It would be interesting to
compare the thickness obtained far from the edge and that obtained with incident photon energies close
to resonance, which could enhance the contrast between the atoms of Gd and Al and give a greater
thickness of Gd.

The density of the Co layer is reduced by 37% which a lot. This layer is also found smaller than the expected
one with also a relatively small standard deviation. Again, the analysis of the reflectivity measurements at
resonance could be sensitive to Co atoms intermixed with Pt at the bottom interfaces and Gd at the top
interfaces and reveal a thickness closer to the nominal one.

The densities and the thicknesses of the Pt and Ta layers are much closer to the nominal ones. These
layers show similar roughness values.

Finally, the roughness of the substrate is in agreement with a high-quality substrate. Moreover, due to
the presence of high frequency but low amplitude oscillations in the large angle reflectivity, it was possible
to refine the thickness of the SiO; layer. The value of the density is in agreement with the bulk one.

It must be noted that for good structure parameters, we will rely on the previous measurements discussed
from HXRR and off reflectivity SXRMR. In the following sections, we will also study parameters derived
from reflectivity at energies in the vicinity of the edge. We were not able to perform other experiments
to determine the structure parameters during this thesis, for this sample.

Figure 5.9 presents energy dependent reflectivity which was measured at 2 angular positions — 46° and
50° at Co L2,3 edge along with asymmetry ratio (green line). These high angular values were chosen to
perform energy dependent scan to benefit from the strong signal due to oop magnetization in the system
even though it is better to choose angular values close to the critical angle.
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Figure 5.9 Experimental energy dependent reflectivity and asymmetry ratio at Co edge at 46° and 50°

The shapes of measured reflectivities Ip and Im for both angles strongly resemble the spectroscopy of
metallic Co with both having maximum intensity resembling L3 edge. There is a finite asymmetry ratio up
to 30% indicating presence of signal at remanence at 46° and reaching up to 60% presence of signal at
50°.

Since these curves are measured in reflectivity, they also present some weightage of the real and
imaginary part of atomic scattering factor. Since the position of maxima of the L3 and L2 edge is shifted,
determination of the difference in energy, to be taken into consideration as a correction to the calibration
in energy, will be evaluated by refining the average reflectivity.

For Gd we don’t present the qualitative energy dependent reflectivities however their best fit at 5° and
36.4° is discussed in the next section.

Co edge

Starting from the structural parameters determined from off-resonance angular reflectivity, the fit of the
average intensity as well as the magnetic asymmetry led to very good agreement as seen on Figure 5.10.
The fit of the magnetic asymmetry was carried out by adding the data in the multifit process by considering
the magnetism of the Co layer constant through the whole layer.

For two angular values separated by 4°, the mms value is the same and equal to 1.31. It indicates a
magnetic moment 31% higher than 1.7us. However, this value must first be put into perspective. We will
discuss moment amplitude values after analyzing the angular dependence of magnetic asymmetries.
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We calculated 6E = 0.35 eV to be added to experimental values.

Gd edge

Figure 5.11 presents energy dependent reflectivity collected at 2 angular positions (5° and 10°) around
the Gd M edge together with the best fit. For Gd, we did not try to collect data at large angles because
at room temperature as small magnetic asymmetries were expected. Moreover, we only recorded the
energy dependence at the Ms edge. At 5°, the shape of the scan is closer to the real part of resonant term,
while the shape of scan at 36.4° indicates higher sensitivity to imaginary part of resonant term. Another
point to take is the huge energy shift we observe through these curves compared to the M5 edge given in

the data booklet [200] which is 1189.6 eV.

Similarly, in the case of Gd, spectral shapes of the absorption are essentially that of Gd as expected along
with absorption spectra for pure Gd superimposed for comparison.
We obtained rather good fits leading to a correction of 12.75 eV to be subtracted to experimental

values. Parameters f; and f, are good enough to reproduce the data except perhaps around 1187 eV
(corrected value) where we late observed a difference in amplitude between the data tabulated in DYNA

and the absorption data measured before.
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Figure 5.11 Experimental and best fit for energy dependent average reflectivity and magnetic
asymmetry at 5° (left side) and 10° (right side) at Gd edge

Figure 5.12 shows the angle dependent reflectivity for several energies in the vicinity of Co L3 edge (left
hand side) and Gd M5 edge (right hand side) where we show experimental Ip and /Im along with the
asymmetry ratio for each energy. The energies are selected in a way that to benefit from the strong
contrast in the real magnetic part of the ASF and the different signs of the resonant charge and magnetic

terms.
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Figure 5.12 Experimental average specular reflectivities Ip and Im (red and black smooth lines
respectively) and their corresponding asymmetry ratios (green smooth line) at energies in the vicinity of
Co edge on the left-hand side panel. On the right-hand side shows the same in the vicinity of Gd edge.
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For all the energies for both Co and Gd, we observe the similar behavior of splitting of Ip and Im at large
angles, a typical characteristic of oop magnetizations with its absence at low angles.

In case of Co edge, Ip and Im start to split around 20° till 80° giving a large asymmetry ratio at large angle.
From 776.3 eV to 778.1 eV (ascending side of the absorption edge), the shape of the magnetic
asymmetries is similar, of positive sign and increasing to large angles. The oscillations are essentially
related to the normalization by the average intensity. Above 60° the signal the reduction of the magnetic
contrast is due to the background in the intensities I, and /. At 778.4 eV the shape of the magnetic
asymmetries changes as the oscillations of I, and I, begin to approach each other until they intersect,
which leads to a decrease, first more marked at large angles, then to a beat between positive and negative
amplitude whose envelope depends on the energy. The maximum amplitude of the asymmetry ratio
continuously decreases from about 0.54 to 0.45. All these effects are related to the modifications of the
quartet of values fi, fo, mi1, ma.

In the case of Gd, the reflectivity curves are strongly affected by the background as soon as the amplitude
of the intensities is either of the order than the dark current of the detector. However, it should be noted
that it appears above 50° which correspond to a higher momentum transfer value than that reached at 80
degrees for Co (9.23 nm™ vs 7.76 nm™) where the effect of roughness within the stack is also more
penalizing. Here the data up to 80° although greatly reduced from 40 degrees, shows oscillations in the
magnetic asymmetries that might be worth keeping. during data refinement. Some data are shown till 70°
since they couldn’t be measured till 800 at the beamline.

Evolution of the shape of the magnetic asymmetries during the transition from the rising side to the falling
side of the absorption edge between 1189.2 eV and 1192.2 eV, shows a similar behavior to that of the Co
with an opposite sign. This opposite sign is the signature of the antiparallel alignment of the net
magnetization of the Co and Gd layers, linked to the antiferromagnetic coupling of Co and Gd. Although
we expect a weak signal for Gd at room temperature [35] the amplitude of the magnetic asymmetry is
significant as it reaches about 27% at maximum. As for Co, the maximum amplitude of the magnetic
signal increases when approaching the absorption edge energy.

Figure 5.13 shows best fits refined at all the energies in the vicinity of Co L3 edge (left side) and Gd M5
edge (right side) as shown in from the very good fits of the experimental data. All intensities were first
refined simultaneously for each edge and then individually.

We will discuss the table with structural parameters including the parameters calculated from analysis at
different temperatures in Table 13.
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Figure 5.13 Experimental and best fit for all energies in the vicinity of Co edge (left hand side) and Gd
edge (right hand side)

The tabulated values represent the mean value of the parameters obtained at each energy and the error
bar is evaluated from the standard deviation of all the parameters.

Table 13 Structural parameters p, t and o derived from best fits

p(mol/em?)  t(A) o(A)
AlO, 0.180+0.022 40.1+86 6.1+24
Al 0.045+0.036 125+74 2.8%25
Gd 0.038£0.011 14.1+3.6 9.1+4.8
Co 0.128+£0.024 7.6*x2.7 28*0.6
Pt 0.104 £0.007 36.2+3.1 3.1+0.8
Ta 0.083+0.006 353+1.7 4714
SiO, 0.129+0.003 1188+50 2.3+0.3
Si 1.0+1.2

From the table, we can observe that the results are close to those derived from the analysis of the data
measured off-resonance. The parameters for the SiO, layer are confirmed. For the Ta and Pt layer,
considering the larger error bars, related to a much larger number of acquisitions, the values are quite
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similar also. For Co, the numerous fits at resonant energy led to an increase of the density that could be
related to small discrepancies between the fi and f, tabulated values with the actual ones. The thickness
is larger than the 6.3 A value derived off resonance. Although the total interfacial roughness with the Pt
layer and with the Gd layer are found identical, this could be linked to a higher sensitivity to Co atoms
intermixed with Pt and Gd at both interfaces, for measurements in the vicinity of the Co Ls; edge. This
effect seems to be more pronounced on the Pt side since at the same time a slightly lower value of Pt
thickness is noted. For Gd, the density value is the same at resonance and off resonance, indicating good
agreement between the tabulated and actual resonance parameters. In contrast, the thickness and
roughness values show more pronounced changes. The same applies to the thickness and roughness
parameters for the Al and AlOx layers. On the one hand, these changes reflect a greater sensitivity to the
Gd atoms dispersed in the Al layer due to measurements at the Gd Ms edge, resulting in a larger effective
Gd thickness and a smaller Al thickness. On the other hand, as the experiments were performed over
several beam periods, it is also possible that the reduction in Al layer thickness is related to an increase in
oxygen propagation in the Al layer, which is indicated by the increase in AlOx layer thickness. The
reduction of the interface roughness between the Al layer and the AlOx layer could be related to an oxygen
diffusion limit in the aluminum around 40 A. The large roughness between the Gd and Al layer is confirmed
and even strengthened in agreement with the ability of Gd and Al to form an alloy.

For the case of Co at 300K, we started the refinement procedure initially considering a model with
homogeneous magnetization throughout Co layer since we do not expect strong changes in magnetization
of Co at room temperature. The structural parameters obtained for each incident resonant photon
energies were kept constant and the only fitting parameter was the weighting factor mms to depict
uniform magnetization of Co layer. However, an equal distribution of magnetization from the Pt/Co
interfaces up to the Co/Gd interface did not result in the best fit as illustrated in

Figure 5.14 (a) (green solid line). After, Co layer was divided into 3 sublayers where MMS of each sublayer
was fitted along with the corresponding thickness to calculate the magnetization profile. We were able to
get a very good fit for this model.

We made another fit by fixing the mms of sublayer at the interface Co/Pt, in order to see if we could have
a complete homogeneous profile with no increase at Co/Pt interface as can be seen in Table 14, however
this did not result in a satisfying fit and was far from the best fit indicating that such an increase is
necessary to consider.
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Figure 5.14 shows experimental and fitted asymmetry ratio at (a) 778.15 eV showing various models and
(b) at various energies in the vicinity of Co edge after applying 3 slice model

The values describing the out-of-plane magnetization profile throughout the Co layer are given in Table
14 from the bottom Pt/Co interfaces to the Co/Gd interface

Table 14 Thickness and the mms values for each sub layer derived from refinement of asymmetry ratio

at RT
Sublayers thickness [A] Magnetization amplitude Refined values Corrected values
t1 22+0.4 mms; 1.36+0.16 0.89+16
t2 3.0+0.8 mms; 1.39+0.19 0.92+0.19
t3 24+0.3 mmss 1.57+£0.24 1.04+£0.24

The average value of the magnetic amplitude calculated from the values of each sub-layer weighted by
their respective thicknesses is equal to (1.44 *+ 0.20) in good agreement with the value of 1.31 derived
from the refinement of the energy-dependent asymmetry ratio as previously described. However, these
mms values are larger than the ones assumed to correspond to a magnetic moment of 1.7uz for Co. It is
important to recall that SXRMR is not an appropriate technique to provide absolute amplitude for
magnetic moment, as the parameter to be refine is not directly the mms values but in fact the product p
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x mms. The Co layer is ultrathin and shows a strongly reduced mass density while the sample used to
derive the reference resonant parameters f, and m; was a 7nm thicker film with probably a mass density
closer to the bulk one. Therefore, to get more significant mms values, we proposed to consider a
correction factor equal to 0.099/0.151= 0.66, the value 0.099 being the average of the density
parameters derived from the refinement of the off-resonance reflectivity measured in the soft X-ray
range and the two reflectivity curves collected in the hard x-ray range. These models of magnetization
profile is within the errors bars more or less constant and shows an increase of the magnetization at the
Pt/Co interface by 14.4%.

Figure 5.15 (a) shows experimental Gd magnetic asymmetry at 1188.2 eV compared with various models.
The blue curve corresponds to the asymmetry ratio obtained for a magnetization distribution model
considering a homogeneous distribution of the out-of-plane magnetization of Gd (only one slice). Not only
the shape of the magnetic asymmetry is not reproduced but the amplitude of the magnetization would
correspond to 140% (mms=1.4) of the amplitude of the XMCD signal used as reference which would
induce a magnetic moment unrealistic for Gd at room temperature of 8.7 uB/atom. The green curve
presents the best result with a model where the Gd layer is divided into two slices and only the
magnetization amplitude of the lower one, at the interface with the Co layer, as well as the thickness of
the 2 slices are refined while the magnetization amplitude of the upper is set to zero.

Like for the magnetization profile within the Co layer, the best fit was obtained by dividing the Gd layer in
3 slices in order to refine the magnetic asymmetries. Figure 5.15 (b) shows the best fit obtained at several
resonant energies to describe the magnetization profile.
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Figure 5.15 Experimental and fitted asymmetry ratio various energies in the vicinity of Gd edge obtained
from a 3-slice model

The values describing the out-of-plane magnetization profile throughout the Gd layer are given in Table
15 from the bottom Co/Gd interfaces to the Gd/Al interface where tsis the bottom interface at Co/Gd and
t1is the interface with Gd/Al.

Table 15 Thickness and the mms values for each sub layer derived from refinement of asymmetry ratio
at RT. Here, t; is the Gd/Co interface and t3 is the Gd/Al interface

Sublayers thickness A Magnetization amplitude Refined values Corrected values
t1 8.1+1.4 mms; 0.09 £0.04 0.06 +£0.04
t 3.1+0.9 mms; 0.16 £0.05 0.12 £0.05
ts 29+0.6 mmss 0.22+£0.09 0.16 £0.09

From this table, a first comment is that the magnetization is not limited in the immediate interface and
extends up the to the Gd/Al interface. We observe a formation of magnetization gradient decreasing from
the bottom Co interfaces to the Al top interfaces. Before discussing more about the amplitude of the
magnetization, we propose to apply a corrective factor to the values of mms obtained similar to that used
for Coi.e., 0.036/0.050= 0.72. Here, the value 0.036 being the average of the density parameters derived
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from the refinement of the four off-resonance reflectivity measured in the soft X-ray range and the two
reflectivity curves collected in the hard x-ray range. To find out the deduce the average value of the
magnetic amplitude of the sublayer, we considered the reference [196] whose XMCD results at 100K.
However, as will be discussed in the next section, from our measurements at 100K, we were able to
deduce a proportionality factor to calculate results at 300K. From the corrected values of each sub-layer
weighted by their respective thicknesses, we calculated average magnetization equal to (0.09 + 0.05)

Thus, at RT, we estimated the average magnetization to be (0.56+ 0.31) ug/atom and about (0.99+ 0.55)
Us/atom in the first 0.3nm at the Co interface.

Plots of the magnetization profile are provided in the next section along with those determined from the
study of the evolution of the magnetization profiles of Gd at lower temperatures.

In this section, we present effect of temperature change on the magnetisation profile for both Co and Gd.
In the case of Co, we understand that its curie temperature is relatively high, thus we do not expect to
observe strong variation in magnetisation profile. We conducted measurements for Co at 3 specific
temperatures — 43K, 130K and 200K. For Gd we measured in the range of 30K up to 300K considering the
fact that its magnetisation is more temperature dependent. In addition, we were interested in detecting
an eventual peculiar change in the static profile when crossing the compensation temperature Tp,
supposed to be around 100K [197].

The measurements at low temperatures were carried out during beam sessions 2 and 3 as follows:

i. The sample cannot be subjected to a perpendicular field and one relies on the strong
perpendicular magnetic anisotropy of the system to maintain a perpendicular magnetization (it
should be noted that the strength of this anisotropy can be reduced at lower temperatures when
the magnetization of Gd becomes increasingly strong [197] the value of the temperature at which
this phenomenon appears may depend on the thickness of the layer of Gd). Hysteresis loop
measured by VSM SQUID measurements on similar sample is shown in thesis by Dayene [197].

ii.  The settings for the reflectivity experiments are carried out at room temperature and a test for
the presence of a significant dichroic effect at large angles is carried out.

iii.  The sample is cooled to 30K and the measurements are made from low to high temperatures.
During beam session 2, we performed measurements at 3 temperatures 43K, 130K and 200K and
at each temperature we alternated measurements at the Co edge and at the Gd edge. We did not
pay enough attention to the necessary readjustments when changing the grating to work at the
Co edge and at the Gd edge. The analyzes at the Gd edge were not satisfactory and during beam
session 3 we only collected data at the Gd edge between 33K and 160K for which greater
variations were expected.
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Therefore, our study focuses on the change of magnetization amplitude and distribution across the Co
and Gd layers at low temperatures without applying a saturating perpendicular magnetic field.

Before fitting asymmetry ratio, the refinement of the average reflectivity curves lead to fits of the same
quality as those obtained for the data presented in Figure 5.16 displays two examples of best fits obtained
for magnetic asymmetry at 777.35 eV and 779.45 eV at three temperatures 43K, 130K and 200K in order
to extract magnetic profiles and examine if we find evolution of magnetic distribution with temperature

for Co.
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Figure 5.16 shows asymmetry ratio at 779.45 eV and 777.35 eV at (a) 43K, (b) 130K and (c) 200K

From these figures we can observe that the shape of reflectivity is indeed superimposable at all
temperatures. The experimental data was refined using the same 3 slice model that was used to refine
the ratios at 300K as discussed previously since any model considering a purely homogeneous distribution
failed to provide a best fit. Considering a slightly graded distribution, we were able to get a good
agreement between experimental and fitted asymmetry ratio at each energy.



Chapter 5 : Depth resolved magnetization profile of Co and Gd in Ta/Pt/Co/Gd/AlIOx

Pt

-1 0 1 2 3 4 5 6 7 8
Depth from Gd interface (A°)

mms

"1 0 1 2 3 4 5 6 7
Depth from Gd interface (A°) Depth fro

Figure 5.17 displays magnetic profiles for Co at 43K, 130K and 200K along with calculated error bars on
each mms along the depth of CoFeB from Gd/Co interface till Co/Pt interface.

In agreement with very similar magnetic asymmetries, the magnetization profile exhibits the same
features. We observe that across temperatures, Co is always fully magnetised out-of-plane in fact
accompanied by a ~16% increase in amplitudes of magnetisation at Co/Pt interface.

Thus, magnetism at Co doesn’t see a difference in profile and stays intact throughout the temperature
evolution maintaining the same sign thus we observe a certain homogeneity throughout the
temperatures. Since, we performed the measurements at remanence, without any external applied
magnetic field

The study of the temperature dependence of the magnetization profile of Gd is based on data collected
at 10 different temperatures and for 3 different resonance energies. The large

Figure 5.18 gathers the results for 5 temperatures from top to bottom, 50.3K, 65.4K, 73.3K,98.3K and
131.4K.

The reflectivity intensities show very similar behavior with temperature and slight changes between the
3 energies. The modification concerns only the reflectivity at low angles due to different thickness, density
and roughness of the contamination layer. The magnetic asymmetries, on the other hand, reveal
significant variations between the 3 energies and a strong decrease in amplitude, without a very marked
variation in shape, when the temperature increases.
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Figure 5.19 shows the experimental data at 1187.7 eV along with the best fits at each temperature. We
were able to refine the parameters also at 2 other energies (not shown). The parameters that were
derived from this refinement have been discussed in table along with the parameters calculated at Co
edge. The derived structural parameters were used to build Table 13 (discussed previously in section
5.5.3.2.1).
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Figure 5.19 Experimental specular reflectivities (black circles) and their best fits (red lines) at 1187.7 eV
in the vicinity of the Fe L3 edge for a range of temperatures

Figure 5.20 shows the experimental and fits of magnetic asymmetry at 3 energies for 2 models. The layer
was subdivided in 3 slices, as for the profile at room temperature, and the refinement was carried out to
determine their thickness and mms parameters. The best fits are shown in blue. They appear very
satisfactory from 131.4K to 73.3K for magnetic asymmetries at 1188.8 eV. However, for magnetic
asymmetries at 1187.2 eV, only the fit at 131.4 K is relatively good and none is satisfactory for magnetic
asymmetries at 1188.2 eV. The lower the temperature the more the area between 20 and 30 degrees
shows increasing discrepancies between the fit and the experiment. At 1187.2 eV the disagreement is also
strong for the lowest temperatures. This indicates at that the simple assumption of a model with fully out-
of-plane magnetisation does not hold in Gd. This result appears at first sight surprising because the
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magnetization of the Co layer remains completely out of plane down to at least 43K. So, it prompts us to
consider the possibility of an in-plane component of magnetization across the Gd layer.

It cannot be a longitudinal component because between 0° and 15° the magnetic asymmetries show a flat
or very slowly decreasing contribution. We therefore considered the possibility of a planar component
which could arise from the tilting of the out-of-plane magnetization along the in-plane transverse
direction. Based on the analytical expression for the asymmetry ratio for a transverse magnetization, such
a component will provide a contribution that changes sign around 45 degrees, is close to zero at small
angles, and has a maximum either side of 45°. Therefore, a tilt in the magnetization somewhere in the Gd
layer could produce an additional signal between 20 and 40°. Therefore, we added in the refinement
procedure the @ angle for the 3 slices. It appeared very quickly that this contribution did not concern the
magnetization of Gd at the Co interface. We therefore tried to refine all the data with the following
parameters to be adjusted: thickness and mms for the slice at the Co interface, thickness, mms and ¢ for
the central slice and the third one close to Al. In order to limit the number of parameters as much as
possible, we constrained the two parameters ¢ to be identical. This model of two zones through the Gd
layer, one with an out-of-plane magnetization close to the Co interface and the other with a tilted
contribution with a transverse planar component allowed us to fit with very good agreement almost all
data. For magnetic asymmetries measured at temperatures approaching room temperature, it was
necessary to consider that the tilting direction could be distributed in a more random way by adding the
y parameter in the refinement. We finally use the y parameter to further refine all the magnetic
asymmetries.
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Figure 5.20 Experimental asymmetry ratios (black symbols) along with their fits - blue line for pure oop
model and red line for a model consisting of oop as well as transverse components.
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We constructed magnetization profiles in Figure 5.21 of Gd to be able to observe evolution of magnetic
distribution through temperatures 32.9 k, 50.3K, 57.5K, 65.4K, 73.3K, 81.5K, 90K, 98K, 131K till 289K
temperature including an error bar on the amplitude of weighting factor mms.
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Figure 5.21 displays magnetic profiles for Gd at several temperatures along with calculated error bars on
each mms from Gd/AlOx interface till Co/Pt interface.

From this display of profiles, the first key observation we make is the increase of average Gd magnetisation
with decreasing temperature where distribution is always in the form of a gradient

The thickness of the two first sublayers at the interface with Co is (3.1 + 0.8) A which corresponds to about
1 monolayer (ML) of Gd, the thickness of the third one is (7.9 + 2.0) A and corresponds about 2-3 ML. It
should also be noted that this representation for the profile does not take into account the large
roughness of the Gd/Al interface (9.1 + 4.8) A and therefore takes into account neither the Gd atoms
distributed in the Al layer nor the Al atoms at the top of the Gd layer. The fact that the net magnetization
of Gd atoms does not increase much in the upper layer when the temperature is lowered, except at 32.9K,
is probably related to the presence of a thick intermixed layer of GdAI.
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The strong increase in magnetization, expected for Gd during the lowering of the temperature, is indeed
located at the immediate interface with Co up to 50.3K. Within the first 1-2 MLs, the amount of Al atoms
is negligible. The antiferromagnetic coupling of this more or less pure layer of Gd with that of Co is the
dominant phenomenon and the net magnetization remains totally out-of-plane and increases from mms
= 0.16 (1us) at 298 K to mms = 0.74 (4.6us) at 32.9 K. As the absolute value of the magnetization in usz is
just indicative, it safer to mention a 460% increase from RT to 32.9K.

The evolution of ¢ is not well defined due to large error bars with an average value of (39£12) degrees.
However, by removing the value at RT, due to lower total magnetization and more uncertain ¢
determination, since an oop model can also reproduce the data, it is possible to detect an increasing trend
through a linear fit of the data.

We observe that except for 131.4K and 238 K the y angle is fairly well oriented along the transverse
direction ¥ = (0 *+ 4) degrees. However, origin of such orientation for the canting of the magnetization in
the upper layers of Gd is not well understood. We can just mention the fact that the Gd layer was grown
in the form of a wedge. Therefore, the change in thickness along the length of the layer could lead to a
rotation of the oop magnetisation in plane due to a possible increase in shape anisotropy induced by a
somewhat thicker layer thickness. If at the time of the experiment the sample was positioned in such a
way that the wedge is perpendicular to the diffraction plane, then the planar component of the
magnetization could align along the transverse direction. This effect could be facilitated by the
reinforcement of the in-plane magnetic anisotropy of Gd when the magnetic moment of Gd increases at
low temperatures [197]. However, the tendency of the tilt angle to decrease at low temperatures reminds
that the antiferromagnetic coupling with Co remains the main effect, even above the first 1-2 monolayers.
The presence of these two zones at depth as well as the slower increase of the net magnetization in the
upper part could have its origin in the reduction of the Gd-Gd exchange coupling interaction linked to the
strong alloying effect with Al.

Figure 5.22 shows temperature dependent net magnetization of Co and Gd layers. The average weighting
factor (mms) of data at all energies was multiplied by the magnetic moment derived from XMCD sum rules
applied to our reference samples [Chen, Mangin] to give a value in g and allow a comparison to attempt
for example a determination of the compensation temperature in our sample. We have also plotted the
temperature dependence of the net fully out of the plane magnetisation of the Gd sublayer at the
interface with the Co layer as its magnetisation amplitude increases faster than the rest of the Gd layer.
It is probably difficult to mention a compensation temperature from our curves due to the too large error
bars on the magnetic amplitude. However, and as already mention in [201], it is interesting to observe
the possibility of two different compensation temperatures: one where the average magnetizations of the
two layers compensate each other and the other where only the compensation with the perpendicular
magnetization of the Gd layer is considered one of which might play the most important role for the speed
of displacement of chiral domain walls in layers with perpendicular magnetization.
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Figure 5.22 Displays magnetic moment vs temperature on the right-hand side for average moment of Gd
(red line), average moment of Co (green line) and moment of Gd for sublayer at Gd/Co (blue line) on the
left-hand side. On the right-hand side ¢ and y are plotted against temperature.

5.6

In this chapter, we investigated the system of Pt/Gd/Co stacking through soft X ray resonant reflectivity
in order to probe the depth resolved magnetic distribution in the vicinity of both Co L2,3 and Gd M4,5
edge. We presented the data separately at both room and low temperature. Although we did not expect
changes in the magnetic distribution for Co between interfaces, a homogeneous model did not fit the
data, so we took into account a model with 3 sublayers with the total thickness of 7.6 + 0.5A. The
magnetization profile at room as well as low temperature showed up to 90% of magnetization for the 2
sublayers at Co/Gd interface increasing up to 16% at Co/Pt interface at all temperatures. Such an increase
in Co/Pt has been observed in [202,203] where they showed that the moment of Co in multilayers may
increase due to enhancement of orbital moment. Thus, we can say that in case of Co, no significant change
was observed through temperature dependence. However, same cannot be said for Gd edge.

Throughout all the measurements regarding structure of the stacking, we were always faced with an
issue regarding the possibility of alloying of Gd and Al due to high roughness of Gd for all measurements
and specifically higher value of thickness found from the data at the vicinity of Gd edge. The changes in
both Gd and Al parameters reflected dispersion of Gd atoms in the Al layer. In fact, it is known that Gd
and Al tend to alloy relatively easily due to low formation enthalpy of GdAI [199], [204].

For all measurements at Gd edge, both low and high temperature, we obtained a depth resolve
magnetization profile in form of a gradient distribution increasing from Co/Gd interface lowering to Co/Al
interface. To fit the asymmetry of this data, we had to take into account oop magnetization along with a
tilted contribution with a transverse planar component whose origin in the upper layers is not understood.
From our data, we tried to gain some idea about T, in our system and establish a magnetic distribution
but worked at remanence. This can be relevant in regards to the study by R. Blasing et al., [186] showed
that by through current induced domain wall motion, varying the temperature in a single structure leads
to compensation of the Co and Gd moments, but at 7.
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6 CONCLUSION AND PERSPECTIVE

In this thesis, we investigated of depth resolved along with chemical resolved magnetic profile for
ultrathin film systems with out of plane anisotropy (oop) by Soft X ray resonant magnetic reflectivity
(SXRMR). PMA is a key property utilized broadly in the field of spintronics specifically for magnetic storage
and recording devices which can be found in different systems. It is observed variety of systems with
distinct applications, such as perpendicular magnetic tunnel junctions of ferromagnet/oxide bi layers as
well as rare-earth/3d transition metal ferrimagnetic films which are known for their applications in
domain wall dynamics. It is an important magnetic anisotropy phenomenon which is strongly related to
interface effects and thus its stability can be enhanced by modifying interface of systems.

It has been seen that the nature of magnetic interactions at interfaces play a fundamental role in
determining properties of thin film magnetic device. Thus, studying magnetic inhomogeneities across a

I”

layer which can be introduced by interface “morphological” roughness, interfacial intermixing, extension
of the intermixing away from the interface and concept of “dead layer” in these systems is essential. Thus,
characterization of the magnetic profile is deeply beneficial since it provides us element specific, in-depth

knowledge of magnetization distribution.

In chapter 4, we investigated a system MgO/CoFeB/(W)/Ta half tunnel junction with a cap layer of either
W or Ta where we were motivated to observe changes in magnetic profile related to subsequent annealing
as well as cap layer nature. SQUID and Extraordinary hall effect measurements showed the presence of
oop signal magnetization for samples after annealing at 350°C as well as 400°C for Ta and W cap layer
respectively in accordance to the previous study on the similar samples [143,150]. Infact, for the sample
with Ta cap annealed till 400°C, the oop anisotropy transitioned back to ip anisotropy. This directly showed
the higher thermal stability of W to be able to maintain its oop magnetization than Ta.

Turning on to the obtained depth resolved magnetic profile

e For samples before annealing,

o In case of Ta, we observed that we obtained a gradient profile with minimum
magnetization at Ta/CoFeB interface and maximum at CoFeB/MgO interface increasing
from 40% magnetization to full 100% magnetization at CoFeB/MgO interface.

o Although, there was a 20% difference in magnetization for Ta and W cap layer, for the
latter, the profile as always gradient shaped. We also tested to a model using a magnetic
dead layer however we always found that magnetization is distributed throughout the
layer. Previously, investigation of PMA in such samples have considered a magnetic dead
layer for simplication of analysis however, having an improved knowledge of such
distribution can be useful to enhance the efficiency.

e However, after annealing, some interesting changes could be observed.
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o The sample with Ta cap layer after annealing at 340°C, showed a more homogeneous
distribution of magnetization with only 10% change in the amplitude at the two
interfaces. This result has been interpreted as resulting from previously known
phenomena of the migration of atoms from B to the layer of Ta. This was also caused due
to rearrangement of Fe atoms inside after annealing inside the film although it is hard to
clearly comment on since in our studies, we ourselves couldn’t make measurements
concerning compositional change. To have an idea of such a compositional change which
can be simulated in DYNA, however it is complex but always possible to improve the
program to consider (create) a change in the composition.

o Annealing at a higher temperature (400°C) for Ta cap layer, showed change in magnetic
distribution again where it preferred to have the similar shape as that of sample before
annealing, however accompanied by lower amplitudes of magnetization. The energy
scans revealed apparition of FeO indicating that conditions for the existence of PMA is
destroyed.

o Incase of W cap layer after annealing, we observed that the profile maintains the similar
shape as that from before annealing however, the amplitudes greatly enhanced along
with the magnetization reaching above 100% at CoFeB/MgO interface.

For the system with Gd/Co/Pt in Chapter 5, we were interested

e The distribution of the oop magnetization distribution across the Co layer and the distribution of
the weak Gd magnetization antiferromagnetic ally coupled to Co.

e To observe how the magnetization distribution can get affected through temperature
dependence strongly dependent on Gd, since curie temperature of bulk Gd is known to be at
room temperature.

These measurements were performed at remanence since at the moment, the ability to apply magnetic
field perpendicular to the sample surface inside RESOXS chamber is not possible. Since compensation
temperature as introduced before has been a significant part since itis the temperature where we observe
high domain wall speeds, we tried to investigate where the compensation temperature may exist in our
system (keeping in mind that we worked at remanence).

The off resonant and hard X ray reflectivity and resonant reflectivity, showed that Gd and Al interface
showed a large dispersion of roughness which we mainly accounted due to the tendency of Gd to form
an alloy with Al as well as some aging effect related to the fact that this specific roughness parameter
increased with time. After defining the structure with all the data, the magnetization profile revealed for
Co a fairly homogeneous distribution whereas for Gd a magnetization amplitude of Gd mainly localized at
the interface with Co which was oriented antiparallel to the magnetization of Co. An extension of the
magnetization towards the interface with Al although weaker in form of a gradient.

For the analysis that was conducted through temperature dependence, we did not observe any significant
change for Co, however for Gd we observed a strong dependence expected due to the increase of the
magnetic moment of Gd with decrease of temperature.
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Infact, when we observed evidence of not only oop but also a transverse component, which was necessary
to take into account to be able to refine asymmetry ratio, which we observed at all three energies at all
temperatures however more evident at low temperatures. This study is in a great relevance with
investigation of current induced domain wall motion, since they do not apply field similar to our case in
order to obtain a point of compensation temperature. However, in our studies, since we didn’t apply an
oop field and also due to large error bars, a point of compensation temperature is not clearly understood
and we can consider a possibility of two compensation temperatures: one where the average
magnetizations of the two layers compensate each other and the other where only the compensation
with the perpendicular magnetization of the Gd layer is considered one of which might play the most
important role for the speed of displacement of chiral domain walls in layers with perpendicular
magnetization.

Thus, considering the obtained experimental results, at a more general level, this study of the in-plane
and out-of-plane magnetization profile in ultrathin film (in the range of 1-2nm) showed that a graded
magnetic amplitude distribution is frequently observed. Such features correspond mainly to extrinsic
magnetic properties related to structural defects like interfacial intermixing or change of composition in
the case of an alloy layer. The technique of soft XRMR which provides sub nanometer resolution enables
the description of magnetic distribution which is an important parameter in several emergent interfacial
phenomena [41]. Such description could allow going beyond models that consider effective magnetic
thickness often associated to the concept of dead layer and constant magnetization profile. This can be
very useful to take into account in studies where in general they consider a single slab of magnetic layer,
without considering the interplay of interfaces. PMA is also an interfacial property, thus to have an
enhanced knowledge of interfacial magnetism is important to aid in improvement of magnetic devices.

It is worth noting that for application under magnetic field, the situation of a constant magnetization
profile could be relevant. However, in the framework of field-free magnetization manipulation (by a spin
current or by a laser it could be important to simulate the behavior of the heterostructures in a device
with a more realistic magnetization distribution.

Throughout this thesis, we conducted measurements at remanence, since application of a variable
magnetic field in perpendicular direction (normal to the sample surface is still not available). Thus, the
next step will be to perform measurements and observe how we can get the magnetic distribution on
application of the field.

Different applied field amplitudes could then be selected to keep the system in a specific macroscopic
magnetic configuration (parallel vs antiparallel for example) as shown in Figure 6.1 for a particular
stacking.
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Figure 6.1 Shows hysteresis loops measured for a stacking with layers of stacking having variable PMA at
different temperatures.

At the moment, a magnet which can generate a field in oop direction is under construction at SOLEIL and
should be implemented in the RESOXS chamber next summer. Since, through such a magnet, we will be
able to observe a depth resolved oop magnetic distribution not only at remanence but with the field. Thus,
it will be important to study the systems again with the variable magnetic field. The magnet is shown in
the Figure 6.2.

Figure 6.2 the new setup under construction at Soleil

It can also be interesting to study of the magnetization profile in a Gd/Co bilayer with a slightly thicker Gd
layer, thus moving the aluminum-mixed under layer away from the interface with the Co and, therefore,
offering the possibility of extending the zone corresponding to a thickness of perpendicular Gd, thus
moving the compensation temperature to a higher value.
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7 ANNEX

7.1

We understand from the previously shown measurements, that we have in easy ip magnetic axis in S1.
However, to investigate the robustness of ip orientation of magnetisation we also conducted
measurements. We see that even at RevPol mode, there is evidence of 5% asymmetry. Clearly, there is a
significant increase in amplitude of asymmetry ratio as soon as we apply a longitudinal magnetic field.
Although there is a large enhancement of the ip magnetic signal, this a similarity in the features of the
asymmetry ratio along angular range indicates that magnetic configuration inside the system remains the
same and thus signifying the magnetisation of the system only prefers to stay in plane. This indicates that
the sample always retains its ip magnetisation.
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Figure 7.1 Comparison of experimental asymmetry ratio at 705.6 eV and 707.8 eV at for S1

For sample 3, we have presented the data at FlipHlon and we understand qualitatively that we have a
clear in plane longitudinal signal. However, as discussed in the case of sample 1, we were also interested
to observe results at RevPol. The motivation was to see robustness of sample’s magnetic state, whether
measuring for sample “as it is” or applying oop field affects its magnetic configuration. Figure 7.2
compares the results for experimental angle dependent reflectivity as well as corresponding asymmetry
ratios collected without applying any field, RevPol and FlipHlon.
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Figure 7.2 Experimental angle dependent reflectivity at 707.35 eV for FlipHlon mode in the left panel
and the corresponding asymmetry ratio in the right panel

The I,y and R signals are fairly well superimposed for all the three modes of measurement indicating that
the magnetic anisotropy was in plane before applying an external magnetic field and that the RevPol mode
has not altered the planar magnetic configuration as mentioned above and in agreement with the SQUID
data. This indicates to us that before annealing, the system likes to stay in ip configuration.

7.2

From the SQUID results as well as results from the as discussed previously, we are aware of the orientation
of magnetisation inside the system, however, we ask ourselves, how easily can the system magnetisation
change if we apply an ip field, parallel or anti-parallel to the diffraction plane. From the comparison at S1
and S3, we observe that they maintain ip anisotropy through measurements at different modes, thus in
this section, we want to discuss results for S4 of measurement at FlipHlon. This can lead to an indication
of how the magnetisation in the system aka, the change in orientation of magnetic moment along with
the robustness of magnetization. However, it must be noted here that natural state of the magnetisation
for the system is always oop, which has been observed from measurements at RevPol as discussed
previously. Thus investigation of the robustness of the observed OOP distribution was conducted at
FlipHlon under the effect of a 0.17T longitudinal magnetic field as shown in Figure 7.3 for several energies.
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Figure 7.3 Experimental (red and black smooth lines) specular reflectivity at several energies measured
at FlipHlon for S4. Corresponding asymmetry ratio (blue smooth line) has been plotted on the right

column at two modes of acquisition FlipHlon (black curve) and RevPol (blue curve).
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Here, we can observe a splitting between Ip and Im beginning around 8° and extending up to large 60°
angles for all energies in the vicinity of Fe L3 edge. This corresponds to an asymmetry ratio exhibiting a
signal at both low and large angles. Such a signal indicates presence of ip as well as oop component of
magnetization where both components are reversed under the reversal of longitudinal magnetic field in
contrary to the measurements at RevPol where we observed oop component. This can indicate either
coexistence of domains that are purely oop and ip smaller than the finger print of the beam at the sample
surface or a canted magnetisation configuration. Referring to the parallel hysteresis loop in Figure 7.4,
this value of magnetic field (+1700 Oe) is insufficient to saturate the magnetization but appears sufficient
to achieve a single domain configuration. Therefore, the magnetic asymmetry signal corresponds likely to
the inversion of a tilted configuration due to insufficient field to rotate the magnetization fully in plane.

In order to discuss the measurements at FlipHlon more efficiently, we also recorded some hysteresis
loops at different angular values 18°, 26.5°, 38° and 52.5° for Fe at 707.8 eV to analyze the field-
dependent magnetic asymmetry as presented in Figure 7.4.
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Figure 7.4 Hysteresis loops measured at different angular positions at RESOXS

Field (Oe)

At different angular positions, the shape of field dependent reflectivity changes in sign as well as
amplitude. The magnetic asymmetry is close to zero at low angles, however the finite area of the
hysteresis loop indicates the presence of an ip component. But as we go to higher angles, the area of
hysteresis loop becomes larger and it reaches more towards saturation since, we are more sensitive to
oop component at higher angles.
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As we move to the larger angular value, the shape of the loops indicates that:

e first the magnetization coherently rotates continuously to downward oop magnetization

e around +0.04T, it abruptly reverses (probably through domain quick evolution) to point upward

e andthen it rotates coherently to reach the angle defined, resulting from the competition between
the PMA energy and the Zeeman energy, at the +0.17T

e The slope in the rotation regime decreases at large angles because the contribution of the ip
component to the magnetic asymmetry signal is reduced compared to that due to the oop
component as illustrated by the comparison of the asymmetry RevPol and FlipHlon.

7.3

We are interested to study such tilted magnetization as it has shown improvement of magnetic devices
by allowing lowering of energy costs. In PMA multilayers canted magnetization close to the surface allows
understanding of various magnetic properties such as magnetization reversal. (it has to be developed ...
not clear as it is however keep in mind that here the tilted angle is not present at remanence). Depth
resolved description on systems with tilted magnetizations is more challenging, look at Emmanuelle paper

It is known that magnetic configurations that exhibit a canted out of plane magnetisation gain
considerable attention in the field of spintronics. Tilted magnetisations has shown to bring new
opportunities for improvement of magnetic devices by lowering the energy costs.

Thus, introduce here more what we why is tilted magnetisation in our case is important.

To have a better understanding of the canted Fe magnetization in our thin film sample, we also performed
a set of measurements where we changed the applied jp magnetic field from maximum 0.17T to OT and
measured /p and Im for each value of magnetic field at the mode RevPol_fliplon for 707.8 eV
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Figure 7.5 canting angle vs Hlon
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Figure 7.5 shows all the I, for measurement at each value of field where all the average reflectivities are
almost perfectly superimposed indicating no change in structure, as expected. The superposition of R
illustrates that while the charge reflectivity is the same whatever the applied field is, the in-plane magnetic
contribution is significantly increased and the out-of-plane one is only slowly reduced when is Hlon
reduced. These magnetic asymmetries behavior describes the rotation of the magnetization from oop to
partially ip through a canting configuration.

However, in the right column of

Figure 7.5, asymmetry ratio at low scattering angles decreases as the applied field is reduced but no
increase/decrease of signal is observed for signal after 40° indicating that only ip component changes with
field whereas oop component doesn’t.

Figure 7.6 shows the quantitative analysis of experimental data we obtained for S4 under the effect of a
0.17T ip magnetic field applied parallel to the diffraction plane. From the qualitative analysis we
understand that this value of field is insufficient to saturate the ip component but appears sufficient to
achieve a single domain configuration. Thus, in order to determine the magnetic profile, we decided to
apply the same model as we applied for RevPol mode, where we divided the CoFeB layer into 4 slices to
get very good fits of the magnetic asymmetry. From qualitative analysis, we observed through shape of
asymmetry ratio that we are sensitive to both in plane and out of plane component, we decided to
consider angle ¢ for each of the 4 slices in order to take into account the tilting of the magnetization
vector where ¢ corresponds to the canting angle of magnetisation (rotation of magnetisation in the
scattering plane). Thus, refinement was carried out by considering ¢ along with mms for each slice
however keeping the constant value of ¢ for all slices with same tilt angle of 3413 degree. Figure 7.6
shows magnetic asymmetry with their best fits.
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Figure 7.6 shows refined magnetic asymmetry at several energies for S4 at FlipHlon
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Figure 7.7 Comparison of experimental asymmetry ratios at 707.8 eV (below) measured at RevPol (pink
smooth line) and field back to 0 (black smooth line) for S4.
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These measurements show that the PMA is strong enough to bring the magnetization back in the out-of-
plane configuration when Hlon is set to 0. Incidentally, from the mirror effect of the magnetic asymmetry
signal, we note that the OOP magnetization is now pointing in the opposite direction (downwards). This
may be related to the fact that we come from a negative value for Hlon. This is another indication that by
flipping Hlon, we are reversing the OOP orientation.

We can see that the PMA is strong enough to bring the magnetization back in the oop configuration when
applied longitudinal field is set to 0. In fact, here asymmetry ratio at mode D has actually been reversed
in sign as it was originally pointing in the opposite direction to asymmetry at mode B representing a mirror
effect.
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