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Chapter 1
Introduction

The oxide electronics is a fast growing field that already achieved high per-
formances, for instance, in data storage units, solar cells or neuromorphic
computing [1]. In this field, the transition metal oxides (TMO) have a central
role. The presence of mixed-valence states, spin states, unpaired electrons,
anisotropic 34 valence shells and a plethora of accessible structural symme-
tries make TMO highly versatile materials with tunable charge, spin, orbital
and lattice orderings. These orderings and their interplay lead to a wide vari-
ety of interesting physical properties such as ferroelectricity, superconductiv-
ity and multiferroicity [2]. However, despite the richness of the TMO phases,
the obtention of an oxide magnetic semiconductor (MS) suitable for applica-
tions at room temperature remains an unmet challenge to this date. A MS is
a material where the charge carriers populate a spin-split band and induce
the magnetic ordering [3]. Therefore, the control of magnetism is possible
in a MS by modulating the concentration of charge carriers using an electric
field in the same way as for conventional semiconductors [4]. Conversely,
the control of the electrical properties is also possible by applying magnetic
tield. The development of such materials drew a lot of attention from the
scientific community as it would drastically reduce the energy consumption
of electronic devices. Coey [3] proposed a list of requirements for the MS to

be suitable for applications at room temperature:

o A Curie temperature (T¢c) above 500 K
e A coupling between the charge carriers and the magnetism
e The possibility to develop n- and p-type behavior

e A high mobility (>10 cm? V! s [5]) and a long spin diffusion length
(=1 pm [6])

e The presence of a significant magnetic circular dichroism (~ 1 deg ym 1)
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e The presence of the anomalous Hall effect

To meet these requirements, both theoretical and experimental works have
been carried out using two approaches: the dilute magnetic semiconductors
(DMS) and the dilute magnetic oxides (DMO). Both approaches involve the
doping of conventional semiconductors (e.g. GaAs for DMS) or semicon-
ductor oxides (e.g. ZnO for DMO) with 3d magnetic cations such as Mn
[7]. The successful coupling between charge carriers and magnetism and the
subsequent physical properties was demonstrated in DMS only up to 190 K
in (Ga,Mn)As [8]. On the other hand, DMO exhibit T¢ of up to 850 K [9]
but the magnetism in these materials is not coupled with the charge carriers
and its origin is not fully understood yet [3]. To our knowledge, the only
p-type magnetic semiconductor showing this coupling at room temperature
was reported for Copg gFei 4Tas 3Bg 7046 glass with a Tc of 600 K [10].

In this thesis, an alternative approach to obtain a material that is both
magnetic and semiconductor has been developed where aliovalent and/or
isovalent cations were substituted in an insulating oxide with robust mag-
netism to induce charge carriers. Bismuth iron garnet (BIG, Bi3Fe50;,) is an
insulating magnetic oxide with a T¢ of 660 K [11] and a magnetization of 1600
G [12] resulting from the uncompensated magnetic moments between the
tetrahedral and octahedral iron sublattices. BIG presents remarkable proper-
ties such as a giant Faraday rotation in the visible spectrum induced by the
presence of Bi [13] and a linear magneto-electric coupling at room tempera-
ture [14]. Moreover, the calculated electronic density of states of BIG exhibits
spin split states at the top of the valence band as well as at the bottom of the
conduction band [15]. BIG has been chosen as a matrix to develop a MS as
it already meets some of the requirements stated by Coey [3]. However, the
growth of an iron garnet with a high concentration of Bi (> 2 Bi per formula
unit) can only be achieved as an epitaxial thin film on an isostructural sub-
strate. Yttrium (0.2 to 0.5 of Y per formula unit) and calcium (0.0 to 0.3 of
Ca per formula unit) co-substituted BIG thin films, about 150-200 nm thick,
have been synthesized by pulsed laser deposition (PLD) on gadolinium gal-
lium garnet substrates. The Ca?* substituted on the Bi** site is expected to
induce Fe3*/#* that would lead to spin-polarized p-type conduction through
the formation of holes at the top of the valence band. The substitution of a
complementary amount of Y>* on the Bi site should maintain a constant Bi
content, i. e. Biys, to preserve the state-of-the-art magneto-optical proper-
ties of the films. The expected stoichiometry and charge distribution of the
grown thin films are expressed :
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BistY5t Ca¥"FeitFel™ 0%, with {x = 0.0 — 0.3}

The electrical properties of Bi-rich iron garnets were not investigated pre-
viously and this work represents a first step towards the development of a
MS based on BIG. The aim of this thesis is then to achieve the successful sub-
stitution of Ca and Y in the garnet matrix to improve the transport properties
of BIG while preserving its functional properties such as the giant Faraday
rotation. These goals can be formulated more specifically with the following
questions:

e What is the impact of the co-substitution on the structural and mi-
crostructural properties ? What is the distribution of Ca and Y in the
thin films ?

e Does the Caand Y co-substitution improve the electrical transport prop-
erties of BIG ? How is the electronic structure of BIG changed upon the

substitution ?

e How are the magnetic and magneto-optical properties of BIG influ-
enced by the substitution ?

To answer these questions, the exploration of physical and structural prop-
erties of the thin films was carried out using a combination of macroscopic
physical techniques, e.g. X-ray (XMCD) and optical (Faraday rotation) mag-
netic circular dichroisms, and of transmission electron microscopy (Cs-STEM)
and with electron energy-loss spectroscopy (EELS) techniques. Coupling
electron spectroscopy and microscopy techniques allows to study both the
integration of the dopants into the garnet lattice and the charge compensa-
tion mechanisms down to the atomic scale.

The presentation of this work is divided into 6 chapters:

In the next chapter, the main elements showing that BIG is a promising
base compound for the development of a MS are presented. We start by
describing the growth of pure BIG thin films and their structural and phys-
ical properties. After a description of the molecular orbitals models that at-
tempted to explain the origin of the giant Faraday rotation in BIG, we focus
on the electronic density of states of BIG calculated by Federico Iori and with
whom I collaborated. Then, the expected effect of Ca and Y co-substitution
on the electrical and magnetic properties of BIG are detailed. This chapter
ends by a review of the electrical properties of doped yttrium iron garnets
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(Y3Fe5012, YIG) that can be seen as reference systems due to the absence of
literature on the electrical properties of Bi-rich iron garnets.

In the third chapter, we present the experimental and data analysis tools
as well as a methodological development achieved during this thesis. In a
first part, we detail the PLD setup used to grow the thin films and the ex-
periments performed to measure their macroscopic physical and structural
properties. The experimental techniques used to probe the microscopic prop-
erties of the thin films such as Cs-STEM/EELS are presented afterwards.
In a second part, the data analysis techniques used to process the spectro-
microscopy data are described. In a third part, we develop and test a cluster-
ing method to refine further the analysis of the Cs-STEM/EELS data.

The fourth chapter is composed of two parts. In the first one, we present
the structural and the microstructural properties of the thin films. After-
wards, the distribution of Ca and Y dopants were studied using Cs-STEM/EELS
to determine the solubility of the dopants within the garnet matrix.

In the first part of the fifth chapter, the electrical resistivity and ther-
mopower of the thin films are investigated. The second part is devoted to
the effect of the atmosphere and the temperature on the transport properties.
In the third part, the charge distribution is first probed at the nanometric
scale using spectro-microscopy techniques and the analysis is further refined
down to the atomic scale using a combination of STEM/EELS and XMCD.

In the sixth chapter, we focus on the modification of the magneto-optical
properties upon the substitution of Ca and Y. The evolution of the Curie tem-
perature and of the magnetic anisotropy of the thin films were also investi-
gated.

In chapter seven, we conclude by determining which of the requirements
stated above are met. Perspectives on future work that is desirable to carry

out after this study are then given.



Chapter 2
Iron garnets

In this thesis we aim to develop a material combining robust magnetism and
a semiconductor conductivity at room temperature by substituting aliova-
lent and/or isovalent cations in a magnetic insulator to induce charge carri-
ers. The Bi-rich iron garnets were chosen to achieve this goal because of their
giant Faraday rotation and spin-split bands. In this chapter, the structural
and magnetic properties of BIG are presented. After a short introduction of
the magneto-optical (MO) effects and their origin in magnetic materials, the
two molecular orbitals models attempting to explain the origin of the giant
Faraday rotation in BIG are presented. The electronic density of states of BIG
calculated by Federico Iori in relation with the present work is presented
to demonstrate the presence of spin-split bands and further clarify the ori-
gin of the giant Faraday rotation. Then, the expected effect of Ca and Y co-
substitution on the electrical and magnetic properties of BIG are described.
Finally, the electrical properties of semiconductor doped YIGs are reviewed
as reference systems due to the absence of literature on the electrical proper-

ties of Bi-rich iron garnets.

2.1 Bismuth iron garnet

The iron garnets are magnetic oxides with the following formula unit R3Fe5;01,
with e.g. R=Y, Lu, Yb, Gd. For instance, YIG was studied for its excep-
tionally long spin diffusion length [16]. It was evidenced in the 70s that the
substitution of Bi in iron garnet yields a large increase of the Faraday rota-
tion [17]. The commonly used technique to grow iron garnet thin films, lig-
uid phase epitaxy (LPE), can only achieve Y3.,BiIG films with x < 2.3 [18]
which prevented the growth of highly Bi-substituted iron garnet thus limit-
ing the maximum reachable Faraday rotation. Nevertheless, BIG thin films
were grown for the first time by Okuda et al. [19] and Satoh et al. [20] in 1990
by reactive ion-beam-sputtering (RIBS) on a garnet substrate. The growth



6 Chapter 2. Iron garnets
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FIGURE 2.1: Representation of the theoretical unit cell projected along the [010] axis with the lat-
tice parameter indicated on top. The Bi, Fe and O atoms are depicted in purple, brown
and red respectively. An arrangement of Bi Ty, site, Fe Oy, site and Fe Ty site is shown
at the top right corner. The Ty, Oy, and T4 polyhedra are depicted in red, blue and

brown, respectively.

of BIG is very recent since it can only be obtained in the form of thin films
on isostructural substrates and mostly by out-of-thermodynamical equilib-
rium techniques such as RIBS, PLD [21, 22] or radio-frequency sputtering
[23]. The only exception so far is the work of Jesenska et al. [24] in which
the growth of BIG by metal organic decomposition is reported. During the
BIG growth by PLD, Bi is a volatile element whose integration into the garnet
structure is partly driven by the partial oxygen pressure (PO,) in the growth
environment. A single BIG phase is obtained in a narrow PO; range in be-
tween a few mTorr and a dozen mTorr depending on the growth chamber
and on the oxygen injection method. For PO, above 30 mTorr, BiFeO3 and
BiyFesOg secondary phases form [25, 12] while for PO, below 5 mTorr the
formation of an unidentified secondary phase was reported by Kahl et al.
[26]. The other important parameters that influence the integration of Bi in
the iron garnet matrix are the fluence of the laser, the substrate temperature
and the PLD target stoichiometry. For instance, stoichiometric BIG presents
a Bi/Fe ratio of 0.6 which is obtained using PLD for Bi/Fe ratios of the target
of 0.6 < Bi/Fetarget < 0.7 [12].
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2.1.1 Structural and physical properties of BIG

It is possible to grow single BIG phase by PLD with high structural quality
[21] with a careful adjustment of the growth parameters. However, the ex-
perimental crystallographic structure of BIG is currently unknown due to the
absence of bulk BIG !. As most iron garnet phases, BIG is expected to crystal-
lize in the [a3d cubic space group with a lattice parameter of 1.262 nm [21].
As shown in Fig. 2.1, there are three cations sublattices in the conventional

unit cell that is made of 8 formula unit.

e 24 Bi sites surrounded by 8 O anions forming a dodecahedral (T},) cage
e 24 Fe sites surrounded by 4 O anions forming a tetrahedral (T4) cage

e 16 Fe sites surrounded by 6 O anions forming a octahedral (Oy) cage

In stoichiometric BIG, considering in first approximation that cations have
an ionic character, they all have 3+ valency. Bi** ions have 6s? closed shell
and behave rather diamagnetically. Conversely, Fe>* ions have 3d° half-filled
shell and have a high magnetic moment of 4.4 up ? [25] corresponding to the
high-spin configuration. In iron garnets, the Fe T4 sublattice and the Fe Oy,
sublattice are antiferromagnetically coupled and the uncompensated mag-
netic moments of the 8 additional Fe T4 give rise to the macroscopic ferri-
magnetism. BIG exhibits a strong magnetism with a saturation magnetiza-
tion (Ms) of about 1600 G at 300 K [12] and a high Curie temperature (Tc) of
around 660 K [11] (Fig. 2.2). These values are comparable to YIG thin films
that exhibit a magnetization of 1800 G at room temperature and a T¢ of 560
K [27]. The reduced dimensionality of thin films tends to put their easy mag-
netization axis parallel to the film/substrate interface, i.e. in-plane. Indeed,
the easy magnetization axis of BIG thin films was reported to be in-plane for
hundreds of nm thick films grown onto [001] oriented garnet substrates [28,
25].

The electrical transport properties of BIG were not investigated previ-
ously but its optical band gap of 2.3 eV [29] strongly suggests that BIG is
an insulator. For comparison, YIG exhibits an optical band gap of 3.0 eV [30].
Recently, a linear magneto-electric coupling at room temperature was evi-
denced in undoped BIG [14] which is three orders of magnitude higher than
the one of YIG [31].

IThe crystallographic structure of BIG thin films might present a slight symetry breaking
due to an effect of the substrate.
211p is the Bohr magneton
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FIGURE 2.2: Temperature dependence of the Faraday rotation measured at 2.25 eV, of the sat-
uration magnetization, and of the saturation magnetization measured by supercon-
ducting quantum interference device for a BIG thin film. This figure is adapted from

ref [11]

As stated previously, BIG has motivated a large number of studies mainly
because it possesses a giant Faraday rotation (0r) in the visible range with,
for instance, —17 deg ym*1 at 550 nm [32, 24, 11, 29]. For comparison, YIG
exhibits only around 0.3 deg um ! at the same wavelength [33, 34]. The pos-
sibility to develop efficient magneto-optical photonic crystals [12, 35] and
optical isolators [36] based on BIG systems has been already investigated

successfully.

2.1.2 Origin of the giant Faraday rotation

In this section, we discuss the different proposed theoretical models describ-
ing the origin of the large increase of Faraday rotation in Bi-substituted YIG
(Y3.4BixIG). The effect of a Bi substitution of 0.25 per f.u. on the MO proper-
ties of Y5 75Big 251G is shown in Fig. 2.3 (a) and the contribution of Bi is shown
as the difference spectrum between Y, 75Big 251G and YIG [37]. This differ-
ence spectrum is compared to the normalized spectrum of BIG in Fig. 2.3 (b).
Apart from the already observed red shift of the BIG spectrum [38] compared
to Y3.«BixIG, the two spectra exhibit very similar features. These similarities
imply that the conclusions drawn from the study of Y3.(BixIG can be applied
to BIG. Before describing these models we recall the definition of MO effects

and their microscopic origin in materials.

3¢] (Fig. 2.3 (a), y axis)refers to the real part of the off-diagonal term of the dielectric tensor
which is proportional to 6r.
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ence spectrum between the ones of Y; 75Bij 251G and YIG. b) Comparison between the
normalized difference spectrum of (a) and the measured Faraday rotation spectrum

of BIG. This figure is adapted from ref [37]

Origin of the MO effects

Magnetic circular dichroism (MCD) is the differential absorption measured
between left (LCP) and right (RCP) circularly-polarized light induced in a
material by a magnetic field oriented parallel to the direction of the light
propagation. It occurs in paramagnetic or diamagnetic materials under the
application of a magnetic field (H) that breaks the time-reversal symmetry
[39]. In a ferromagnetic or a ferrimagnetic material an additional internal
field H = Hey + poM(H) strengthens the MCD intensity.

In the visible spectrum, the MCD is at the origin of the MO Faraday ef-
fects: the Faraday ellipticity (er) and the Faraday rotation (6r) that are linked
by the Kramers-Kronig relations. For the sake of clarity, we mainly discuss
the 6 here since similar information can be drawn from er and 6. The 0 is
the rotation of linearly-polarized light going through a material *. The rota-
tion angle of the polarization is proportional to the film thickness and to the
magnetic field strength. The Faraday rotation intensity can thus be quanti-
tatively described for a ferrimagnetic material by the 0r expressed in degree

per micrometer at magnetic saturation °.

“We recall here that linearly-polarized light is the sum of right and left circularly-
polarized light. A phase difference between right and left circularly-polarized light results
in the rotation of the linearly-polarized light axis by an angle of half the phase difference.

5We consider here that the optical absorption is negligible compared to the magnitude of
MO effects.
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FIGURE 2.4: Atomic energy levels (Hy + Hee) split by the exchange interaction (Hey), the SO in-
teraction (Hsp) and the applied magnetic field ((Hz). An example of two transitions
with opposite circular polarization are displayed in red (RCP, ¢ ") and blue (LCP, ¢ ™).

At the microscopic level, the origin of the MCD and thus the Faraday ro-

tation results from an absorption difference between transitions with Am; =
+1. By convention, the LCP light is absorbed for Am; = —1 while the RCP
light is absorbed for Am; = 1. As a simple example, we describe here the
case of a dipolar transition with RCP and LCP light from a 1s? ground state
to 1s!2p! excited states (Am; = £1, AL = 1 and AS = 0) as depicted in
Fig 2.4. The 1s%s ground state has a 'Sy term (L = 0, S = 0 and ] = 0) while
the 1512p1 term has a 'Py term (L = 1, S = 0and ] = 1) and 3P0,1,2 terms
(L=1,5S=1and 0 < J < 2). Due to the spin parity conservation only the
transitions to the ! P; term are allowed. However, the 3P0,1,2 are still shown to
illustrate the effect of the spin-orbit (SO) interaction.

In the frame of atomic multi-electronic states, the high 6r value originates
from a strong splitting of the orbital momenta states, this splitting is driven

by the following interactions :

H = Hp + Hee + Hex + Hso + Hz (2.1)
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Here Hy is the atomic hamiltonian with a spherical potential ® and H,, is
the non-spherical part of the interaction between the electrons. These parts
of the hamiltonian yield the 2°T1L terms. H,y is the exchange interaction that
leads to the splitting of states according to their spin value. It should be noted
that H, acts only on the spin part of the states and is not at the origin of MCD
even though H,, increases its intensity. Hgo is the spin-orbit Hamiltonian
and leads to the additional splitting of the states in the 2° 1L terms. Hy is the
Zeeman interaction that is responsible for the splitting of the orbital momenta
mj at the origin of the MCD. This simple atomistic description highlights the
influence of the exchange and the SO interactions on the Faraday rotation for
a given applied magnetic field.

At the macroscopic level, 0r can be described by off-diagonal elements of

the dielectric tensor (often called the gyration vector) that can be calculated
from the MO transitions. When an energy difference between ¢t and ¢~
transitions is at the origin of the MCD, the corresponding MO transition is
called a diamagnetic  transition. The two transitions highlighted in Fig. 2.4
yield the 0r and er spectra as shown in Fig. 2.5 (a) and (b), respectively. Any
MO spectrum, even coming from a more complex ground state, will exhibit
similar Am; selection rules among multiplet lines and can be decomposed
as the linear combination of such curves (Fig. 2.5). Thus, the experimental
Faraday rotation spectrum of a BIG thin film, displayed in Fig. 2.5 (c), can be
well fitted by the contributions of two diamagnetic transitions. Such a model
using the dielectric tensor is a very general theoretical framework that yields
an accurate description of MO spectra and can be applied to any material.
The challenge is then to determine the correct ground and excited states of
the studied material.

Origin of the MO effects in Bi-substituted iron garnets

Considering now the atomic ground state of a Fe 3d in the high-spin con-
figuration, it yields the LS term 655 /2 from Hund’s rule. In BIG, this state
becomes A ¢and 6 A1 when the contributions from the crystal field of Fe-Og
(On) and Fe-O4 (T4) are added, respectively. These states have < L >= 0
which implies that the excited states are mainly responsible for the high 0r.
In particular, it has to be mentioned that BIG and YIG have similar 6A1g and

The approximation here is that Hy is the sum of single particle hamiltonians.
’This name was attributed for historical reasons and is not linked to the magnetic be-
haviour of the probed material [39].
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FIGURE 2.5: a) Theoretical Faraday rotation spectrum for a MO diamagnetic transition. b) Theo-
retical Faraday ellipticity spectrum for a MO diamagnetic transition. c¢) Experimen-
tal Faraday rotation spectrum of BIG (blue circles) with its corresponding theoretical
model (red line) using two MO diamagnetic transitions. The black dashed and purple
dashed dotted lines correspond to the octahedral and tetrahedral components of the

theoretical model, respectively. This figure is adapted from ref [13].

® A1 ground states. However, the origin of the large increase of Faraday ro-

tation upon Bi substitution in YIG is still controversial and thus have been

discussed in the frame of two different molecular orbital theories [40, 41].
Dionne and Allen’s [40] main interpretation is based on the direct hy-

bridization of Fe 3d with Bi 6p that would be responsible for the increase in
Or upon Bi substitution in iron garnets. The Fe atomic excited states (4P) are
split by the crystal field into 4T} ¢ and *Tj states for Oy, and Ty, respectively.
The covalency between Fe 4T1g and *T; states and Bi atomic excited states
(®P) yields the hybridized anti-bonding and bonding states. More precisely,
only the Fe *Tj, and *T; which are quenched by the exchange interaction to
ms = —% are considered in this analysis due to their lower energy. These
states, after hybridization with Bi 6p, correspond to the bonding states (P
and @y, in Fig. 2.6). Their orbital moments m; = (—1,0,1) are further split
due to the SO interaction. The effective SO interaction of the Fe 4T1g and 4Ty
states is further increased due to the hybridization with the Bi 3P states. In
this framework, the role of oxygen is considered only as a correction to the
energy of the Fe atomic states and the transitions are thus mostly of intra-d
shell type. The difference between BIG and YIG is then mostly related to the
direct hybridization between Bi and Fe. Then, in Dionne and Allen’s [40] in-
terpretation, only two diamagnetic transitions are then needed to explain the
Faraday rotation spectrum of BIG in the visible range, one for each Fe sub-
lattice as shown in Fig. 2.6. This approach was used by many authors [37, 13,
42,29, 43] to describe their experimental spectra.

Zenkov and Moskvin [41] consider the charge transfer transitions from
the O 2p band to the Fe 3d band in both Fe-Og and Fe-Oy clusters. The ground
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FIGURE 2.6: Theoretical energy levels scheme of Bi-substituted YIG as derived by Dionne and
Allen [40]. The Fegp, 4Ty ¢ Ferq 4T) and Bi 3P correspond to the Fe and Bi states before
taking into account the hybridization between Fe and Bi orbitals. The four arrows
correspond to two diamagnetic transitions (Am; = +1) from the Fegy, 6A, ¢ and Ferq

6 A, states to the hybridized bonding states ®p;, and Pt that are split by 2Ap;, and
2Ar1; SO energies. This figure is adapted from ref. [40].

state is then 3d° (tggez, %) where the oxygen p orbitals are fully filled. The ex-
cited states have the configuration sz — 3d° where L is the ligand hole. The
3d° term is either tégeé noted ty, or 3 geg noted ¢, depending if the additional
electron goes in the fy, or the e, state, while the L,, terms allowed by sym-
metry are for instance ty, or ty, [44]. A total of 13 allowed excited states in
terms of selection rules and symmetry for the transitions from the ®A; and
6Alg ground states were reported by Zenkov and Moskvin [41]. Some of
these transitions are listed in table 2.1 for the Fe-Og¢ cluster. In this approach,
the hybridization of Bi 6p orbitals with O 2p and Fe 3d orbitals yields ex-
cited states with enhanced effective SO noted ¢, and {3, respectively (see
table 2.1). Thus, the increase in 6 when substituting Bi in iron garnets is
mainly originating from the ligand hole states with enhanced SO ¢, as a
result of its stronger hybridization with Bi 6p. This interpretation of the mul-
tiplet structure of Bi-substituted iron garnets was suggested earlier by several
authors [45, 46, 47, 48] without a full theoretical modelisation. Since transi-
tions from molecular orbitals of primarily ligand type are taken in account,
the resulting multiplet states are numerous and the modelization of experi-
mental spectra is a complex task. This approach was only applied to a few
experimental spectra by Zenkov and Moskvin [41].

These calculations have already shown their utility for the analysis of ex-

perimental spectra [13], however the molecular orbital theory does not take

Seg and tp, are linear combination of 3d atomic orbitals that have the symmetry of the
octahedral crystal field.
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CT transitions Effective spin-orbit coupling Energy (eV)

toy — tag 0.1¢34 + 0'0562;9 2.78
fy(T) — tag —0.1¢34 + 0.0562]0 3.6
toy, — eg —0.05(32;, 4.3
ty (0’) - t2g _0-1€3d 4.8

TABLE 2.1: Part of the magneto-optically active transitions in the octahedral cluster for Bi doped
YIG. This table is adapted from the work of Zenkov and Moskvin [41].

into account the precise band structure of BIG. Density functional theory
(DFT) calculations were carried out first by Oikawa, Suzuki, and Nakao [49]
and more recently in relation with the present thesis work with Iori et al.
[15] to find an even more accurate approach to describe and discriminate in

between the two previous ones.

2.1.3 Calculated electronic structure

DFT is a theoretical framework for the computation of the ground state of
many-body systems such as solids [50]. It is important to determine the
ground state or density of states (DOS) as it represents the first step towards
the understanding of the physical properties of a material such as MO spec-
tra. The common approximations used by DFT to treat the many-body prob-
lem are the local density approximation (LDA) and the generalized gradient
approximation (GGA). The LDA treat electrons as if they behaved like an
homogeneous electron gas which is a good approximation for free electrons
like in metals. The GGA is similar to a Taylor expansion of the homogeneous
electron gas. These approximations do not yield accurate DOS in TMO since
the 3d electrons are strongly correlated as they have both a ionic character
(atomic like) and a covalent character (metal like) °. For instance, LDA and
GGA tend to underestimate the band gap or even predict metallic DOS in
insulators. To overcome this issue, a parameter U is introduced which corre-
sponds to the energy of on-site Coulomb repulsion. U allows a better treat-
ment of the ionic character of 3d electrons and in TMO a value of U = 4eV
usually yields good results [51]. An other approach is to use hybrid function-
als [52] that compute a part of the many-body hamiltonian without approx-
imations and the other part is computed using GGA which yields improved
results at the cost of heavy computations.

9This mixing between ionic and covalent character is the hardest issue to solve in many-
body physics. Theoretical approximations are much more efficient at treating fully ionic or
fully covalent electrons.
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BIG was first investigated using LDA and taking into account the effect
of the spin-orbit coupling (SOC) [49] since Bi carries a very strong SO. In
the present work, the DOS of BIG is further investigated using more sophis-
ticated theoretical tools. The DOS calculated with hybrid functional is de-
scribed first (Fig. 2.7). In this case the SOC is not taken into account as it
reduces the symmetry of the systems and thus significantly extend the com-
puting time. Then, the impact on the DOS of the U value is tested (Fig. 2.8)
using GGA+U to better understand the effect of the electronic correlations.
The effect of the SOC on the DOS calculated with GGA+U+SOC is discussed
last (Fig 2.9). These results are compared with the calculation of the elec-
tronic structure of YIG using LDA+U [53] to highlight the effect of Bi in the

iron garnet matrix.

BIG density of states
In the hybrid functional framework (Fig. 2.7 (a)), most of the occupied Fe 3d
states and some O 2p states lie in between -7.5 eV and -6 eV separated from
the valence band ranging from -6 eV to 0 eV that is characterized by a mixing
of O 2p, Bi 65 and Fe 3d. The relatively strong exchange splitting of the top
of the valence band mostly composed of Bi 6s and O 2p is a key figure of
the BIG electronic structure (Fig. 2.7 (b)). This feature was not present in the
calculated YIG electronic structure [54]. Such spin-splitting could contribute
to the Or intensity as a ligand hole excitation. This hypothesis considers the
same type of MO excitations as Zenkov and Moskvin [41] but with a different
physical origin based on the exchange splitting rather than on the SO split-
ting of the O 2p states hybridized with Bi 6p. It should be noted that in the
specific case of hole doping, this spin-splitting at the top of the valence band
could lead to a Fermi level with a strong spin polarization.

Considering now the conduction band, from 3eV to 5eV, it is dominated
by the spin polarized Fe 3d similarly as in the work of Oikawa et al. [49].
The crystal field effects split the Fe 3d in a triple degenerate 5, states and
in doubly degenerate e, states with different hierarchy for both sub-lattices.
The clear separation of Fe 3d bands for the spin-up conduction band is due to
a stronger Oy, crystal field. For the minority spin, instead, the Ty crystal field
is not strong enough to separate the eq/ty, contribution in the unoccupied
part. This important difference of crystal field strengths for the Oy, and the
T4 symmetry was also experimentally reported in the case of YIG. Based on
an analysis of the d-d optical transitions, a crystal field splitting of 1.52eV
and 0.77eV in YIG were derived for the Oy, and the Ty sites, respectively [55].
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FIGURE 2.7: a) Hybrid functional calculation of the total DOS and the projected DOS. The differ-
ent projected angular moment channels shown correspond to: Bi 6s in lilla, Fe 3d in
blue, O 2p in green, Bi 6p in red. b) Zoom around the Fermi level of (a). This figure is

adapted from Iori et al. [15].

The geometry of BIG ' is at the origin of the 100% spin-polarized DOS that
occurs at several energies in the DOS, e.g. around -6 eV, 0 eV, 3 eV and 4 eV.

These spin gaps play an important role on the MO effects [32].

Effect of U

Therefore, the effect of the correlations U (from 0 eV to 4.5 eV) on the calcu-
lated spin gaps have been investigated (Fig. 2.8). In the valence band the iron
3d states are shifted downward in energy to around -7 eV for U = 4eV and
the top of the valence band becomes spin-split. In the conduction band, the
spin gaps observed at the three energies A,B and C (Fig. 2.8 upper scheme
with U=0) in the DOS tend to disappear for U above 2-3 eV. For the valence
band, U aids to correct the delocalization error of pure DFT while for the con-
duction band it seems to induce a spurious artefact in the correct description
of the hybridization between oxygen and the Fe states [56]. Such a spurious
disappearance of the spin gaps for moderate U values might bias future first-
principle calculations of the optical properties (e.g. ). It would require the
utilisation of hybrid functional that are much more demanding in terms of

computation time.

19Tn BIG, the minority spin is in pure Oy, site and majority spin is in pure Ty site for the
occupied band.
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FIGURE 2.8: Evolution of the Fe 3d states (Fe Oy, in blue and Fe T4 in red) and of the exchange
splitting gaps (A,B,C - green lines) for U ranging from 0 eV to 4.5 eV. The total DOS
is reported as reference in solid black line for each U. This figure is adapted from Iori

etal. [15].
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FIGURE 2.9: In panel a) the Fe 3p, in panel b) the Fe 3d, in panel c) the Bi 6p are the projected
DOS for DFT+U and DFT+U+SOC. In each panel the total DOS for DFT+U and
for DFT+U+SOC appear in grey and as dotted black line, respectively. The total 1-
resolved DOS per element (dotted black line) is the sum of all the corresponding m;
projections (solid coloured lines). This figure is adapted from Iori et al. [15].

Effect of the SO

Above 3 eV, the conduction band is mostly composed of Bi 6p states. These
states have a very strong SO interaction and its effect has been evaluated
by GGA+U+SOC. The atom-projected GGA+U DOS and the GGA+U+SOC
DOS projected for different value of m; are compared in Fig. 2.9. The SOC
affects mainly the Bi 6p and only slightly the Fe 3p and Fe 3d. In the GGA+U
calculations (Fig. 2.8), the Bi 6p states were spanning from 3 to 6 eV. In con-
trast, the GGA+U+SOC calculated DOS results in a Bi 6p;/, spanning from
to 2 to 4 eV and the Bi 6p3,, from 4 to 7 eV. The Fe 3p and Fe 3d state are
then more hybridized with the Bi when the SOC is included via the Bi 6p4/,
states. The SO effect of Fe d states is instead very soft. In the Fe 3d valence
band the SO splitting is 50 meV, while in the conduction band it is around 25
meV which is in good agreement with the experimental and calculated val-
ues reported by Oikawa et al. [49]. These results tend to support the idea of
Dionne and Allen [40] that a part of the 6 increase in BIG compared to YIG
might be driven by the hybridization of Bi 6p with Fe 3d in the conduction
band.
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Conclusions

The strong splitting of the O 2p states at the top of the valence band in ad-
dition to the multiple spin gaps in the conduction band tends to favour the
interpretation of the MO effects in BIG given by Zenkov and Moskvin [41]
over the one given by Dionne and Allen [40]. In addition, the band structure
calculation evidences a clear p — d '! band gap for BIG that is in line with
the suggested charge transfer MO transitions from the work of Zenkov and
Moskvin [41].

The two electronic structures of YIG and BIG have been schematized in
Fig. 2.10 to better interpret the major difference in the Faraday rotation ob-
served between both iron garnets. Spin gaps and SO coupling are already
present in the electronic structure of YIG associated with the Fe 3d states. In
the case of BIG, the exchange splitting of the valence band and the hybridiza-
tion with the SO split Bi band appears. Based on these results, DFT calcula-
tion of the dielectric tensor for both BIG and YIG phases should bring further
elements to discriminate between the theories of Zenkov and Moskvin [41]
(Strong SO in ligand hole type excitations) and of Dionne and Allen [40] (di-
rect Bi-Fe hybridization in final states) and bring new insight to understand
the origin of the giant Faraday rotation in BIG. To calculate the Faraday ro-
tation, the SOC and the non-diagonal elements of the dielectric tensor have
to be computed. Unfortunately, combining the calculation of these quantities
with the electronic correlations correction and the large number of atoms per
formula unit of the garnet structure is out of the scope of this thesis work.

In addition to the magneto-optical properties, it is important to empha-
size the presence of a spin-polarized DOS at the top of the valence band and
at the bottom of the conduction band in the electronic structure of BIG. Tak-
ing advantage of this particularity of the electronic structure while inducing
a semiconductor behavior in BIG opens interesting perspectives for the de-

velopment of spintronics devices operating at room temperature.

2.2 Caand co-substituted BIG

2.2.1 Improving the electrical properties of BIG

Its strong magnetism and its giant Faraday rotation make BIG a potential can-
didate as a multifunctional material for oxide-based electronics. However,

stoichiometric BIG is expected to be an insulator similarly as YIG (10'? Q cm

1A p — d transition is a charge transfer transition.
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FIGURE 2.10: Schematic density of states of a) YIG adapted from [53] and of b) BIG adapted from
Tori’s calculations [15]. The main features and differences are indicated.

at 300 K) [57]. Tailoring BIG transport properties from insulator to n- and p-
type semiconductor will provide new prospectives of integration into magneto-
plasmonic structures or spin-polarized BIG-based heterostructures. In this
thesis, we focus on enhancing the electrical properties of substituted-BIG
phases by applying a site-selective co-substitution of Ca?" and Y** in do-
decahedral Bi sites. This will aim at combining in a single oxide material a
relatively high electrical conductivity and a robust magnetism at 300 K while
preserving its initial functionalities [58]. Ca substitution aims at improving
the electrical conductivity of BIG via the introduction of hole charge carriers.
According to Iori et al. [15] (Fig. 2.11), Ca should be at the origin of an almost
100% spin polarized density of states at the Fermi level. The expected mech-

3+/4+

anism is the formation of Fe mixed valence states leading to a p-type

spin-polarized conduction:

BiytY5E  CaitFertFelt OF, with {x =0.0,0.1,02,03}  (22)

The co-substitution of a complementary amount of Y is designed to main-
tain a constant Bi concentration at high value of 2.5 per f.u. (Eq. 2.2) since Bi is
known to govern the Faraday rotation intensity [42]. This work presents the
tirst investigations on the high temperature transport properties of Bi-rich
iron garnets [58].
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FIGURE 2.11: DFT+U (U=4 eV) total and projected DOS of Ca-doped BIG with a Ca concentration
of 4%. (Ca projected DOS has been magnified by 100). The dotted black line cor-
responds to the undoped BIG total DOS, while the Ca-doped total DOS is in grey.
The inset shows a magnification around the Fermi energy between -2 and 1 eV. This

figure is adapted from Iori et al. [15].
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2.2.2 Bs,YXIG

In B3 YxIG, Bi plays an important role on the structural and physical proper-
ties of this system and is notably responsible for a large enhancement of the
Faraday rotation (see section 2.1.2). A crystalline thin film can be obtained
for most of the Bi/Y ratios [21, 59, 22, 24] with a lattice parameter increasing
with increasing Bi concentration as expected from the large ionic radius of
Bi®* [60]. A red shift of the MO response from YIG to BIG is also observed
[38], that is reflected in the decrease of the optical band gap. Indeed, from
YIG to BIG, the optical band gap changes from 3.0 eV [30] to 2.3 eV [29].
Apart from this decrease of the band gap, the Y3* substitution in the BIG
matrix should not result in additional charges, unlike Ca?*. Concerning the
magnetic properties, the Tc of B3 YIG are also a growing function of the
bismuth concentration which is consistent with a higher exchange interac-
tion as calculated by lori et al. [15]. The fractional population of Bi on the
dodecahedral site gives rise to an additional magnetic anisotropy term, the
so-called growth anisotropy term [61, 62]. This anisotropy tends to put the
easy magnetization axis of the thin films out-of-plane leading to perpendicu-
lar magnetic anisotropy as demonstrated in the recent work of Soumah et al.
[59]. As stated previously, the electrical transport properties of Bi-rich iron
garnet were not investigated. Therefore, the doped YIGs are considered, in
this work, as reference compounds for their electrical transport properties.

2.3 Doped semiconductor YIGs as reference sys-

tems

2.3.1 N- and p-type doped YIGs

Doping solely with aliovalent cations was investigated previously on the par-
ent compound, i.e. YIG. YIG is also a ferrimagnetic insulator (1012 O cm
at 300 K) [57, 63, 64] exhibiting a much weaker MO signal in the visible
range than BIG and possessing most remarkably the lowest known magnetic
damping [65]. Doped-YIG phases were usually synthesized either by apply-
ing the flux growth technique for single crystals or the LPE method for films
thicker than 1um. Tetravalent cations such as Hf** [66], Sn** [67], and Si**
(e.g. Fig. 2.12 (a)) [68, 69, 70], were successfully substituted into the YIG lat-

tice yielding n-type semiconductors with electrical resistivity values between
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FIGURE 2.12: a) Resistivity and absolute value of the normalized Seebeck coefficient '? as a func-
tion of temperature for a n-type YIG. b) Resistivity and Seebeck coefficient as a func-
tion of temperature for a p-type YIG. This figure is adapted from ref. [69].

10 and 10° Q) cm at room temperature. Conversely, divalent cationic substi-
tutions such as Zn?* [69], Mg?* [71], Pb?* [72], or Ca®* (e.g. Fig. 2.12 (b))
[69, 70, 71, 73] in YIG yield p-type semiconductors with electrical resistivi-
ties ranging from 107 Q) cm to 10° Q) cm at 300 K; the best of them [73] being
comparable to the n-type doped YIG. The electrical resistivity and Seebeck
coefficient measurements as a function of temperature lead to the conclusion
that both n- and p-type doped YIGs follow a band conduction mechanism
in the temperature range 300 - 600 K [67, 74]. Such findings show that n-
and p-type semiconductor can be obtained from YIG and open interesting
perspectives for the investigation of BIG-based semiconductors.

2.3.2 Defects in doped YIGs

The electrical properties of doped YIG are modified by the presence of de-
fects in the garnet structure. Thus, for both n- and p-type YIG grown by LPE,
chemical impurities such as Pb>*, F- or B3* (up to 0.1 per f.u.) are unintention-
ally incorporated during the growth process. These defects act as extrinsic
acceptors or donors that can partially account for differences in the electrical
resistivity for a given carrier type and concentration. The presence of oxygen
vacancies that can act as intrinsic donors in complex oxides also plays a key
role in their transport properties. Oxygen concentration is directly linked to
the growth conditions, but cationic substitutions can also influence the oxy-
gen stoichiometry in a single oxide phase. In doped-YIG phases, it is known

that the substitution of tetravalent cations prevents the formation of oxygen

12 is the Seebeck coefficient, e is the charge of the electron and k is the Boltzmann constant.
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FIGURE 2.13: Concentration of oxygen vacancies calculated from thermogravimetry experiments
as a function of the inverse temperature and the partial oxygen pressure. These ex-
periments were performed on a Ca-doped YIG. This figure is adapted from ref. [75].

vacancies [69, 75]. Conversely, divalent cationic doping favours the presence
of oxygen vacancies in p-type YIGs that alter their electrical properties [76].
For instance, oxygen migration was further evidenced in p-type YIG through
annealing at T > 1100 K under inert/oxidizing atmosphere leading to small
reversible resistivity changes, i.e. less than an order of magnitude [69, 75].
An applied voltage of roughly 100 V lead to a room temperature high con-
ductivity state in p-type YIG indicating the migration of oxygen vacancies
in an electric field [77]. The measurement of I — V curves on these thin films
[73] show that their behavior corresponds to the space-charge limited current
model [78]. This behavior can lead to resistive switching as in, for instance,
Prp7Cap3MnQOs [79] or Lag7Cag3MnO5 [80].

Although thin films are ideal for integration into advanced nanoelectron-
ics, they are even more prone to defects inclusions than single crystals and
thus YIG-based thin films have been less widely investigated. However, 20
nm thick YIG films with a p-type conductivity of ca. 107 Q) cm at 300 K
were grown recently by LPE [81]. The authors suggest that this relatively
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low resistivity for undoped iron garnet originates either from the low di-
mensionality of the film or from the chemical impurities incorporated dur-
ing the growth process. Overall, the microscopic origin of the electrical prop-
erties of doped YIGs and more generally iron garnets were mostly investi-
gated by indirect means such as chemical or optical characterizations. The
present work aims at filling that gap by probing the nature of defects and the
charge compensation mechanisms using, in particular, transmission electron
spectro-microscopy techniques (STEM/EELS) and X-ray magnetic circular
dichroism (XMCD).

Summary of chapter 2
In this chapter, the structural and physical properties of BIG and

Biz_« YxIG were presented including their MO properties. The origin of
their MO properties were investigated using DFT calculations and this
theoretical study was compared to previous works on this subject that
were based on molecular-orbital calculations. The substitution of Ca is
expected to enhance the electrical transport properties of BIG and the
co-substitution of Y is expected stabilize the MO properties between
the different Ca substitution levels. Since the electrical properties of
B(CaxY(5-x)IG were not studied previously the electrical properties of
n- and p-type doped YIG were reviewed as reference systems. The
presence in BIG of a Tc> 500 K, of the giant Faraday rotation, of the
spin-split bands around the Fermi level and the possibility to develop
n- and p-type semiconductors in doped YIG are encouraging results

towards the development of a magnetic semiconductor based on BIG.
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Chapter 3

Experimental techniques and data

analysis tools and developments

In a first part of this chapter, we present all the experimental setups that were
operated to measure the electrical and magnetic properties of Ca and Y co-
substituted BIG thin films. Different experimental techniques were combined
during this thesis to reveal the structural, microstructural, physical proper-
ties of the synthesized substituted BIG thin films from the macroscopic scale
down to the atomic scale. The thin films were grown using pulsed laser de-
position (PLD) and their physical and structural properties were investigated
by electrical transport measurements and X-ray diffraction (XRD). Faraday
rotation spectroscopy, scanning transmission electron microscopy (STEM)
coupled with electron energy-loss spectroscopy (EELS) and X-ray magnetic
circular dichroism (XMCD) were performed to study the microstructural and
microscopic properties of the thin films.

In a second part, the operating principle of the data analysis tools applied
on the STEM/EELS data are presented. The local strain distribution was
determined using geometric phase analysis (GPA) on STEM images. Most of
the STEM/EELS elemental maps presented in this manuscript were denoised
using principal component analysis (PCA).

In a third part, we describe the cluster analysis that was used to study in
detail the subtles changes of EELS fine structures. The cluster analysis has not
been applied to such problematics yet. Therefore, the domain of application
and the performance of this technique to retrieve EELS signatures were tested
first. Finally, the clustering was applied on Co3Oy4 selected as a model system.
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3.1 Experimental techniques

3.1.1 Thin film growth and post-growth processing
PLD growth

The investigated thin films were all deposited at the GEMaC laboratory' us-
ing PLD. PLD is a well-establised growth technique yielding cristalline epi-
taxial thin films of complex oxides under controlled atmosphere and pressure
conditions [82]. In this technique, a high power laser periodically fires very
short light pulses on a ceramic target having the desired stoichiometry. This
light pulse is intense enough (=~ 60 MW cm™) to eject ions, atoms or particu-
lates from the ceramic target and create a plasma called a plume. The species
in the plasma are then deposited on the substrate placed in front of the target.
The PLD chamber is equipped with several in-situ experimental setups that
are used either to tune the deposition conditions or to measure the structural
and optical properties of the growing film as shown in Fig. 3.1. The homo-
geneity of the ablation of the target is ensured by its simultaneous rotation
and vertical movements. In addition to the oxygen gas valve that allows the
deposition in an oxygen partial pressure, a O plasma source and a pulsed
oxygen gas valve allow the growth of thin films in highly tunable conditions.
The base pressure in the chamber is 5 x 10~® mTorr. The temperature of the
substrate is controlled by a heater located at the back of the substrate and can
reach 1220 K?. The distance between the target and the substrate is 5.5 cm.
The structural properties of the thin films can be measured in-situ during
growth by reflection high-energy electron diffraction (RHEED). The optical
properties are also measured in-situ by ellipsometry providing an estimation
of the film thickness in real time.

The Bip 5CaxY(5.xFe5012.s (B(CaxY5.)IG) with x={0.0; 0.1; 0.2; 0.3} and
Bis 0Y1.0Fes012-5 (B(Y1,0)IG) thin films were grown on Gd3zGasO1, (GGG) (100)
with thicknesses ranging roughly from 150 nm to 200 nm. The deposition
rate is of ~ 8 nm min™! and the substrate size was 10 x 10 mm?2. The BIG
targets substituted with Ca and Y have been prepared from high purity pow-
ders (99.99% for Ca precursor and 99.999% for all other precursors) using the
standard ceramic processing method [21, 28]. The Bi is preferentially evap-
orated compared to other species such as Ca [83] which tends to deplete the

Bi content from the target during the deposition. To avoid this effect, the

LAll the samples were deposited by Elena Popova.
2The temperature of the front of the substrate cannot be measured easily and is probably
up to 200 K less than the temperature measured at its back.
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FIGURE 3.1: Scheme of the pulsed laser deposition setup. Courtesy of Bruno Berini (GEMaC).

surface of the target is polished between two depositions which removes the
Bi depleted layer. An excimer KrF laser with a wavelength of 248 nm and
pulse duration of 20 ns was used for film deposition. The laser fluency and
frequency were maintained at about 1.2 J cm ™2 and 2 Hz respectively for all
the samples. The films were grown onto the substrates heated to 1050 K in a
stable oxygen pressure of 5 mTorr. After the growth, the samples were cooled

down to room temperature in the growth atmosphere in about 3.5 hours.

Thin film post-annealing

Post-annealing under controlled oxygen flux was performed in a dedicated
furnace to obtain oxygen stoichiometric thin film. The samples were an-
nealed at 820 K under oxygen flux of 50 mL min~! for 48 hours once (TA48)
or twice (TA96).

3.1.2 X-Ray Diffraction

The X-ray diffraction (XRD) was systematically measured before and after
the post-annealing to ensure that the thin films are well crystallized. The Ca
and Y co-substituted thin films are expected to crystallize in the garnet space
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group [a3d. The samples were probed by XRD using a Seifert XRD3000 4-
circles diffractometer at the GEMaC laboratory. The incident X-ray beam is
monochromated at the Cu Ka1 peak. The diffractometer’s angular resolution
is 0.0005 deg. To extract the out-of-plane lattice parameter the (0,0, ) reflec-
tion set is measured, while for the in-plane lattice parameter the (0, k, 2k) re-
flection set is measured as shown in Fig. 3.2 3. The diffraction patterns were
acquired usually acquired from 20 deg to up to 100 deg in 26 with a step of
0.01 deg and a dwell time of 1s.

From a diffraction pattern a few other information can be extracted in

addition to the lattice parameter.

e The Full Width at Half Maximum (FWHM) of a given reflection peak
gives an estimation of the mosaicity (i.e. the dispersion of crystallo-
graphic orientation) of grains within the film.

e The presence of Laue oscillations attests that a coherent crystal struc-

ture exists over the whole probed volume.

e Since the 26 values of the garnet reflections are known, any additional
peak may be the signature of secondary phase inclusions. However,
this is limited to a certain volume of well crystallised secondary phases
that have to be in diffraction condition in the explored range of the

reciprocal space.

3.1.3 Electrical transport and thermopower measurements at

high temperatures
Electrical resistivity

The electrical resistivity measurements were performed on the substituted
BIG thin films over a wide temperature range (300 K < T < 700 K) under
inert/oxidizing atmospheres during heating/cooling cycles on a custom de-
signed setup at the GEMaC laboratory. A full heating and cooling cycle with
a 5 K step takes about 20 hours to measure.

The electrical resistivity p of a material is the ratio of the applied electric
field on this material divided by the current density flowing through it. It is
expressed in (2 cm and describes the flow of electrons through the material.
It should be noted that the presence of defects such as grain boundaries affect

the electron conduction and therefore impact the resistivity measurement.

3The in-plane lattice parameter were only determined for a few films.



3.1. Experimental techniques 31

(@) (004) (008) b) (024) (048) |
z

E
=. L

=
B

et D D D D
= - - - -
Z| £ £ £ £
g z z z e | 2
= = = = = |3
= ) @ ) S|«

4b 5}) 60 7b 20 3}) 4}) 5}) 60 7‘0
20 (deg) 20 (deg)

20

FIGURE 3.2: Typical XRD patterns of Ca and Y co-substituted BIG films acquired along the
(0, k, 2k) direction in blue and along the (0,0, 1) direction in red. A diffraction peak of
the Pt contact pads is observed in the (0,0,1) direction.

The electrical resistivity of the thin films was measured by the four point-
probe technique developed by Van der Pauw[84]. The advantage of using
this four point-probes technique is to negate the effect of the resistance at the
interface between the metallic electrodes and the semiconducting thin film
on the resistivity measurement (hereafter : contact resistance). A scheme
of the electrical resistivity experiment is displayed in Fig. 3.3, showing the
four contact pads on the film. A current I is applied and measured between
two electrodes (e.g. A and B) while the other two electrodes measure the
associated voltage V (e.g. C and D). This process is repeated with a circular
permutation of the electrodes and the resistivity of the film is calculated as

follows :

~ 71td Ragcp + Rpe,pa

Here d is the film thickness, R;; 4 is the measured resistance with applied
current between electrodes i and j and with voltage measured between k
and [ electrodes and f is a correction factor. The factor f is a monotonous
decreasing function of the ratio Rap cp/Rpc,pa taking values between 0 and
1.

For the measurement of the electrical properties of the films, the samples
were cut into four pieces of 5 x 5 mm?. Metallic contact pads were deposited
by RF-sputtering at the four corners of 5 x 5 mm? pieces. Pt circular pads
that were roughly 250 nm thick and Imm wide were deposited onto the film
%. The separation between two pads is roughly 2 mm (Fig. 3.3). Each Pt pads

4The deposition of Pt was performed by Bruno Berini.
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FIGURE 3.3: Scheme of the High Impedance High Temperature setup.

are separated of 2 mm from each other. Pt was chosen as contact material as
the interface between the films and the Pt contact exhibits an ohmic electrical
behaviour.

To determine the resistivity of oxide semiconductors and insulators with
high impedance (R > 108Q)), a custom setup with a high internal impedance
which reaches high temperature (T > 400 K) is required. Besides, at high
temperatures, oxides might exchange oxygen with the atmosphere, therefore
a controlled atmosphere is also required. The voltage was measured by two
6514 Keithley electrometers with two probes while the current was injected
by a 6221 Keithley current source and measured by a 6487 Keithley picoam-
meter with the other two probes. These signals were then digitized by a
2700 Keithley multimeter and the switch between the different four-probe
configurations was performed by a 7001 Keithley system. With this setup it
is possible to measure samples with up to 200 G() impedance and currents
as low as 10719 A. The present electrical measurements were performed by
applying 1 nA current in a THMS600 temperature controlled stage (Linkam
Scientific Instruments Limited) at temperatures ranging from 300 K to 700
K under ambient atmosphere or N, /Ar flux of at least 200 mL min~!. At
each temperature, a current of 1 nA is applied for 180 s prior to the resistivity

measurement to reach a steady current regime.
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The instruments yield measurements with very low imprecisions of about
2%. However, the Van der Pauw measurement has a few intrisic sources of
inaccuracy®. To obtain Eq. 3.1, the contact resistance has to follow an Ohmic
behaviour. Therefore, the resistances R4 cp, Rpc,pa, Rep,ap and Rpa e
are measured every time to ensure that V changes sign with I, following the
Ohmic behaviour. In the Van der Pauw method, the contact size is assumed
to be infinitesimal which is experimentally not the case. The size of the con-
tact is usually expressed as 6 /1, where ¢ is the characteristic size of the contact
and [ is the length of a side of the sample. However, the finite size of the con-
tacts yields inaccuracy on the resistivity measurement of up to 15% for /1
ratio of 0.25 [85]. In our work, the §/I ratio is around 0.1. Heterogeneities
in the form of a non percolating secondary phase inclusions in the film that
have higher resistivity also have an impact on the resistivity determination
with an inaccuracy that can reach 70% [86]. In this work, the resistivity of
the thin films varies over several orders of magnitude in the explored tem-
perature range which is a very large variation compared to inaccuracies of
even up to 100%. Therefore, the inaccuracies are not take into account in the

interpretation of the resistivity measurement.

Thermopower

We probed the thermopower of the thin films to better understand the nature
of the charge carriers and therefore the corresponding charge compensation
mechanisms. Under the application of a steady thermal gradient (AT), the
chemical potential of a material varies across it inducing an accumulation of
charges at the coldest end of the probed material. S is an intrinsic physical
property of the material describing the diffusion of charges through it. The
electrical potential difference (AV) induced by an accumulation of charges
is proportionally linked to AT by the thermopower also named the Seebeck
coefficient S and calculated as follows:

Vhot — Vcold _ _g
Thot - Tcold AT

Here, V},,; and V,; are the voltages at the high temperature (Tj,;) and

(3.2)

at the low temperature (T,,) sides, respectively. The charges, either hole or
electrons, accumulate at the cold side and yield the inequality |Vj,ot| < |Veoral-
Then AV > 0 and S < 0 for electron as majority carrier. Conversely, AV < 0

STnaccuracy corresponds to an offset in the measurement compared to the true value.
Imprecision corresponds to the statistical distribution around the measured value.
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FIGURE 3.4: Scheme of the Seebeck coefficient measurement setup.

and S > 0 for hole as majority carrier. The thermopower is then a probe of
the majority carrier type.

The Seebeck coefficients were determined with the two point-probe method
using another custom-designed experimental setup under air atmosphere at
the GEMaC laboratory. A scheme of the experimental setup is displayed in
Fig. 3.4. The temperature gradients AT were set using a RTD2 thermoregula-
tor (Omicron technologies) with two heaters, separated by 6.5 mm from each
other, placed below the substrate while voltage and temperature were both
probed onto the film surface above the heaters. AT were measured using
two K-type thermocouples and reached positive or negative values between
5 K and 30 K with £2 K fluctuations during voltage measurements. Voltage
at both hot and cold sides were measured using a Keithley 4200 SCS with
10'3Q) internal impedance. The AV was measured for several AT values. The
S value was extracted as the slope of a linear fit on these (AT, AV) points.

One should note that the measured Seebeck coefficient is the sum of Sy,
of the film and of S, of the wires used for the measurement. For a quanti-
tative measurement of the Seebeck coefficient, the S5, has to be taken into
account. In this work, the thermopower was mainly used to obtain qualita-
tive information i.e. the sign of the majority carrier (either p- or n-type) and
a rough estimate of the charge carrier density using the Heikes formula [87].
The Hall effect is another probe of the carrier type. However, if this tech-
nique is especially well suited for high mobility and low resistivity materials
such as metals, its application is much more complex on materials with high
resistivity and low mobility [88]. Therefore, the Hall effect is not investigated

in this work.
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3.1.4 Magneto-optical measurements
Faraday spectroscopy and Curie temperature

The out-of-plane MO spectra were measured before and after post-annealing
for all the thin films to understand the evolution of the MO properties upon
Ca and/or Y substitution. The temperature dependence of the MO signals
at 550 nm was also systematically measured to obtain the Tc of the films. In
this setup, both the applied field direction and the light beam are collinear to
the out-of-plane axis.

The Faraday rotation (6r) and ellipticity (er) spectra were measured at the
GEMaC laboratory using a custom designed experimental setup depicted in
Fig. 3.5 [89]. The light source is a LOT-Oriel Xe 75 W lamp with a constant
emission spectrum in the 300 to 900 nm range. With the polarizer, the photo-
elastic modulator (PEM) produces oscillating left and right circularly polar-
ized light at a frequency f = 50 kHz. The PEM (I/FS50 model by Hinds-
instruments) birefringence parameters are set to operate as a A /4 lamella at
the selected monochromated wavelength. The modulated light goes through
the magnetic coil and through the sample with normal incidence. The mag-
netic coil can produce a field of up to 1.3 T collinear to the optical axis and a
Hall probe inside the pole piece of the coil measures the applied field. The
outgoing light is then monochromated by a SP2557 monochromator and de-
tected with a photomultiplicator of the Hamamatsu brand with similar per-
formances to the Hamamatsu R375. The measured intensity can be written

as follows :

I =1+ If Sin(zﬂft) + sz sin(47'(ft) (3.3)

It can be demonstrated that Iy and I; are proportional to er and 6, re-
spectively [89]. A lock-in amplifier at f and another lock-in amplifier at 2f
extract the Iy and Is signals.

To measure the temperature dependence of the Faraday effect, it is pos-
sible to insert a furnace in between the two pole pieces of the magnet. The
furnace can operate at temperatures ranging from 300 K to 1000 K.

To obtain a typical Faraday spectrum, the MO signal is measured at each
wavelength while a saturating magnetic field is applied (= 0.5 T). Since the
signal is measured in transmission through the film and the substrate, a para-
magnetic component originating from the GGG substrate is superimposed
on the magneto-optical response of the film (Fig. 3.6). To overcome this is-

sue, every data point is acquired for positive and negative magnetic fields.
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FIGURE 3.7: a) Scheme of the experimental Kerr setup in the polar configuration. b) Scheme of
the experimental Kerr setup in the longitudinal configuration.

Longitudinal and polar MO Kerr effect

The MO Kerr effect is the same physical phenomenon as the MO Faraday
effect measured using a reflected wave instead of a transmitted one. To probe
the magnetic anisotropy of some of the films (section 6.2.2), the magneto-
optical Kerr effect was probed in longitudinal and polar configurations i.e.
along the in-plane and out-of-plane directions, respectively.

The MO Kerr effect is measured with a polarizer/analyzer couple and
a PEM coupled to a lock-in amplifier the same way as the Faraday setup
described in section 3.1.4 ®. The main differences of the Kerr experimental

setup with respect to the Faraday setup are the following:

e The light source is a He-Ne laser emitting at 633 nm. Limiting the ex-
periments to magnetic hysteresis loop at fixed wavelength.

e The setup was operated either in polar (see Fig. 3.7 (a)) or longitudinal
(see Fig. 3.7 (b)) configurations

e The applied magnetic field is limited to 0.4 T in the polar mode and to
0.3 T in the longitudinal mode.

3.1.5 Electron Microscopy and Spectroscopy

Bi-rich iron garnets can only be synthesized as thin films on isostructural
substrates. Transmission electron microscopy is then a key technique to in-
vestigate the structural, chemical and electronic properties of such materials

with reduced dimensions. In this thesis, we have made important efforts in

®Alexandra Mougin (IDMAG team at LPS) helped us to carry out the MO Kerr experi-
ments and adviced us for the interpretation of these data.
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understanding the electronic properties of Ca and Y co-substituted BIG thin
films in link with their local dopant concentration and their electrical trans-
port properties using electron spectro-microscopy techniques.

Electrons are charged particles that interact with atoms, when passing
through a material, via electrostatic interactions. The interaction with nuclei
mostly scatters the electrons elastically and are used for imaging in this the-
sis. Conversely, the electrons that interact with the electrons of the solid are
scattered inelastically. These scattering events can lead to individual excita-
tions of core electrons, to collective excitations such as phonons or plasmons
or to interband transitions. In this work, we use the excitations of core elec-
trons to extract information of the electronic and chemical properties of the

films.

Scanning Transmission Electron Microscopy (STEM)

The aberration corrected scanning transmission electron microscope (Cs-STEM)
is a tool that provides information on the structural, chemical and electronic
properties of the observed specimen down to the atomic scale. In STEM, a
convergent electron beam accelerated at a few hundreds of kV is focused by
magnetic round lenses and multipoles and then scanned across the specimen.
Transmitted scattered electrons are collected by detectors covering different
radial sections around the optic axis. Electrons detected at each pixel of the
scan form the image. The sample has to be transparent to the electrons i.e. it
has to be < 100 nm thick to be probed in transmission.

Spatial resolution

Before going into the details of the microscope operated during this work,
the spatial resolution limit of the Cs-STEM is described. Mainly three factors
play a role on the achievable spatial resolution in a transmission electron
microscope: the aberrations of the lenses, the diffraction of electrons and the
source size. The effects of the diffraction and the aberrations are discussed
first. The Rayleigh criterion describes the highest resolution achievable (d;)
by an optical system that is only limited by diffraction as:

A
dg = 0.611— (3.4)

Here, A is the electron wavelength and « is the aperture half-angle that
is equivalent to the convergence half-angle (Fig. 3.9 (b)). The values of a

typically range from a few mrads to a few tens of mrads. In the case of STEM
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imaging, d; corresponds to the smallest achievable probe size. A lower d;
is reached for higher « and for lower A as seen in Eq. 3.4. In this work, the
microscope was operated at 100 keV which corresponds to A = 3.7 pm. For
a typical value of « = 30 mrad we will obtain a theoretical 4; = 75 pm. A
is very small and therefore it is not the main limiting factor. However, the
value of « is constrained by the optical system that is limited by aberrations.
Indeed, round lenses for electron optics are intrinsically not stimagtic
systems notably due to their cylindrical symmetry [90]. An ideal spherical
wavefront would focus the electron beam into a probe with size only limited
by diffraction. However, the aberrations of lenses induce a phase change of
the electron wavefront (x) that distort the wavefront and enlarge the mini-
mum probe size. The aberrations fall in two categories: geometric and chro-
matic.
Only taking into account the geometric aberrations with cylindrical sym-
metry and the chromatic aberration, x takes the following expression [91]:
x(6) = %zAf + %ZAE—];CC + i—4cs +0(8%,6 — 0) (3.5)
Where 0 is the angle between the optical axis and propagating electrons
and so 0 < 6 < a. Af and C; are the defocus and the spherical aberration, re-
spectively. AE is the energy spread of the electron source, Ey is the energy of
the electron beam and C. is the chromatic aberration. The C; is always posi-
tive for round lenses and tends to over focus electrons passing away from the
optical axis. The C; results from the lens focusing differently electrons with
different energies. The effects of Cs and C. are illustrated in Fig. 3.8. x is a fast
growing function of 6 and to reduce the effect of aberrations it is necessary to
decrease «. Indeed, there is a competition between the diffraction limit and
the aberrations and « can be optimized to minimize the probe size. For un-
corrected STEMs, the C; is the most limiting aberration and the defocus can
be used to compensate partially for Cs [92]. In Cs-STEM, the geometric aber-

rations can be corrected and compensated up to the 5%

order by a system of
magnetic multipoles. The correction of aberrations is possible using optical
elements that break the cylindrical symmetry. The aberration correctors are
either made of a set of octupoles and quadrupoles (NION [93]) or by a set of
haxapoles (CEOS [94]). The limiting factor for the Cs-STEM optical system
is therefore the chromatic aberration. However, the C. increases as 6% and is

therefore much less limiting than the Cs which implies that a can be set to

7In a stigmatic system the image of a point is a point.
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FIGURE 3.8: a) Scheme of an ideal stigmatic round lense where P is the object and P’ is the image
of P on the screen. b) Scheme of a round lense with a non-zero spherical aberration.
The image P’ is not a point anymore but a partial compensation of C; is possible using
anegative Af yielding a narrower image P”. b) Scheme of a round lense with non zero
chromatic aberration. Rays of different colors represent different wavelength.

higher values in Cs-STEMs compared to uncorrected STEMs. The effect of C,
can be reduced using a monochromator (e.g. CHROMATEM) [95] or with a
C, corrector [96].

An additional factor limiting the probe size is the source size. The practi-
cal probe d size is defined by [97]:

d=\/d2+d2 (3.6)

Where d, is the probe size considering the effect of the aberrations and d;
is the source size. d; is linked to the probe current I by the following equation
[97]:

_ Br?d%a?

4
Where B is the brightness of the electron source . It should be also noted

that the higher &, the higher I, so the higher the signal-to-noise ratio (SNR).

In Cs-STEMs, high resolution images can be obtained with corresponding

I (3.7)

large values of a (= 30 mrad) and higher probe current (I ~ 50 pA) than
uncorrected STEM.

NION UltraSTEM 200

The Cs-STEM operated in this work was the Nion UltraSTEM 200 equipped
with a C3/C5 NION corrector which technical scheme is shown in Fig. 3.9
(a) [98]. In this part, we discuss the path of electrons in the column of the
UltraSTEM 200 from the gun to the detectors. This microscope is equipped
with a cold field electron gun (c-FEG) that has a high brightness of 10° A cm™

8The brightness is characteristic of the electron emitter and describes the current density
in the probe.
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sl and a spectral broadening limited to 0.35 eV [99]. With its low spectral
broadening a c-FEG reduces the effect of the C. and is then particularly well
suited for high spectral and spatial resolution experiments. Thanks to the
high brightness c¢-FEG, high probe current are achieved. During this work
the microscope was operated at 100 kV to limit the damages such as sput-
tering of oxygen that might become strong at 200 keV. The probe is formed
by the condenser system (3 condenser lenses CL1 to CL3 in Fig. 3.9 (a)) and
the objective lens (OL in Fig. 3.9 (a)). The aberrations are corrected by a set
of magnetic octupoles and quadrupoles [93] labeled as C3/Cs corrector in
Fig. 3.9 (a). In this corrector, the C; is tuned to compensate for the Cs which is
the cylindrical symmetric 6° order aberration. Typical Cs aberrations of a few
micrometers are set to compensate for a residual Cs cylindrical aberration of
several millimetres. The non-cylindrical aberrations are also minimized and
compensated by the corrector. The C3/Cs corrector is optically coupled to
the objective lens by a set of quadrupole (QLM in Fig. 3.9 (a)). With such an
instrument, the optimal convergence half-angle reaches « = 30 mrad and the
probe size is then of d = 0.8 A[97] with I ~ 50 pA at 100 kV that is enough to
perform atomically-resolved images.

High stability sample holders are also required to achieve a high spatial

1 can be reached with the

resolution. Thus, a stage drift as low as 1 A min’
system operated during this thesis [98]. The sample holders also provide the
possibility to tilt of up to £ 30 deg along 2 orthogonal axes. This feature is
critical to orient with an accuracy of 0.1 mrad the thin film specimen along
the high symmetry direction of the crystal (zone axis) where atomic columns
can be observed. In this work, the thin films are observed along the [010] di-
rection of the garnet lattice. Moreover, the atmosphere at the sample holder
is maintained at at room temperature * and at around 10 mTorr. After the
sample, the transmitted beam is optically coupled to the high-angle annu-
lar dark-field (HAADF) detector by the projector system (4 projector lenses
PL1 to PL4 in Fig. 3.9 (a)). The bright-field (BF) and the medium-angle annu-
lar dark-field (MAADF) detectors and the electron energy-loss spectrometer
(EELS) are coupled with the transmitted beam by the projector system and
the quadrupole-octupole coupling module (QOCM in Fig. 3.9 (a)). In the next
sections, we describe the main acquired signals in this work, i.e. first HAADF
and then EELS.

%It is also possible to heat up the sample.
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scheme of typical aberration-corrected STEM. This figure is adaptated from refs. [98,
100]
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High-angle annular dark-field (HAADF) imaging mode

The high-angle annular dark-field detector is a ring-shaped detector which
covers a radial section around the optical axis which, in our case, ranges
from 80 mrad to 240 mrad [97]. The HAADF imaging mode is incoherent,
due in particular to the large area of the detector which averages the residual
diffracted intensity [101]. Hence, HAADF images are much more straightfor-
ward to interpret than typical BF intensity that contains a difficult to estimate
phase term.

Athigh angles, electron scattering is dominated by interactions with atomic
nuclei [102] of the observed solid. For this type of interactions, the electrons
are mostly elastically scattered as a result of the large difference of mass be-
tween electrons and nuclei (my =~ 1000 x m,). Thus, the cross-section of
the high-angle scattered electrons varies roughly as Z!7 [103] where Z is the
atomic number. An atomic scale HAADF image of B(Cag3Y(2)IG is shown in
Fig. 3.10. The atomic columns containing elements with high atomic number
such as Bi (Z = 83) and Fe (Z = 28) appear as bright contrast in Fig. 3.10 '*.
In the case of Ca substitution (Z = 20) on the Bi site, the presence of Ca in
an atomic column will tend to decrease its intensity in HAADF (atomic col-
umn a in Fig. 3.10). Besides, HAADF images have the advantage to suffer no
contrast reversal over a wide range of focus values and sample thicknesses
[104]. However, the HAADF intensity increases with the sample thickness
and is therefore sensitive to thickness variations.

At the atomic scale, the HAADF was used in this thesis to obtain an easily
interpretable image of the cationic lattice (Fig. 3.10). These images of atomic
columns also provide a way to measure the strain distribution in the film
using GPA (section 3.2.1). The large inner radius of the HAADF detector
allows the simultaneous detection of inelastic scattering that occurs at lower

angles by the EELS system.

3.1.6 Electron Energy Loss Spectroscopy (EELS)

In this thesis, EELS was used first at low energy dispersion (=~ 1 eV ch)
to perform elemental mapping, in particular at the film substrate interface.
At higher energy dispersion (= 0.06 eV ch™'), EELS was used to probe the
valence state of Fe at the local scale in relation with the electrical properties
of the different Ca and Y co-substituted BIG thin films.

0For this reason, HAADEF is often also called Z-contrast
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FIGURE 3.10: a) Atomic scale HAADF image of B(Cag3Y(2)IG thin film. A model of the cationic
sublattice is displayed on the left and on top of the HAADF image. An atomic
column a, highlighted in orange, has a lower intensity of ~ 5% which might indicate
the presence of Ca. b) Intensity profile of image (a) integrated in between the two

white lines displayed in (a).

EELS spectrometer
Electron energy-loss spectroscopy (EELS) is the measure of the energy lost
by electrons upon inelastic scattering in the observed specimen. The spec-
trometer operated to disperse the electrons according to their energy losses
is a Gatan Enfina [97] fitted with a high sensitivity fast CCD (ProEM 1600).
Transmitted electrons that enter the spectrometer are deflected depending on
their energy by its magnetic prism (Fig. 3.9 (a)). More precisely, the more elec-
trons lose energy upon inelastic scattering in the sample, the more they are
deflected. Besides, electrons entering the prism at different angles but with
the same energy are focused in a line by the prism. A set of quadrupoles
located after the prism modulate the energy dispersion to achieve higher en-
ergy resolution (Fig. 3.9 (b)). The electron counts in the direction of energy
dispersion form the EEL spectrum on the CCD camera. In this work, the
CCD camera was used in its low read-out frequency of 100 kHz to reduce the
noise level (typical three e~ rms read noise noise per channel at full binning).
In this thesis, the dispersion of EEL spectra ranges from 0.063 eV per chan-
nel to 1.25 eV per channel. As any optics in the electron microscope, the spec-
trometer has to be aberration corrected not to broaden the measured spectral
features. In the NionUltraSTEM?200, the aberrations are corrected up to the
third order by the QOCM (see Fig. 3.9 (a)) [97]. The EELS aperture defines
the collection angle () which ranges from 20 mrad to 60 mrad. While a large

collection angles is useful to increase the SNR, it can introduce additional
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FIGURE 3.11: Scheme of the acquisition of a SpIm. The electron beam is scanned over a chosen
region of the sample. At each position of the beam, the scattered electrons are si-
multaneously collected by the HAADF detector and by the EELS spectrometer. An
image is formed using the HAADF signals while the EELS signals forms an array
of spectra. An HAADF intensity corresponds to each spectrum of the SpIm. Figure

adaptated from ref [106].

aberrations. A combination of a low , an aberration correction to the third
order and a large enough energy dispersion are required to achieve an high
energy resolution. Overall, the energy resolution of the EELS spectrometer is
limited to about 0.5 eV.

Spectrum Image (SpIm)

Coupling the STEM imaging mode while probing EELS allows the simul-
taneous acquisition of the HAADF contrast and EELS spectrum during the
scan. The resulting dataset, called a spectrum-image (SpIm), is a data-cube
(Fig. 3.11(a)) where the channels of each spectrum at position (x, y) are stored
along the z direction; each (x, y) pixel has a corresponding HAADF intensity.
Mapping the energy-loss features can be performed down to the atomic scale
thanks to this acquisition method [105].

EELS spectrum
Inelastic scattering of electrons in solids is mostly caused by interactions with
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FIGURE 3.12: Typical EELS spectrum covering the low loss and core loss regions. This figure is
adapted from ref. [100].

the electrons of the solid. An EELS spectrum is composed of two energy re-
gions. The low losses region corresponds to the excitation of phonons, exci-
tons, interband transitions or plasmons which occur from 0 to roughly 50 eV
(Fig. 3.12 (a)). An intense peak is observed at 0 eV (called the zero-loss peak)
which corresponds to the electrons having lost less energy than the energy
resolution of the EELS system. The core losses region correspond to excita-
tions of the inner shell of atoms which starts, typically, above 50 eV energy
loss. The cross-section of electron inelastic scattering decreases rapidly with
increasing energy [102], limiting the range of detectable spectral features to
roughly 3 keV.

Core losses

In this work, only the core losses were studied. The excitation of an inner
shell by a 100 keV beam induces a transition to empty states. These excitation
yield an high intensity ionization threshold at energy losses that correspond
to the energy difference between the core shell and the first empty states.
After an ionization threshold, the intensity decays as a power law. In the
dipolar approximation, i.e. no momentum transfer, the cross section of core-
loss EELS is proportional to the one of X-ray absorption spectroscopy (XAS)
[107]. XAS spectra are therefore occasionally used through this manuscript

in direct comparison with EELS spectra.
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FIGURE 3.13: Typical EELS spectra acquired in B(Cap3Y(2)IG (right panel), in GGG substrate
(middle panel) and in B(Cag Y0 5)IG (left panel).

Elemental mapping: In this work, the EELS were first used for elemen-

tal mapping as each ionization threshold occurs at an energy that is specific
of the probed atoms and enables elemental identification. The main edges
investigated in this work are: Ca L3 at 346 eV, O K at 532 eV, Fe L3 at
710 eV, Gd My 5 at 1185 eV, Y Ly 3 at 2080 eV and the Bi M, 5 at 2580 eV edges
(Fig. 3.13). The Ca/Fe elemental ratios were calculated using tabulated cross-
section: Hydrogenic cross-section for L, 3 edges ! [108].

Several factors play a role on the spatial resolution of elemental maps. In-
elastic scattering events with higher g (g is the momentum transfer in nm™')
are more localized. Hence, a 8 of 60 mrad was used to increase the collec-
tion of inelastic scattering events [109]. Besides, a characteristic excitation
length (/j,.) can be assigned to each core-loss ionization, describing the dis-

tance from which the electron probe excites the transition. An upper bound-

ary to the [j,. can be estimated as : [}, ~ 0.71A (%)3/4 [110] where A and
Ey correspond to the wavelength and energy of the electron beam and E cor-
responds to the excitation energy. The Ij,, ranges from 1.8 A for Ca L,3 to
0.4 A for Bi Mys at 100 kV and should limit the spatial resolution. Addition-
ally, the spatial resolution in EELS mapping is obviously limited by the elec-
tron probe characteristics. The large a values related to the small probe size
tend to delocalize the electron probe, especially for thick (>50 nm) samples
[111, 104]. However, the electrons undergo a channeling effect which tends
to localize them along atomic columns during their propagation through the

11 A special correction for L, 5 edges to the hydrogenic cross-section was applied.
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sample [112] 2. The acquisition of atomically resolved elemental maps is
made possible by Cs-STEM as a result of the high achievable currents in sub-
angstrom sized probe and was demonstrated in several works [105, 113, 114,
115, 116].

Energy-loss near-edge structure: At higher energy resolution, the core-

losses present fine structures from 0 to 30 eV after the ionization edge called
energy-loss near-edge structures. In this thesis, we investigated the fine struc-
tures of the O K and Fe L, 3 edges to better understand the electronic structure
of the probed thin films. Thus, the Fe L, 3 carries detailed information on the
valence and spin states and on the site symmetry of Fe. On the other hand,
the information about the hybridization of O with Fe (and Bi) are contained
within the O K edge fine structures. The spectral signatures of valence, site
symmetry, spin and hybridization are recognizable as energy shifts and/or
shape changes of the fine structures [116]. These fine structure changes are
subtle and therefore require EEL spectra to be acquired at large spectral dis-
persion (0.063 eV ch). Even though the task is more challenging than el-
emental mapping, several authors have already shown that it is possible to
map the coordination [117, 118] or the valence states [119, 120, 121] of transi-
tion metals down to the atomic scale.

The O K edge originates from 1s — 2p transitions. The Fe L is split by the
spin-orbit of the 2p states into the Lz and L, peaks originating from 2p3,, —
3d and 2p1,, — 3d transitions, respectively. The L,3 edges (Fig. 3.14) are
called white lines due to their high cross-section related to the large overlap
between the 2p core hole and 3d states [107]. The transitions responsible for
the O K and Fe L; 3 edges are mostly dipolar with a small momentum transfer
[102]. Hence, to avoid the spectral broadening from residual aberrations in
the spectrometer and additional non-dipolar transitions the fine structures
were probed with f = 20 mrad.

There are no EELS reference for BIG in the literature. We will thus discuss
the fine structures of Fe L, 3 for iron oxides with comparable density and Fe
ground states (spin states and hybridization amount). Hence, the analysis
of the fine structures of Fe L, 3 are transferable from one oxyde to another
[122]. Thus, the different fine structures related to the Fe**, Fe3* in Oy, and
T4 coordinations and Fe?* are described here.

e Fe3* Oy: The spectral shape of Fe** is known to be dominated by excita-
tions from a 3d° ground state. The EELS spectrum of O, Fe3* is shown

12 A quantification of the resolution of atomic scale EELS mapping is possible using a sim-
ulation of the electrons propagation.
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FIGURE 3.14: a) Experimental and theoretical EELS spectra of Fe** L, 3 edge in O}, and Ty coor-
dination probed in NiFe,O, b) Experimental and theoretical spectra of O}, Fe** and
Oy, Fe** L3 edges in LaFeOj; and SrFeOjs respectively. c) Experimental EELS spec-
tra of the O K edge in the Laj_«SrxFeOs. This figure is adapted from ref. [123] for
Lay_,SryFeO3 and ref. [124] for NiFe,;O4

in Fig. 3.14 (a) [124]. The Oy L3 peak has a maximum at ca. 710 eV
and a shoulder at ca. 708 eV. These two features are well separated due
to the strong crystal field of the Oy, configuration. The Oy, L, is mostly
composed of 2 peaks at 721 and 723 eV, the latter being slightly more
intense [125, 126, 127].

e Fe®* Ty: The spectral shape of T4 Fe 3d° is shown in Fig. 3.14 (a) [124].
The T4 L3 peak maximum is shifted to 0.4 eV lower energy with respect
to the maximum of the Oy, L3. In many T4 environments, the shoulder
of the T4 L3 is less intense than the one of the Oy, L3 (associated to lower
crystal field intensity in T4 environment and to different ey />, hierar-
chy.) [124, 122]. The Tq4 L is very similar to the Oy, L, except that it is
spread on a narrower energy range [117, 118].

e Fe'*: The Fe** has a mixed ground state of 3d* and 3d°L where L is a lig-
and hole. Hence, the Fe** fine structure changes with respect to Fe 3d°
are very subtle on the Fe L; 3 edge. This is shown in Fig. 3.14 (b) for Fe
in Oy, coordination in the Laj_,SryFeOj solid solution where La3*Fe3*O;
has Fe®* and Sr?*Fe**O; has Fe**[123]. It especially challenging if only
a fraction of Fey, is present in the probed specimen. Nevertheless, the

L is responsible for a strong pre-peak on the O K edge as shown in
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FIGURE 3.15: Experimental and theoretical EEL spectra of Oy, Fe?* L, 3 edge in FeO. This figure is
adapted from ref. [122]

Fig. 3.14 (c) for the La;.,SrxFeOs. In this work, the presence of Fe*" is
then mainly investigated by EELS on the O K edge [128, 129, 130, 131].

e Fe?*: The spectral shape of Fe 3d° is shown in Fig. 3.15 for FeO (Oy,
coordination) [122]. The maximum of the L3 peak is shifted to around
708 eV that is almost 2 eV to lower energy. The principal shoulder of
the L3 peak is at around 710 eV at higher energy than the Lz maximum
in contrast to the 3d° configuration. The L, peak is also shifted of about

2 eV to lower energy and is mainly composed of one strong peak [125,
132, 126].

In this work, the fine structures of the O K edge are investigated to assess
the presence of Fe** in Ca and Y co-substituted thin films. The presence of
oxygen vacancies that induce the formation of Fe?* is studied using the Fe
L, 3 edge. The Fe L, 3 edge was also probed at the atomic scale to unveil the
possible link the coordination and charge state of Fe.

3.1.7 Sample preparation of films for electron microscopy

The samples for electron microscopy studies were prepared in the cross-
section geometry by focused ion beam (FIB) using a Scios DualBeam equipement
(ThermoFischer) in the NANOTEM platform (EquipEx TEMPOS project) '°.
The FIB is equipped with a source of Ga ions accelerated at a few kV which
is used to extract a few ym? lamella for STEM observation for the film. The
obtained lamella is a cross section of the film and the substrate that is approx-

imately 70 nm thick. During the FIB extraction, Bi atoms can evaporate and

13The FIB lamella were prepared by Laura Bocher.
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FIGURE 3.16: HAADF image of a Bi-rich iron garnet thin film. The film/substrate interface is
highlighted by black arrowheads. A typical area with the Bi redeposits is high-
lighted with red arrowheads.

redeposit as clusters on the surface of the lamella. The Bi redeposits can be
seen as circular higher contrast spots in Fig. 3.16. This effect can be limited by
cleaning the lamella with a low energy ion beam (i.e. 2 kV and 27 pA). Using
the FIB preparation, lamella of constant thickness can be extracted which is
important for EELS and image analysis (section 3.2.1). The FIB also allows
the extraction of lamellas along specific crystallographic axes or specific areas
e.g. with a Pt contact pad.

3.1.8 X-ray magnetic circular dichroism (XMCD)

The XMCD studies were performed on the ALICE beamline [133, 134] at the
BESSY II synchrotron which acts as a high brightness X-ray source '*. The
XMCD was probed on a few selected thin films: as-grown B(Cag3Y(2)IG,
as-grown B(Cag Y0 5)IG, TA96 B(Y1,)IG and BIG as a reference sample.
X-ray magnetic circular dichroism (XMCD) is analoguous to the Faraday
ellipticity described in section 2.1.2 (or the Kerr ellipticity depending on the
geometry) but in the X-ray range. The absorption difference of right- and
left-circularly polarized X-rays yields the XMCD signal. XMCD at the Fe L, 3
edge probes similar transition as in EELS, that are described in section 3.1.6,
and additional Fe specific MO information can be obtained. This tool is no-

tably useful to disentangle the spectroscopic contributions from coordination

14The beamline operation was supervised by Radu Abrudan and Sergio Valencia.
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FIGURE 3.17: Simplified scheme of the ALICE beamline at the BESSY II synchrotron.

and charge [135]. In this work the XMCD signals of the Fe L, 3 and Ca Ly 3
edges were investigated.

A scheme of the ALICE beamline is shown in Fig. 3.17. The beamline
works with circularly polarized soft X-rays in the range 20 to 1900 eV. A 0.1-
0.2 eV energy resolution is achieved with the monochromator (Fig. 3.17). In
the sample chamber a pressure of around 10# mTorr is maintained to pre-
vent X-ray absorption from air. To correct for the intensity fluctuations of the
beam, the current in a X-ray transparent gold mesh (Iy in Fig. 3.17) is mea-
sured by a Keithley pico Ampere-meter for normalization. The specimen
makes an angle 6 with the incident X-ray (Fig. 3.17) and 6 can vary between
-180 and 180 deg. An electro magnet that can rotate independantly is used to
apply an in-plane (parallel to the film/substrate interface) magnetic field of
up to £ 370 mT. This magnetic field is enough to saturate Bi-rich iron garnets.
The interaction of X-rays with the sample can be measured in two ways:

e The total electron yield (TEY) is the measure of electrons emerging from
the surface of the sample after the interaction with X-rays. Due to the
low mean free path of electrons in solids TEY is mostly surface sensitive
(about 5 nm [133]). The signal is collected through a wire glued with sil-
ver paste on the surface of the sample and measured by a Keithley pico
Ampere-meter. This method yields quantitative results that are very
similar to X-ray absorption spectroscopy (XAS) and EELS. A magnetic
field cannot be applied during the TEY measurement as the electrons
would interact with it. The TEY XMCD is then measured solely in re-

manence.
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e The fluorescence yield (FY) is the measure of X-rays originating from
the fluorescence decay. In contrast to TEY, the mean free path of X-rays
in solids is much larger with a probing depth of around 100 nm [133].
The signal is collected at an angle 20 with the incident beam by an IRD
silicon photodiode [133] that can rotate around the sample from -175 to
175 deg. During the FY measurements an applied magnetic field can be
applied and the magnetic hysteresis cycles were performed in FY. The
FY only yields qualitative results [136, 137, 138].

In practice, the XMCD signal is obtained by measuring twice only one
circular polarization but once with a parallel applied magnetic field (¢") and
a second time with an anti-parallel (¢ ™) applied magnetic field. This method
yields the same results as using left- and right-circular polarizations. Both
I,+ and I,- are always normalized by Iy. The XMCD spectra are obtained
calculating Ixpyicp = I+ — I,— and Ixpcp is normalized using Ix s = I+ +
I,-. The O K was also measured during the experiments but the results are
not discussed in this thesis. The gold mesh used for intensity normalization
was slightly oxidized, then the O K of the mesh appears in Iy which prevents
the normalization of the signal. The intensity of the hysteresis cycles were
also not normalized by I as the strong magnetic field of the magnet also
perturbs the .

3.2 Data analysis tools

3.2.1 Geometric phase analysis (GPA)

The studied thin films undergo a compressive strain of up to 2% from the
substrate. The strain distribution and the strain relaxation mechanisms were
investigated using GPA on atomically-resolved HAADF images of the film /substrate

interface.

Principle

The GPA is an image processing method developed by Hytch, Snoeck, and
Kilaas [139] for the analysis of strain and structural defects in crystal lattices
in High Resolution TEM. It is also possible to use this technique on atomi-
cally resolved HAADF images. The GPA is using reciprocal space filtering to

determine the local displacement of atomic columns (or strain) in the image.
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The strain is determined with respect to a reference area picked in the image
which, in our case, is the substrate.

The operating principle of the GPA is presented in Fig. 3.18. First, a
Fourier transform (Fig. 3.18 (b)) of the image (Fig. 3.18 (a)) is performed. A
mask is applied on two selected reciprocal lattice reflections. The phase part
inside these masks is used to extract an image of the real-space phase for each
reflection (Fig. 3.18 (c)). Maps of the strain are computed using the phase im-
ages (Fig. 3.18 (d)). The link between the phase images and the strain maps
are detailed in appendix B. The position of the masks in the reciprocal space

are optimized so that strain is zero in the reference area.

Application to atomically-resolved HAADF images

The instrument used here is a Cs-STEM described in section 3.1.5 and the
atomically-resolved images are acquired with a HAADF detector. HAADF
images have the advantage of suffering no contrast reversal over a wide
range of focus values and sample thicknesses in contrast to HRTEM images
[104]. The HAADF images are then straightforward to interpret and analyse
over relatively large field of view even in the case where the thickness of the
sample is slightly inhomogeneous.

However, STEM imaging obviously implies to scan over the region of
interest which is at the origin of additional noise for the strain analysis com-
pared to HRTEM images. The main source of errors occurs when the probe
goes from one pixel row to the next one, which corresponds to the slow scan
direction (in opposition to the fast scan direction that is along a row). Along
the slow scan direction, both sample drift and fly-back errors result in a con-
traction or a dilatation of the image yielding an incorrect strain. To overcome
this effect, for every GPA processing, a set of two images of the same region
of interest are acquired with a 90 deg angle relative to each other [140]. The
strain profiles were always integrated along the direction perpendicular to
the computed strain component to avoid processing noise. Then the image
acquisition parameters were chosen to ensure a sufficient signal to noise ratio
and sampling rate while limiting the sample and hardware temporal insta-
bilities.

The GPA were performed on images of 4096 x 4096 px? on a field of view
of 80 x 80 nm? with a pixel dwell time of 19us. For the geometric phase

analysis, a mask size of 0.4 nm !

was chosen, which corresponds roughly to
1/2a5,p (a5, = 1.2383 nm). This mask size is a compromise between spatial

resolution and noise level as both these parameters increase with the size of
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FIGURE 3.18: a) atomically resolved HAADF image of the film/substrate interface. The reference
area used during GPA is indicated by a white rectangle. b) Fourier transform of (a).
The (400) reflection in blue was used to extract (c) and (d) and the mask is indicated
by a blue circle. c) phase map obtained after filtering of (b). d) In-plane strain map
computed using (c).
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the mask [140]. The masks were applied on the (004) and (040) reciprocal
lattice reflections. The profiles of i-p relative strain and o-o-p relative strain
with integration direction parallel to the film/substrate interface were then
used for data analysis [140]. The acquired images always contain about 20
nm of the substrate which is used as reference area. The mask position is
optimized so that the strain in the substrate is 0% in average.

3.2.2 Principal component analysis (PCA)

To achieve atomically resolved elemental maps, the acquisition time at each
pixel of the SpIm is limited by the drift of the sample and by the damage
induced by the electron probe. Therefore, each EELS spectrum of the SpIm is
noisy with a mixture of gaussian and poissonian distributions and the PCA

is used to overcome this issue.

Principle

The PCA is generally used for interpretation and reduction of the data. In
this work, it was only used to denoise the STEM/EELS elemental map. This
technique is commonly used in a variety of scientific fields and EELS is one
of them [141].

A dataset can be describe in a n-dimensional space in which a set of co-
ordinates can be attributed to each data point. The PCA is based on the hy-
pothesis that signals'® in a dataset have high variance while noise have lower
variance. The algorithm changes the basis set on which the data are pro-
jected and finds new basis vectors that point in the directions of decreasing
variance. The first vector of this new basis set therefore contains most of the
variance of the complete dataset. A vector of the new basis set is called a com-
ponent. Components with high variance, called "principal components", de-
scribe most of the signal while the other components describe only noise. By
keeping only the principal components, a reduced dataset is built and con-
tains most of the variance of the original dataset (explained variance). In the
present work, the PCA was applied using the Hyperspy Python library [142]
designed for the processing of multi-dimensional data. The algorithm used
to perform PCA in Hyperspy is the singular values decomposition which is

a generalized way of diagonalizing a non-square matrix of real numbers.

15By signals, we mean spectral features containing a physical meaning.
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Application to EELS hyperspectral data

The electron scattering events through the observed material follow a Pois-
son’s law. That is why the noise in EELS is primarily following a poissonian
distribution which variance scales with electron count. The electron detec-
tion suffers from dark current noise (Poissonian) and read-out noises (Gaus-
sian) that add up on the measured signal. A dedicated PCA algorithm, i.e.
weighted PCA [143] was used on EELS SpIm taking in account the mixed
poissonian and gaussian nature of the noise. In Fig. 3.19, typical results of
PCA processing on an elemental map are shown.

The key part of the PCA processing is to choose the correct number of
principal components that contain most of the explained variance without
rejecting any minor signal. For this purpose, we present here several visuali-

sation tools to discriminate between signal and residual noise:

e The scree plot (Fig. 3.19 a)) shows the explained variance corresponding
to each component, in most cases the first few components, i.e. less than
10, contain all the relevant signal and there is an inflexion point in the

plot after which mostly noise is remaining.

e The decomposition factors are the different components obtained by
PCA. The first principal component is shown in Fig 3.19 (b) which cor-
responds to the negative average spectrum of the SpIm. Thus, the aver-

age Fe L, 5 edge is recognizable (Fig 3.19 (b) inset). The 9t

component
seems to describe only high frequency noise and no core-loss edge is

identifiable (Fig 3.19 (d)).

e The decomposition loadings show maps of the weight of each compo-
nent. The map of the first principal component is shown in Fig. 3.19 (c)

while a map of a component containing only noise is shown in Fig. 3.19

(e).

The principal components are then chosen after the inspection of decom-
position factors and decomposition loadings, leaving factors and loadings
containing only noise. In the scree plot, the point after which the remaining
points follow a linear behavior is usually a good estimation of the number of
components. The factors are a linear combination of the signals contained in
the dataset and are difficult to interpret because they do not correspond to
real physical EELS spectra. The PCA algorithm tends to spread the variance
over a high number of components in the case of low SNR, which results in

the loss of information [144]. Furthermore, the PCA is an algorithm that uses
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FIGURE 3.19: Determination of the number of components for the PCA of an elemental map at the
film/substrate interface. a) Scree plot of the explained variance. b) Decomposition
factor corresponding to the 1% component. A zoom on the Fe L, 3 edge of the 1%

component is shown in inset. c) Weight map of (b). c) and d) 9™ component factor
and its correspoding weight map, respectively.
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FIGURE 3.20: Comparison of elemental maps at the film /substrate interface before and after PCA
retaining 8 components. a) and b) Fe L, 3 edge of a typical pixel acquired in 30 ms
before and after PCA, respectively. a) and b) Fe L 3 edge intensity maps before and

after PCA, respectively.

linear algebra and therefore tends to produce artefacts when there are non-
linearities in the data such as plural electron scattering or core-loss edges fine
structures variations. Therefore, in the present work, PCA was only applied

for elemental mapping such as the one presented in Fig 3.20.
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3.3 Data analysis developments

3.3.1 Cluster analysis
Introduction

While it is difficult to analyze STEM/EELS elemental maps at the atomic
scale, it is even more challenging to map subtle changes in the fine structures
of core-loss edges due to the limited SNR. Here, the goal is to identify and
localize the spectral signatures (e.g. Fe3* Oy,) within an atomically resolved
SpIm despite the mixing of these spectral signatures due to the delocaliza-
tion and the noise. Spectral unmixing techniques such as independent com-
ponent analysis (ICA) [145] or vertex component analysis (VCA) [146] were
already developed and applied on this type of data. However, ICA assumes
that the different spectral signatures are statistically independent and VCA
assumes that the dataset contains pure pixels which contain only one of the
different spectral signatures. Both techniques also make the hypothesis that
the mixing of the spectral signatures is linear.

We developed '© the cluster analysis (or clustering) for the interpretation
of fine structures in SpIms which uses less restrictive hypothesis on the struc-
ture of the explored dataset. The cluster analysis is a well-known technique
in the field of data-science [147] that aims at grouping spectra according to
their similarity. However, this technique was only used very recently in the
EELS community [148, 149, 150] and mostly for the analysis of elemental
maps, i.e. with well separated spectral signatures and higher SNR, but al-
ready yield interesting results. Here, first tests were applied on the analysis
of the fine structures of Co L3 through the cluster analysis on a model system,
Co30y, as a proof of principle to validate the clustering method applied on
mixed-valence states and Oy, /T4 sites mapped using STEM/EELS.

First, the clustering algorithm used in this study, K-means++, is intro-
duced. Then, we describe the atomic and electronic structures of CozOy4 to
clarify how it is a suitable model system to test the validity of the cluster-
ing approach for the further study of Fe L3 in iron garnets (section 5.3.2).
Synthetic SpIm are created to assess the performance of the K-means++ al-
gorithm and its domain of application in terms of SNR. We evaluate the sta-
tistical distribution of experimental spectra to estimate the expected results
of clustering. Finally, the results of clustering on an experimental atomically-
resolved SpIm of Co30O4 are presented.

16Nathalie Brun (LPS) helped us to develop the cluster analysis.
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K-means++ algorithm

When performing the clustering, the aim is to assign a label (k) to every spec-
trum of the dataset so that they belong to the clusters Cx 7. Within each
cluster, the spectra should be as similar as possible while spectra from differ-
ent clusters should be as different as possible. In this work, the similarity be-
tween spectra was determined by computing the Euclidian distance between
spectra of the dataset. A SpIm of x x y = N spectra that have p energy-loss
channels are considered as a collection of N points in a p dimensional space,
i.e. each spectrum is a point and the intensities in each channel are p coordi-
nates. The Euclidian distance between spectrum a (aq,ao,..., ap) and spec-
trumb (by, by, ..., b,)isthendg = \/(al —b1)?+ (a2 —b2)?+-- -+ (ap — bp)2.
The smaller the dg value, the more similar are the spectra.

The cluster analysis was performed using the K-means++ algorithm of
the scikit-learn Python library [151]. To perform this algorithm, the user sets
the number of clusters n and a tolerance value. It implies that generally some
prior knowledge is required to guess the number of spectral signatures in
the Splm, e.g. two valence states or two coordination sites. In this study, the
default tolerance value of 0.0001 was used as it yield good results. The steps

of the K-means++ algorithm are described here:

e Initialization A set of n points of the p dimensional space is set ran-

domly. These points are called centroids.
e Assignment Each data point is associated to its nearest centroid.

e Update The average of the spectra contained within each cluster is com-
puted and the centroids are assigned to these new positions. If the cen-
troids moved less than the tolerance value then the algorithm goes to
the next step. Otherwise, the algorithm goes back to the Assignment
step.

e Randomization The results depend strongly on the Initialization step.
Therefore, the Assignment and Update loop is computed for several
Initialization. The final output is the average of the results.

The computation time of K-means++ scales linearly with the size of the
dataset [147] and is then a fast algorithm. For instance, cluster analysis with
n = 3 of a SPIM with N = 2600 and p = 250 takes less than a second to com-
pute. Its working principle and its outputs are fairly simple which help the

7This is not exactly true as some clustering algorithms are designed to exclude outliers.



6 Chapter 3. Experimental techniques and data analysis tools and
developments

(b)

— Co*'Td
— Co* Oh

Intensity (arb. units)

775 780 785 790 795 800 805
Energy loss (eV)

FIGURE 3.21: a) Atomic scale STEM-HAADF image of Co304. The Co®** Oy, columns are high-
lighted in blue and the Co?* T4 columns are highlighted in red. b) Sum of 80 spectra
extracted from Co3* O, columns and Co?* T4 columns. The energy dispersion used

was 0.063 eV ch ™! and each spectrum was acquired in 20 ms.

interpretation of the results. However, the clusters obtained with K-means++
are isotropic. This is a problem, for instance, for SpIm with thickness vari-
ations as the collection of spectra would take a hyper-line shape. Here, we
work with atomically resolved SpIm which should reduce the impact of the
thickness variations.

Co304 as a model system

The Co30; is used as a model system because it is a mixed valences states
compound and the distribution of the Co valence states is well-known. Here
a typical SpIm probed on a Co3;O4 nanoparticle at the UltraSTEM200 '® was
tirst tested to validate the clustering approach.

Co30y is a binary oxide that crystallises in the normal spinel structure
with the Fd3m space group and a lattice parameter of 0.8065 nm [152]. In the
unit cell, two thirds of the Co ions are in the Oy, site with 3+ valence while<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>