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Abstract

The main goal of this thesis is to study the phenomenology of the magnetic proximity
effect in YBayCuzO7/Lag/3Ca;/;3MnO3 (YBCO/LCMO) and YBCO/LaMnOgz4,(LMO) su-
perlattices grown on Lag 3519 7Aly.65Tag 3503 (LSAT) substrates with almost symmetric layer
thicknesses. For both samples the cuprate and manganite layers preserve their respective
superconducting and ferromagnetic properties. The superconducting transition onset tem-
perature amounts to Tc ~ 88K and 77K for the YBCO/LCMO and the YBCO/LMO su-
perlattices, respectively. The reduced T¢ in the latter suggests a small oxygen deficiency
in the YBCO layers. The Curie temperature of the LCMO and LMO layers amounts to
TCwe ~ 200K and 135 K, respectively. The structural properties of both samples are compa-
rable; the superlattices are strained and adopt in-plane lattice parameters similar to the ones
of the substrate. While the LCMO layers exhibit a metal-to-insulator transition at 7Cwie,
the LMO layers remain insulating in the ferromagnetic phase. This different behavior in
the ferromagnetic state allows the study of the influence of the electronic properties of the
ferromagnetic layers on the magnetic proximity effect.

The magnetic depth profile of the superlattices has been studied by means of polarized
neutron reflectometry (PNR). The high quality of the superlattices and the stability of the
LSAT substrate at low temperatures permit the measurement of the reflectivity curve up to ¢,
values of 0.14 A=, The access to this extended ¢, range allows the identification of the differ-
ences between the observations and the simulations based on different magnetic configurations
at the interface. The analysis of the neutron reflectivity curves measured at room temperature
reveals that the interface roughness for both the YBCO/LMCO and YBCO/LMO superlat-
tices is similar and small. In both cases the even order superlattice Bragg peaks (SLBPs) are
strongly suppressed as expected for the similar thickness of the cuprate and manganite layers.
The PNR curves measured in the ferromagnetic state of the YBCO/LCMO superlattice exhibit
prominent even order SLBP which suggests a mismatch between the magnetic and structural
depth profiles. The observed features of the reflectivity curves are properly reproduced only
when a so-called depleted layer, in which the ferromagnetic moment is strongly suppressed,
is introduced on the LCMO side of the interface. These depleted layers extend over several
LCMO monolayers from the interfaces and their thickness is larger than the interface rough-
ness. This suggests that they are of intrinsic rather than structural origin. Furthermore, the
temperature evolution of the reflectivity curves suggests that the thickness of the depleted
layers exhibits a rather sudden change in the vicinity of the YBCO superconducting transi-
tion temperature Tc. Whether this is evidence of superconductivity-induced changes in the
magnetic-depth profile needs to be further explored. In contrast, the PNR curves measured
on the YBCO/LMO sample in the ferromagnetic state do not show a significant increase in
the intensity of the even order SLBPs. The magnetic contributions to the neutron poten-
tial are thus nearly symmetric. The quantitative analysis of the PNR curves shows that the
depleted layers in this case are bound to the first LMO monolayer at the interface. Since
the structural and interface properties of the YBCO/LCMO and YBCO/LMO samples are
comparable, the large difference in the strength of the depleted layers appears to be related to
the electronic properties of the manganite layers. The intrinsic origin of the depleted layers is
thus confirmed.

The electric and magnetic properties of the Cu ions on the YBCO side of the interface
have been studied with x-ray absorption spectroscopy measurements with linear and circular



polarization. The orbital reconstruction and ferromagnetic order of the Cu ions at the inter-
face is confirmed for both samples. The orbital reconstruction is such that the occupation of
the in-plane and out-of-plane orbitals is similar, in contrast to the large orbital polarization of
bulk YBCO. The induced magnetization in Cu is antiparallel to the applied field and to the
magnetic moment in the manganite layers. The x-ray resonant magnetic reflectometry mea-
surements of sample YBCO/LCMO confirm that the moments in Cu are on the YBCO side
of the interface and are not consequence of chemical interdiffusion. In addition, the similar
temperature dependence and switching behavior evidence that the Cu moments are coupled to
the magnetization on the manganite layers. The quantitative analysis shows that the orbital
reconstruction and the magnetism occur exclusively in a fraction of Cu ions located at the
interface for which a modified electronic environment is evidenced. A direct link between these
two effects is thus established for the first time. The obtained magnetic moment per modified
Cu ion amounts to 0.18(4) up and 0.16(6) up for the YBCO/LCMO and YBCO/LMO super-
lattices respectively. The size of the orbital reconstruction is also similar in the two samples.
These effects are thus not strongly affected by the electronic properties of the ferromagnetic
layers. Nevertheless, the fraction of electronically modified Cu ions at the interface appears
to be larger in the YBCO/LMO sample. The origin of this difference is still to be determined.

The simultaneous suppression of the magnetization on the manganite side of the interface
and induction of a ferromagnetic moment on the YBCO side is thus confirmed for the first
time. This observation suggests that in spite of the strong reduction of the net magnetization
on the manganite side of the interface the magnetic correlations persist right to the interface.
The depleted layers therefore cannot be regarded as non-magnetic. They must exhibit a
canted antiferromagnetic or oscillatory order for which the net in-plane magnetization is largely
suppressed.



Résumé

L’objectif principal de cette these est d’étudier la phénoménologie de l'effet de proxi-
mité magnétique dans des superréseaux de YBagCu3zO7/Lag/3Ca;/3MnO3 (YBCO/LCMO) et
YBCO/LaMnOg,, (LMO) déposés sur des substrats Lag 3Sr¢.7Alp 65 Tag.3503 (LSAT) avec des
épaisseurs de couche presque symétriques. Pour les deux échantillons les couches de cuprate et
de manganite préservent leurs propriétés supraconductrices et ferromagnétiques respectives.
Le début de la transition supraconductrice se situe a T &~ 88 K et 77 K pour les superréseaux
YBCO/LCMO et YBCO/LMO, respectivement. La réduction de T dans ce dernier suggere
une légere déficience d’oxygene dans les couches de YBCO. La température de Curie des
couches de LCMO et de LMO se situe & T°" ~ 200K et 135K, respectivement. Les pro-
priétés structurales des deux échantillons sont comparables, les superréseaux sont contraints et
adoptent des parameétres de maille dans le plan similaires a ceux-la du substrat. Les couches de
LCMO présentent une transition métal-isolant & 7C" tandis que les couches de LMO restent
isolantes dans la phase ferromagnétique. Ce comportement différent a 1’état ferromagnétique
permet 1’étude de l'influence des propriétés électroniques des couches ferromagnétiques sur
I'effet de proximité magnétique.

Le profil de profondeur magnétique des superréseaux a été étudié au moyen de la réflec-
tométrie de neutrons polarisés (PNR). La haute qualité des superréseaux et la stabilité du
substrat LSAT & basses températures permettent la mesure de la courbe de réflectivité pour
valeurs de ¢, qui montent jusqu'a 0.14 A=1. L’acces & cette gamme étendue de ¢, permet
Iidentification des différences entre les observations et les simulations basées sur différentes
configurations magnétiques a 'interface. L’analyse des courbes de réflectivité de neutrons me-
surées a température ambiante révele que la rugosité des interfaces pour les superréseaux
YBCO/LCMO et YBCO/LMO est similaire et fiable. Dans les deux cas, les pics de Bragg de
super-réseau (SLBPs) d’ordre pair sont fortement supprimés comme prévu pour ’épaisseur
similaire des couches de cuprate et de manganite. Les courbes de PNR mesurées dans 1’état
ferromagnétique du superréseau YBCO/LCMO montrent des intenses SLBPs d’ordre pair,
ce qui suggere un désaccord entre les profils de profondeur magnétique et structural. Les
caractéristiques observées dans les courbes de réflectivité sont correctement reproduites seule-
ment lorsqu’une couche dite de déplétion, dans laquelle le moment ferromagnétique est forte-
ment supprimé, est introduite du coté de LCMO de l'interface. Ces couches de déplétion
s’étendent sur plusieurs monocouches de LCMO & partir des interfaces et leur épaisseur
est supérieure a la rugosité des interfaces. Cela suggere qu’elles ont une origine intrinseque
plutot que structurelle. Par ailleurs, I’évolution des courbes de réflectivité avec la température
suggere que l'épaisseur des couches de déplétion présente un changement brusque au voisi-
nage de la température de transition supraconductrice de I'YBCO, T¢. Il faut encore explo-
rer si ce phénomene est la preuve des changements induits par la supraconductivité dans le
profil magnétique. Par contre, les courbes de PNR mesurées sur I’échantillon YBCO/LMO
dans 'état ferromagnétique ne montrent pas une augmentation significative de l'intensité
des SLBPs d’ordre pair. Les contributions magnétiques au potentiel des neutrons sont donc
presque symétriques. L’analyse quantitative des courbes de PNR montre que les couches de
déplétion dans ce cas sont limitées a la premiere monocouche de LMO a linterface. Comme
les propriétés structurelles et I'interface des échantillons YBCO/LCMO et YBCO/LMO sont
comparables, la grande différence dans la taille des couches de déplétion semble étre liée
aux propriétés électroniques des couches de manganite. L’origine intrinseque des couches de

II1



déplétion est donc confirmée.

Les propriétés électriques et magnétiques des ions de Cu du co6té d’YBCO de l'interface
ont été étudiées avec des mesures de spectroscopie d’absorption des rayons X avec polarisation
linéaire et circulaire. La reconstruction orbitale et I'ordre ferromagnétique des ions de Cu a
I'interface sont confirmés pour les deux échantillons. La reconstruction orbitale est telle que
I’occupation des orbitales dans le plan et hors du plan est similaire, a différence de la grande
polarisation orbitale d’YBCO. La magnétisation induite en Cu est antiparallele au champ ap-
pliqué et au moment magnétique dans les couches de manganite. La réflectométrie magnétique
résonnante de rayons X de I’échantillon YBCO/LCMO confirme que les moments de Cu sont
du coté d’YBCO de linterface et ne sont pas conséquence de l'inter-diffusion chimique. En
outre, le couplage entre les moments de Cu et la magnétisation des couches de manganite est
prouvé par la similarité dans leur dépendance avec la température et leur changement avec le
champ magnétique appliqué. L’analyse quantitative montre que la reconstruction orbitale et
le magnétisme se produisent exclusivement dans une fraction des ions de Cu qui se trouvent a
I'interface pour laquelle une modification de ’environnement électronique est mise en évidence.
Un lien direct entre ces deux effets est ainsi établi pour la premiere fois. Le moment magnétique
par ion de Cu modifié s’éleve a 0.18(4) up et 0.16(6) up pour les superréseaux YBCO/LCMO
et YBCO/LMO respectivement. La taille de la reconstruction orbitale est également similaire
dans les deux échantillons. Ces effets ne sont donc pas fortement affectés par les propriétés
électroniques des couches ferromagnétiques. Néanmoins, la fraction des ions de Cu modifiés
électroniquement a l'interface semble étre plus importante dans ’échantillon YBCO/LMO. 11
reste & déterminer l'origine de cette différence.

La suppression simultanée de la magnétisation du coté de manganite de l'interface et
I'induction d’un moment ferromagnétique du c6té d’YBCO est donc confirmée pour la premiere
fois. Cette observation suggere qu’en dépit de la forte réduction de la magnétisation nette du
cOté de manganite de l'interface des corrélations magnétiques persistent jusqu’a l'interface.
Les couches de déplétion ne peuvent donc pas étre considérées comme non-magnétiques. Elles
doivent présenter un ordre antiferromagnétique imparfait ou oscillatoire pour lequel la mag-
nétisation nette dans le plan est supprimée en grande partie.
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Chapter 1

Introduction

While ferromagnetism is associated with the parallel alignment of the electronic spins in a
system, the Cooper-pairs forming the condensate of conventional superconductors consist of
electrons with opposite spins. These opposing ordering schemes of the electronic spins make
of superconductivity and ferromagnetism two antagonistic phenomena and give rise to the
question about their interaction when located in close proximity. The interplay of the com-
peting superconducting and ferromagnetic order parameters is thus a fascinating topic that
has been extensively studied theoretically and experimentally [1-3]. In recent years significant
progress has been made with thin-film heterostructures from conventional superconductors
and elemental or alloy ferromagnets where effects such as domain wall superconductivity [4],
critical temperature oscillations with the thickness of the ferromagnetic layer in supercon-
ductor/ferromagnet /superconductor junctions [5] and a long-range proximity effect of a spin-
triplet superconducting state through composite ferromagnetic layers with a non-collinear
magnetic order [6], were predicted theoretically and confirmed experimentally [7-11]. These
developments have inspired concepts for new kinds of spintronic devices and applications in
information technology [12, [13].

The discovery of the cuprate high-temperature superconductors by Bednorz and Miiller
in 1986 marked a breaking point in the history of superconductivity [14]. With critical tem-
peratures as high as 130 K [15], the scientific community was challenged not only to explain
the mechanism of superconductivity in these new family of superconductors but also to clear
the way to new devices and applications. On the other hand, the observation of the colos-
sal magnetoresistance effect in manganites in the nineties [16] renovated the interest on the
versatile magnetic properties of these systems [17, 18]. Given the similar crystal structure
of the cuprate superconductors and the manganites and their potential for high-temperature
applications, the study of the interaction between the superconducting and ferromagnetic or-
der parameters was soon extended to these systems [19-24]. Recent improvements in film
deposition techniques, enable the layer by layer controlled epitaxial growth of multilayers and
superlattices with very sharp interfaces [22, [25]. Experiments on this kind of oxide super-
conductor /ferromagnet heterostructures revealed effects such as a change in the supercon-
ducting critical temperature, T, related to the presence and thickness of the ferromagnetic
layers, and vice-versa [22, 24]; a superconductivity-related giant magneto-resistance in fer-
romagnet /superconductor /ferromagnet trilayers [26]; the enhancement of T by an external
magnetic field |27, 28] and even a superconductivity-induced modulation of the magnetic mo-
ment in the ferromagnetic layers [29]. These observations provided encouraging evidence for a
sizable interaction between the superconducting and ferromagnetic order parameters in these
cuprate/manganite multilayer systems. They also showed that not only the superconducting
but also the magnetic properties of these oxide heterostructures are extremely versatile and
need to be thoroughly investigated.

It is in the framework of this research that the so-called magnetic proximity effect was
first reported in a symmetric YBayCuzO7/Lay/3Ca; 3MnO3 (YBCO/LCMO) superlattice [30)].
Polarized neutron reflectometry measurements evidenced that the structural symmetry of the



1. INTRODUCTION

neutron potential was broken by the magnetic contribution in the vicinity of the YBCO/LCMO
interfaces below TC"™  Nevertheless, it was not clear whether the symmetry-breaking is the
consequence of a strong reduction of the magnetization on the LCMO side of the interface or
due to the induction of a net magnetization on the YBCO side. Subsequent experimental and
theoretical reports have appeared in support of both scenarios. The existence of a magnetically
dead-layer on the LCMO side of the interface has been evidenced by PNR, x-ray magnetic
reflectometry measurements and electron energy loss spectroscopy [31,132]. In addition, it has
been predicted by density-functional calculations [33]. On the other hand, the induction of
a magnetization on the Cu side of the interface has also been reported experimentally [24,
34, 135) and predicted theoretically |36]. The combined evidence thus suggest that both the
suppression of the ferromagnetic order on the LCMO side of the interface and the induction of
magnetization on the YBCO side may play a role in the magnetic proximity effect. Which one
of these effects is more important in the observed symmetry-breaking of the neutron potential
has remained unclear.

Furthermore, the magnetic order is not the only unusual property of the Cu ions on
the YBCO side of the interfaces. X-ray linear dichroism measurements have shown that
the strong orbital occupation anisotropy of the Cu-3d orbitals of bulk YBCO is strongly
reduced at the interface where a similar occupation is found for the in-plane and out-of-plane
orbitals [37]. Although a direct link between this so-called orbital reconstruction and the
observed magnetism in Cu was initially proposed, the observation of ordered Cu moments
without an associated change in the orbital occupation opened the possibility that these are
independent phenomena [24].

Whether the suppression of the ferromagnetic order on the LCMO side of the interface, and
the magnetic order and orbital reconstruction of the Cu ions on the YBCO side of the interface
occur simultaneously and whether these are related effects are, however, still open questions.
A detailed study that allows the quantitative characterization of the magnetic properties on
both sides of the interfaces in YBCO/LCMO superlattices has so far been missing.

The main goal of this thesis was to perform the first comprehensive study of the magnetic
proximity effect in a YBCO/LCMO and a YBCO/LaMnOg,, (LMO) superlattices grown
on Lag 35St 7Alg 65 Tag 3503(LSAT) substrates. As a first objective, the depth profile of the
magnetization has been quantitatively studied to determine whether the observed changes in
the symmetry of the neutron potential at the interface correspond to a suppression on the
manganite side or rather to an induction of magnetism on the cuprate side. The temperature
evolution of the magnetic depth profile and its dependence on the applied magnetic field have
been studied as well. Secondly, the magnetic and electronic properties of the Cu and Mn
ions on either side of the interfaces have been thoroughly studied. The quantitative analysis
allows the determination not only of the magnetization of the Cu ions at the interface, the
orbital occupation and the fraction of magnetic ions at the interface have also been quantified.
Finally, the comparison of the results obtained for conducting LCMO and insulating LMO
shows the dependence of the magnetic proximity effect on the electronic properties of the
ferromagnetic layers.

This thesis is organized as follows. In Chapter ] the scientific background is presented.
Special emphasis is made on the polarized neutron reflectometry and x-ray absorption spec-
troscopy techniques. In Chapter [ the sample characterization and all the phenomenology
of the magnetic proximity effect in a symmetric YBCO/LCMO superlattice are discussed.
Chapter Ml presents a corresponding analysis for the a symmetric YBCO/LMO superlattice
for which the ferromagnetic layers are insulating. The concluding remarks and outlook are
presented in Chapter



Chapter 2

Scientific background

This chapter reviews the scientific concepts and relevant previous results that are of in-
terest for this thesis. In section 1] the properties of the ferromagnetic manganites and the
cuprate high temperature superconductors that have been studied in this thesis are briefly dis-
cussed. A review on the magnetic proximity effect in oxide-based superconductor/ferromagnet
is also presented. Given their prime relevance in the research project that is condensed in this
thesis, sections and 23] are dedicated to the discussion of the theoretical and practical as-
pects of the polarized neutron reflectometry and the x-ray absorption spectroscopy techniques,
respectively.

2.1. Manganites, superconducting cuprates and magnetic
proximity effect

The electrical and magnetic properties of the ferromagnetic manganites and the cuprate
superconductors are discussed in this section, special emphasis is given to the Lay/3Ca; ;3MnO3
(LCMO), LaMnOg,, (LMO) and YBayCu3zO7 (YBCO) compounds. The phenomenology of
the magnetic proximity effect in YBCO/LCMO heterostructures is introduced at the end of
the section.

2.1.1. The La;_,Ca,MnO3; and LaMnOj3,, manganites

The manganites are manganese oxide compounds with a general formula RE;_,AE,MnQOsg,
where RE stands for a trivalent rare-earth element and AE is a divalent alkaline earth ion [17].
Due to the large distortions of the simple cubic symmetry, their crystal structure is usually de-
scribed in terms of rather complicated orthorhombic or rhombohedral unit cells. Nevertheless,
as exemplified in Figure 2.I(a) for the case of LCMO, their crystal arrangement corresponds
essentially to a distorted pseudo-cubic perovskite structure with the (RE,AE) ion in the center,
the Mn ions in the corners and the O ions in the edges of the cube. The six-fold coordinated
Mn ions are thus in the center of an octahedron with O ions in the corners. In the parent
compound, with x = 0, with a valence of +3 the Mn ions have 4 electrons in the 3d band.
With increasing z, a corresponding fraction of Mn ions with valence +4 (with three electrons
in the 3d band) is introduced. The substitution of the trivalent RE by the divalent AE ions
can thus be regarded as a hole doping process.

The electronic structure of Mn is strongly modified by the octahedral coordination with
oxygen, this symmetric arrangement makes the 3d orbitals that are extended along the diago-
nals of the cubic structure to be energetically favorable giving rise to the so-called crystal field
splitting shown in Figure 2.1[(b). The 3d band is thus split into the tp4 and e, bands which are
three and two-fold degenerate, respectively. The ¢34 band is always half-filled and due to the
large Hund’s coupling the electrons are distributed in each of the available levels with their
spins parallel. For Mn*? ions, an additional electron sits in the eq band with its spin aligned
with those in the to, levels. In this configuration, the energy of the electron in the e, band

3
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Figure 2.1: Left panel: orthorhombic unit cell of Lay/3Ca; ;3MnO3. The gray lines highlight the pseudo-
cubic perovskite structure which will be taken as reference throughout this thesis. The red lines depict
the octahedral coordination of Mn with the neighboring O ions.Right panel: Jahn-Teller distortion.
In an isolated Mn ions the 3d energy levels are degenerate. In a cubic environment the degeneracy is
lifted and the e, and t3, degenerated bands are separated. If there is an electron in the e, band the
system may lower its energy by distorting the O octahedron to make one of the e, orbitals energetically
favorable, this is the so-called Jahn-Teller effect. The figure has been taken from Ref. [17].

can be reduced by distorting the O octahedra to lift the degeneracy and make one of the e,
orbitals energetically favorable. This is the so-called Jahn-Teller distortion and an example is
also shown in Figure 2.I)(b).

The manganite structures exhibit in general distortions or rotations of the O octahedra
which largely affect their electric and magnetic properties. Owing to the strong electron-
electron and electron-phonon interactions in these systems, the manganites exhibit a wide
variety of correlated phenomena, like magnetic ordering (which can be ferromagnetic or anti-
ferromagnetic of different types), charge ordering, orbital ordering and the so-called colossal
magnetoresistance effect which caught the attention of the scientific community in the nineties
after a thirty years hiatus [16, [38].

In this thesis the Lay/3Ca; 3sMnO3 (LCMO) and LaMnOgzy, (LMO) manganites are stud-
ied. Both systems are holed-doped versions of the parent compound LaMnQOs. In the parent
compound only Mn*3 ions are present, the collective Jahn-Teller distortions are therefore im-
portant and stabilize an orbital-ordered, A-type antiferromagnetic phase [39]. The spins are
lying in the pseudocubic ac-plane, their order is ferromagnetic along the ac-plane and anti-
ferromagnetic along the b-direction. Due to the large Jahn-Teller effect and the large on-site
repulsion which forbids the electron hoping between Mn sites the compound is insulating.

Upon hole doping, vacancies in the low energy levels of the e, band are created and
the electron hoping probability is enhanced. This gives rise to a competition between the
Jahn-Teller distortion which tends to localize the electrons and the so-called double-exchange
mechanism between neighboring Mn*3 and Mn** ions which yields a metallic state. The
strength of the latter depends strongly on the band-width which is determined by the Mn-O-
Mn bond angle and is largest for the case of a straight bond. The competition between the
different structural and magnetic orders is further complicated if the electron-lattice and the
intrasite and intersite Coulomb interactions are included. Correspondingly, the ground state
of the LCMO and LMO manganites depends strongly on the doping level giving rise to the
rich phase diagrams shown in Figure for LCMO (panel a) and LMO (panel b) which were
taken from Refs. |18, 40].

For LCMO a ferromagnetic and conducting state is stabilized only in the doping range
where the double-exchange interaction is the most prominent. Above the Curie temperature,
TCwie the system exhibits insulator-like transport properties. In a simplified picture, this can
be explained by the small electron hoping probability for randomly ordered spins. When the
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2.1. Manganites, superconducting cuprates and magnetic proximity effect
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Figure 2.2: (a) Phase diagram of La;_;Ca,MnOj3 taken from Ref. [18]. Depending on the doping level
the system can exhibit an antiferromagnetic (AF), a canted antiferromagnetic (CAF), a ferromagnetic
insulating (FI) or a ferromagnetic metallic (FM) magnetic orders. In addition, the system shows
charge and orbital ordering (CO). The numbers show the commensurate doping levels which mark the
positions of changes in the phase diagram. (b) Phase diagram of the oxygen doped LaMnOs,, taken
from Ref. [40]. As the La, Mn deficiency is increased, the system develops CAF, spin glass insulating
(SGI), FI and metamagnetic canted spin ordering. In both cases the red lines indicate the expected
doping level of the LCMO and LMO layers that are studied in this thesis.

system becomes ferromagnetic the mobility of the electrons increases and an insulator-to-metal
transition is observed. For temperatures near TC™ the magnetic order, and thus the electron
mobility, can be largely enhanced by an applied field and the colossal magnetoresistance effect
is observed [17]. The Lay/3Ca;/;3MnO3 system studied in this thesis corresponds to a doping
level in the middle of the ferromagnetic regime as shown in Figure Z2(a).

As it is not possible to introduce interstitial oxygen in the LaMnQj structure, a more
appropriate way to look at LMO is in terms of a La- and/or Mn-deficient compound [40].
As seen in Figure [2.2(b), with this doping scheme a ferromagnetic phase can be stabilized
within a narrow range of the phase diagram. In contrast to LCMO, this ferromagnetic phase
is insulating. Although the double-exchange mechanism is still promoting the ferromagnetic
ordering in this system, the carriers are most likely localized by the formation of orbital
polarons which are strongly coupled to the lattice [41),42]. Although the exact composition of
the LMO layers in the sample studied in this thesis was not determined, as will be discussed
in section E22], the values of TC"™ and the net magnetization suggest that they are within the
ferromagnetic-insulating regime as indicated by the red line in the figure.

2.1.2. The YBay,Cu307;_s high-T superconductor

In September 1986, Bednorz and Miiller reported evidence of superconductivity above
30K in a La-Ba-Cu-O compound [14]. This discovery was a breakthrough, not only because
the critical temperature was the highest ever reported at that time, but also because super-
conductivity had been rarely observed in oxides but mostly in pure metals and their alloys.
Bednorz and Miiller were thus awarded the Nobel Prize in Physics already in the following
year. Soon after the initial report, the phase Las_,Ba,CuO4 was identified as the one where
superconductivity occurred [43, 44] and it was shown in addition that under pressure the
superconducting critical temperature, Tc, can be increased to 52K [45, 46]. In an attempt
to induce chemical pressure, Wu et al. replaced La by the isovalent Y and found supercon-
ductivity in a Y-Ba-Cu-O compound with a T¢ of 93K [47]. The superconducting phase was
later identified as YBagCu3zO7_s (YBCO) |48]. It became the first superconducting compound
with a T above the nitrogen boiling temperature thus widening the range of potential ap-
plications. Within few years, the record in T¢ was raised to 133 K at ambient pressure in a
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temperature

hole doping

Figure 2.3: (a) YBCO crystal structure. The different positions of the ions in the unit cell are specified.
The highlighted bonds specify the 4-fold and 5-fold oxygen coordination of the Cu(1) and Cu(2) sites,
respectively. (b) Schematic phase diagram of the cuprate HTSC. The red arrow marks the region of the
phase diagram that is accessible via oxygen variations in YBCO. Only the solid lines are confirmed phase
transitions. AF: antiferromagnetic phase, PG: Pseudogap regime, fl-SC: superconducting fluctuations
regime, SC: bulk superconducting phase, SM: strange metal regime, M: metallic regime.

Hg-Ba-Ca-Cu-O system [15]. Given the high T of these systems it soon became clear that
the electron-phonon interaction responsible for superconductivity in metals and alloys was not
the only ingredient in the pairing mechanism of cuprates. In spite of the massive theoretical
and experimental effort to solve this problem, almost thirty years later, the exact mechanism
behind the superconductivity in the Cu-based high T¢ superconductors (HTSC) is still elusive.

The properties of YBCO, and all other cuprate HTSC, are closely related to its very
characteristic crystal structure. The YBCO unit cell, shown in Figure 2:3[a), can be regarded
as a stack of three oxygen-deficient perovskites. The Y and Ba ions are ordered in the crystal
and, in the representation of the figure, the Y ion is at the center of the unit cell. The Cu
ions occupy the corners of the pseudo-cubic perovskite units. In the fully oxygenated case,
8 = 0, the unit cell is orthorhombic with lattice parameters ¢ = 3.8206 A, b = 3.8851 A
and ¢ = 11.6757 A [49] and the occupation of the O(5) position in the figure is zero. Two
missing oxygen sites can thus be identified, one in the Y plane and one corresponding to the
O(5) position. As a consequence, two different coordinations are observed for the Cu ions
as shown in Figure 23(a). The Cu(2) ions in the planes adjacent to the Y plane have a
five-fold pyramidal coordination with the O(2), O(3) ions in the CuO2 planes and the apical
O(4) position. On the other hand the Cu ions in the corners of the unit cell have a four-fold
ribbon coordination with the O(1) ions along the b axis and the apical O(4) ions. The unit-cell
can thus be regarded as containing two CuQO» planes separated by the so-called Cu-O chains
which extend along the b crystallographic direction. Indeed, it is now generally accepted
that superconductivity takes place in the CuOy planes and that the Cu-O chains serve as a
charge reservoir to control the carrier density in the planes. The fully oxygenated state is
superconducting with a critical temperature of T = 90 K.

By removing oxygen, electrons migrate from the chains to the planes via the apical O(4).
The hole density and thus the carrier concentration in the CuOs planes is therefore reduced.
Correspondingly, after reaching a maximum of 93K at § ~ 0.07, T shows a decrease with
increasing 0 [50]. Structurally, with increasing 0 the oxygen is removed almost exclusively
from the O(1) site, a migration of O ions from the O(1) to the O(5) site also takes place.
The oxygen deficiency also affects the lattice parameters and an increase in a is observed
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while b and ¢ are reduced [51]. At § ~ 0.4 the superconducting critical temperature shows a
plateau and if the oxygen deficiency is further increased a sharp decay in T¢ is observed until
superconductivity is entirely lost around 6 = 0.6. At this point the occupancy of the O(1)
and O(5) sites is the same and they become equivalent positions in the unit cell which in turn
becomes tetragonal. By further reducing the oxygen content the occupation of the O(1) and
O(5) sites decreases, the holes in the CuOs planes order antiferromagnetically and become
localized as a consequence of the strong on-site Coulomb repulsion. The system thus becomes
insulating. In the undoped case, § = 1, the system is an antiferromagnetic Mott-insulator
with a Néel temperature of about 415K [52].

Regarding the electronic structure of Cu in YBCO, it should be added that irrespective
of the oxygen content the valence of the Cu(2) ions is close to +2, a 3d° configuration is
thus exhibited. The additional holes introduced in the CuOs planes upon oxygen doping have
mainly oxygen character [53]. Since the bond length of the Cu(2) ions with the O(3) and
O(2) sites is much smaller than with the O(4), the 3d3,2_,2 orbital in Cu is energetically more
favorable than the strongly hybridized 3d,2_,2 one. The Cu holes in the planes therefore have
a predominant 3d,2_,» character [54].

The phase diagram of YBCO is shown in Figure 23(b). It corresponds to a portion of the
universal phase diagram for cuprate HI'SC. The superconducting phase in all these systems
appears when the antiferromagnetic and insulating parent compounds are sufficiently hole-
doped to suppress the long-range magnetic order and to enhance the mobility of the carriers.
Nevertheless, if the doping is increased beyond an optimal value the system becomes more
metallic and the critical temperature starts to decrease until the superconducting phase dis-
appears. The proximity between the superconducting and the antiferromagnetic phases was
soon recognized as an indication that the mechanism of superconductivity in cuprate HTSC is
linked to magnetic correlations in the CuOs planes and not only to electron-phonon interac-
tions as in conventional superconductors [55]. As seen in Figure 2:3(b), the superconducting
phase is not the only anomaly in the phase diagram of cuprate HT'SC. The so-called pseudogap
(PG) regime is always observed in the normal state on the underdoped side of the supercon-
ducting dome. This state is characterized by the partial suppression of the low energy charge
and spin excitations [56]. Whether the PG phase is a precursor of the superconductivity state
or corresponds to a correlated state independent or even competing with the superconductiv-
ity is still an open question. Nevertheless, recent reports support the latter scenario as they
confirm that near optimal doping the PG crossover line crosses the regime of superconducting
fluctuations and the superconducting transition line as depicted in the Figure [2Z3I(b) [57, [58].
For optimally doped compounds a strange metal behavior, characterized by a linear variation
of the resistivity with the temperature, is observed in the normal state. The confinement
of this regime to the optimally doped region is often considered as an evidence of quantum
criticality in these systems [59, [60)].

2.1.3. Previous work on the magnetic proximity effect in YBCO/LCMO
heterostructures

The so-called magnetic proximity effect in YBCO/LCMO heterostructures was first re-
ported by J. Stahn et al. back in 2005 [30]. Based on polarized neutron reflectometry
(PNR) measurements performed on a [YBCO(16 nm)/LCMO(16 nm)]y¢ superlattice grown
on a SrTiO3 (STO) substrate, they established that for this system there is a mismatch be-
tween the magnetic and structural depth profiles. To explain their observations they proposed
two possible scenarios: the existence of a so-called magnetic “dead-layer” on the LCMO side
of the interface where the magnetization is strongly suppressed, or the so-called “inverse prox-
imity effect” according to which a net magnetization is induced on the YBCO side of the
interface. To match their observations, the induced magnetization in the YBCO layers ought
to be antiparallel to the applied field and the magnetization in the LCMO layers. Due to
the limited g.-range of their PNR measurements, a clear distinction between these two pos-
sibilities was not possible, the question regarding the magnetic properties of the interfaces in
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YBCO/LCMO heterostructures was thus first raised.

Soon after, A. Hoffmann et al. reported energy electron loss spectroscopy (EELS) and
PNR measurements performed on a YBCO(14nm)/LCMO(16 nm) superlattice [31]. Their
measurements showed that the occupation of the 3d levels in Mn increased from approximately
3.5 electrons per Mn ion in the center of the LCMO layers to almost 4.0 electrons per Mn ion
at the interface. As discussed in section Z.I.T] for such a large occupation of 3d electrons the
ferromagnetic correlations are expected to weaken and a crossover toward antiferromagnetic
interactions is expected. These results were thus interpreted as an evidence for the “dead-
layer” scenario.

Nevertheless, experimental evidence in support of the inverse proximity was also reported.
In 2006, J. Chakhalian et al. published the x-ray magnetic circular dichroism (XMCD) mea-
surements of a YBCO(10nm)/LCMO(10 nm) superlattice that confirmed that there is a net
Cu ferromagnetic moment on the YBCO side of the interface [34]. In addition, this moment
is antiparallel to the magnetization in LCMO and to the applied magnetic field, as previously
suggested by Stahn et al. in Ref. [30]. The temperature evolution of the Cu and Mn mo-
ments was found to be similar evidencing that the Cu moment arises as a consequence of an
interaction with the ferromagnetic LCMO layers. The authors of this report argued that such
an antiparallel alignment would not be possible without a change in the electronic configu-
ration of either the Cu or Mn layers at the interface. This so-called orbital reconstruction
was indeed reported soon after by J. Chakhalian et al. [37]. Based on x-ray linear dichroism
(XLD) measurements performed on [YBCO(10nm)/LCMO(10nm)]«10 superlattices grown
on STO substrates, they showed that this orbital reconstruction occurs on the YBCO side of
the interface. Their measurements evidenced that for the Cu ions next to the interface the
predominant 3d,2_,2 nature of the holes is modified and that similar occupations are found
for both the in-plane and out-of-plane orbitals.

The induction of a ferromagnetic ordering and the electronic reconstruction of the Cu
ions at the interface were explained in terms of the so-called covalent bonding model. The
redistribution of the hole in Cu to a molecular orbital shared with the Mn ion on the other side
of the interface would explain the observed orbital reconstruction and the magnetization of
Cu [37]. Such an electron doping of cuprates in contact with manganites had been previously
predicted [61], nevertheless, it conflicts with the observations of A. Hoffmann et al. which
suggest an electron doping on the LCMO side of the interface |31].

Theoretical works in support of both the magnetic dead layer and the inverse proximity
have also been published. The first-principles density-functional calculations reported by
W. Luo et al. predicted that the magnetic correlations in the LCMO layer get weakened
near the interface with a cuprate and that they may even become antiferromagnetic [33].
According to their results the changes in the ferromagnetic correlations extend through two
or three monolayers from the interface in support of the dead layer scenario. Nevertheless,
the calculations also predict a slight reduction of the Mn-e, band occupation which is in
good agreement with the covalent bonding. On the other hand, Salafranca et al. showed
that the antiparallel magnetization in Cu is an essential ingredient to explain the observed
enhancement of T¢ with an applied magnetic field in LCMO/YBCO/LCMO trilayers [27, [36].

The contradictory experimental evidence in support of these two different magnetic ar-
rangements at the interface of the YBCO/LCMO superlattices can be reconciled in a picture
where both effects occur simultaneously. Nevertheless, a dedicated study of the magnetic
properties of the YBCO and LCMO sides of the interface that allows the quantification of the
two effects has so far been missing.

The XMCD and XLD measurements on the YBCO/LCMO superlattices have raised an
additional question that is yet to be answered. It concerns the link between the induced
ferromagnetic moment and the orbital reconstruction of Cu. The studies of both the magnetic
and orbital properties of Cu at the interface in YBCO/LCMO superlattices are scarce. Most
recent reports emphasize on the induced magnetization [35, 62] while no comments are made
about the electronic structure of Cu. Notably, in a paper published in 2010, R. Werner et
al. [24] reported the XMCD and XLD measurements on a YBCO(20 nm)/LCMO(5 nm) bilayer
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which confirms the induction of an antiparallel moment on the YBCO side of the interface
but show no evidence of the orbital reconstruction that was reported in Ref. [37]. The authors
thus suggest that the magnetization of Cu and the changes in the orbital occupation are two
independent phenomena.

An additional remark concerns the influence of the STO substrates on the electric and
magnetic properties of the YBCO/LCMO superlattices. This kind of substrate has been used
in all the previous investigations that have been discussed above. As reported in Ref. |63],
the multiple structural phase transitions experienced by STO below 105 K can give rise to a
buckling of the surface with micrometer-sized structural domains that are tilted up to 0.5°
and that are transmitted to the film on top of the substrate. This enhanced surface roughness
strongly suppresses the neutron specular reflectivity and was one of the reasons behind the
limited ¢, range of the measurements of Ref. [30]. Furthermore, the domain structure of
the STO modifies the magnetic domain structure of the LCMO layers on top [29]. To avoid
these complications the samples studied in this thesis were grown on Lag 3Srg.7Alg ¢5Tag.3503
(LSAT) substrates. These substrates have shown to be ideal for the growth of YBCO/LCMO
superlattice given their stability at low temperatures and good lattice mismatch with both

YBCO and LCMO [25].

2.2. Polarized Neutron Reflectometry

Owing to the wave properties of the neutron, its probability to be reflected at the surface of
a thin film depends not only on its energy, but also on the depth-profile of the neutron potential
in the film. Neutrons interact with the atomic nuclei and therefore the neutron potential
is sensitive to the chemical composition. If a material is also magnetic, the interaction of
the neutron spin and the magnetic induction introduces an additional term to the potential.
Hence, the dependence of the reflectivity on the neutron momentum transfer contains essential
information about the structural and magnetic depth-profiles of thin films and multilayers.

In this section an introduction to the polarized neutron reflectometry technique (PNR) is
given. The basic theoretical framework is first discussed and later some experimental consid-
erations are addressed.

2.2.1. Interaction of neutrons with matter

The two main contributions to the neutron potential in a material are the strong interaction
with the nuclei and the coupling of the neutron spin with the magnetic induction. The strong
interaction extends over distances much smaller than the neutron wavelength and can be
considered as punctual. The interaction of a neutron with an isolated nucleus can thus be
described in terms of the Fermi pseudo-potential [64]

vietr) = (25 s, (21)

where b is the scattering length, m, = 1.6749 x 10~27 kg is the neutron mass, 7 is the position
of the neutron and the nucleus has been located at the origin of the coordinate system. The
scattering length is in general a complex quantity and is a measure of the probability of the
neutron to interact with the nucleus. Its value depends on the isotope and changes rather
randomly over the periodic table giving neutrons a sizable sensitivity to most elements. The
real part of b accounts for the scattering probability and, for thermal and cold neutrons
(E < 0.025eV), it is energy independent. The imaginary part of b accounts for the absorption
and, in general, can be neglected for thermal and cold neutrons. Some exceptions are 3He,
6Li, Gd, Sm, B and Cd for which nuclear resonances at thermal energies lead to a significant
increase in the absorption [65].

In a solid, the contribution of all nuclei to the potential must be added. For neutron
reflectometry the momentum transfer is much smaller than the reciprocal lattice vectors and
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the phase difference between the wavefunctions scattered by different nuclei in the unit cell
can be neglected. As a consequence, the effective nuclear potential is the volume average of
the Fermi pseudo-potential and for a sample constituted of a single isotope one gets [65]:
1 2mh?
V=~ / Vi(r)dr = Nb, (2.2)
v

v Mn

where N is the isotope number density. In a more general case, the solid is a compound
and several different nuclei (or isotopes) contribute to the potential. The nuclear potential in
equation (22 can then be generalized to:

2mh? 21h?
Vo = > " Nibi = ——pn, 2.3
mn 4 My P (23)

where the summation runs over the different kind of atoms (and isotopes) in the compound.
The quantity p, = ), N;b; is usually referred to as the scattering length density and character-
izes the nuclear interaction of neutrons in a compound. The scattering length for all elements
and their natural isotopes has been tabulated for thermal neutrons [66], the determination of
pn is thus straightforward if the stoichiometry and density of a material are known.

The second contribution to the neutron potential is the magnetic one. The neutron carries
a magnetic moment which can be written, in operator notation, as:

K= —in0, (24)

where o = {0, 0y, 0.} is the spin 1/2 operator represented by a vector of 2 x 2 Pauli matrices,
and g, = 9.662 x 10727 J/T is the magnitude of the neutron magnetic moment. Since the
neutron gyromagnetic ratio is negative, the neutron spin and its associated magnetic moment
are antiparallel. The interaction of the neutron magnetic moment and the magnetic induction
can be written in terms of a Zeeman potential:

Vm=—-un-B (2.5)

where B is the magnetic induction. The magnetic induction in a material can be written in
terms of the applied magnetic field, Hy, and the sample magnetization, M, as:

Vin = —p - po(Ho + (1 — D)M), (2.6)

where D is the demagnetization factor [65]. The total potential V' =V, + V], characterizes the
interaction of the neutrons with the material. Inside a chemically and magnetically homoge-
neous layer in a thin film the neutron potential is constant in space. The interfaces between
such homogeneous layers can thus be regarded as potential steps.

2.2.2. Specular reflectivity

The analysis of the PNR will be restricted to specular reflectivity. In this case the angles
of incidence and reflection are the same and the momentum transfer is perpendicular to the
sample surface. A sketch of the geometry of the measurement is shown in Figure 2.4l The
sample surface is parallel to the xy-plane and the scattering plane corresponds to the zz-plane.
Typically the magnetic field and the incident neutron spin are aligned along the y-direction.
The reflectivity is measured as a function of the momentum transfer, ¢,, which is defined as
the difference between the reflected and the incident neutron wave vectors:

4
q. = 2ksinf = 777 sin 6, (2.7)

where k = 27 /) is the magnitude of the neutron wave vector and has been assumed to be the
same for the incident and reflected neutrons, A is the neutron de Broglie wavelength and 8 is
the incidence angle. The assumption of elastic scattering is justified again by the small values
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A

Figure 2.4: Geometry of a specular neutron reflectivity measurement. The incident and reflected wave
vectors, k; and ky, form an angle  with respect to the sample surface. The momentum transfer is
directed along the z direction. Only the magnetization of the sample along the xy plane, M| is probed
in neutron reflectivity. For all experiments shown in this thesis the magnetic field has been applied
along the y direction.

of ¢, probed in a reflectivity experiment. The neutrons are not sensitive to the atomic positions
and hence are not sensitive to the collective phenomena leading to inelastic scattering.

The physics behind the reflection process can be simplified if the lateral homogeneity of
the samples is assumed. In this case the neutron potential only depends on z and the neutron
wavefunction in and out of the sample can be written as:

D(r) = U(z)eh=, (2.8)

As a consequence, the k, contribution to the kinetic energy, h2k2/2my,, is constant and only
the z contribution is subjected to changes due to refraction effects. The problem can thus be
reduced to the one-dimensional problem of a particle with energy F = hzkzg /2my, = h?q%/8my
interacting with a potential V(z) = V;,(2) 4+ Vin(2). Here kg = ¢./2 is the z component of the
incident wave vector. The Schrodinger equation for the neutron wavefunction thus reads:

h2k2

2my,

d2
(w + VH(Z) + Vm(2)> \II(Z) = \I/(Z) (2.9)
For a semi-infinite layer, V(z) = V and the problem reduces to a particle in a potential
step. This is a textbook problem and the reflectivity, known as Fresnel reflectivity and written
in terms of ¢, is given by:

2
4 — qz - 8723‘/
R(q,) = — <1. (2.10)

q: +1/q; 72

If the energy h%¢?/8m,, is smaller than the potential V in the film, the square roots in equa-
tion (ZI0) are imaginary and the denominator in the formula becomes the complex conjugate
of the denominator. The reflectivity is thus one and total reflection occurs. The transmission
probability of the neutron is finite only if the momentum transfer is larger than the critical
momentum transfer, ¢ = /8m,V/h?. For values of ¢, larger than ¢S the square roots in
equation (ZI0) become real and the reflectivity starts to fall rapidly with g,, the so-called
total reflection edge is then observed in the reflectivity curve. The resulting reflectivity curve
for a semi-infinite sample is shown, together with other different models, in Figure In the
limit ¢, > ¢¢ the reflectivity is simplified to R(q.) ~ [2m,V|?/q:h*.

In the case of a finite film or a multilayer, the transmitted wave at the first interface will be
subsequently reflected and transmitted at every interface. The resulting reflected wavefunction
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Figure 2.5: Calculated reflectivity curve for different systems: (green) a single semi-infinite substrate,
(red) a single layer grown on top of the substrate, (blue) a superlattice consisting of three repetitions
of a bilayer structure grown on top of the same substrate.

is the coherent superposition of the wavefunction components leaving the sample after all
possible combinations of reflection and refraction processes. Depending on the scattering
length density and thickness of the layers, constructive or destructive interference effects will
introduce modulations to the ~ 1/¢% dependence of the reflectivity. This effect is illustrated in
Figure The introduction of a thin film, in this case with a smaller p, than the substrate,
gives rise to a periodic reduction of the reflectivity. The frequency of the modulations in
the reflectivity curve is directly related to the film thickness. If more layers are introduced
to create a superlattice, the modulations in the intensity are more complex. Notably, the
periodicity of the superlattice gives rise to strong peaks in the reflectivity curve, these are
the so-called superlattice Bragg peaks (SLBP) and become narrower and more intense as
the number of repetitions increases. From these examples it is clear that the reflectivity
curve is largely dependent on the characteristics of the neutron potential depth-profile. A
quantitative analysis requires, however, the ability to calculate the reflectivity curve for an
arbitrary neutron potential.

To solve this problem the Schriodinger equation for the neutron wavefunction must be
solved. Regardless of the complexity of the thin film, the standard procedure is to slice it into
layers for which the neutron potential can be considered constant. For each layer, the problem
of a neutron in a constant potential must be solved and the amplitude of the wavefunction in all
layers is determined using the boundary conditions at the interfaces. This slicing process will
introduce boundaries at the interfaces between layers with different chemical compositions,
magnetic boundaries can also be introduced in case the magnetization is not homogeneous
within one particular layer.

An additional consideration regarding the magnetic potential must be taken into account
before proceeding to the calculation of the reflectivity. The external magnetic field Hy in
equation (2.6]) is constant in all the layers in the sample and outside the sample. Its contri-
bution to the potential is therefore a constant offset and does not contribute to the potential
steps which govern the reflection of the sample [67]. In addition, since the perpendicular
component of the magnetic induction is continuous at the interfaces, the factor (1 — D)M
is equal to the tangential component of the magnetization, M) [65]. The magnetic potential
can thus be simplified to:

Vm: _MOIJ"MH- (211)

This lack of sensitivity to the component of the magnetization perpendicular to the interfaces
constitutes an important limitation of the PNR technique.
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In the following, a multilayer with N different layers is considered. The layer N will
be assigned to the substrate and its thickness will be assumed to be infinite, the layer 0
corresponds to the atmosphere where V & 0. In layer j the scattering length density is given
by pn,; and the in-plane magnetization is given by M) ; = {M; sin 8, M cos 3,0}, where
Bj is the angle between the applied field and the planar component of the magnetization,
see figure 2.4l Since the interaction depends on the neutron spin orientation, the neutron
wavefunction is two-dimensional and the Schrodinger equation for layer j reads:

_ R d emh? 2w (cosfy o singy ) O RPRS] (W) ) _ oo )
2my dz2 my 7 my Y\ sing;  — cos f; 2my, U_ i(2) T

Here W ;(2) is the probability amplitude of finding a neutron with a positive (up) or negative
(down) spin projection onto the y-axis. As the magnetic field is applied along the y-direction,
this direction has been chosen as the quantization axis. In equation [2.12] the so-called magnetic
scattering length density has been defined as:

_ HOUn T
Pm 2mh2

Equation 2.12] can be explicitly written to obtain:

(2.13)

d? .
—@\I’ﬁj(z) + [47pn,j + 47 pm,j cos B — k:g} U, i(2) +4mpmjsin B0 _ ;(2) =0, (2.14a)
d2

dZQ\II_’j(Z) + [47pn; — 47 pm,j cos B — k:g] U_ i(2) +4mpm,jsin ;¥ ;(2) =0. (2.14b)

Here the coupling between the W ;(z) and W_ ;(2) components of the wavefunction is explicit.
This coupling is introduced by the 4mpy, j sin 8; term, which represents the components of the
magnetization perpendicular to the applied field, and gives rise to a probable change in the
spin state of the neutron. This so-called spin-flip scattering can be understood in terms of the
Larmor precession of the neutron spin around the magnetization projection onto the z-axis.
If the magnetization is parallel to the applied field, this precession does not occur and the
spin-flip processes are not possible.

Since the potential is constant within layer j, the wavefunction in the layer can be assumed

as a superposition of e %% and e**s* plane waves. Introducing this Ansatz into equations 214
one gets.
[k:]? — kg + 47 (pn,j + pm,j cos B;)] Wi j(2) + A7y, sin BV _ (2) = 0, (2.15a)
AT pm jsin B3V, (2) + [k:jz — k‘g + 47 (pn,j — Pm,j COS ﬁ])] U_i(z)=0. (2.15b)

This coupled system of equations has a non-trivial solution only if the determinant is zero,
this condition yields four possible values of k;:

kj = i\/k:g — A (pn,j £ pmj)- (2.16)

The wave vector k; is therefore independent of 8;. This is expected as the quantum numbers of
the neutron wavefunction should remain unchanged after the sample is, for example, rotated
in the laboratory frame to change the value of 3;. In other words, inside the sample the
quantization axis is set to the magnetization direction and it is the projection of the neutron
spin with respect to the magnetization what determines the optical constants of neutrons in
the layer.
The wave vector is a real number only if the z component of the incoming wave vector
satisfies )
k(2J = % > 47 (pn,j £ pm,j)- (2.17)
If this is not the case, the wavefunction decays exponentially in the layer and the transmission
probability decays exponentially with the thickness of the layer. Total reflection occurs only if
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2. SCIENTIFIC BACKGROUND

the layer is sufficiently thick. The critical momentum transfer at layer j depends in this case
on whether the neutron spin is parallel or antiparallel to the magnetization and is given by:

45 = /167 (pn; % pm ). (2.18)

+

where q; ; (qi}) corresponds to the critical g,-value for neutrons with spin parallel (antiparal-

lel) to the magnetization M| ;. For values of ¢, in the region between qgg and q;"]' the spin up
neutrons will be totally reflected while the ones with spin down will penetrate the layer. This
effect is used to create polarized neutron beams and to analyze the spin state of the scattered
neutrons in experiments where the neutron polarization is relevant. In a multilayer each layer
has a different critical momentum transfer value. Formally, total reflection only occurs if ¢,
is smaller than the critical momentum transfer of all layers. Since even in the total reflection
zone tunneling might occur for very thin layers, the shape of the total reflection edge for a
multilayer depends on the thickness of the layers and the stacking sequence.

The positive and negative real solutions of equation (2.I6l) represent the transmitted (to-
ward the substrate) and reflected (toward the surface) components of the neutron wavefunction
in layer j. The dependence of the wave vector on the spin state of the neutron originates from
the sign in the square root of the equation. The spin up and down neutrons thus have a wave
vector given by:

Be = /B — 4m(puj + pun). (2.198)

/{?j7_ = \//{?8 - 47‘(’([)117]‘ - pmd‘). (2.19b)

Magnetic samples are thus birefringent and the wave vector of the neutrons depends on their
spin state.

To find the amplitude of the different wavefunctions in the layer a recursive algorithm
first developed by L.G. Parrat can be applied [6&8]. Since in this thesis no spin-flip analysis is
performed the calculations will be only presented here for the case where the magnetization
and the magnetic field are collinear in all layers, i.e. 3; = 0. Under this assumption the
equations (2.I4]) are uncoupled and the wavefunction for spin up and down neutrons are
independent. In a compact form these wavefunctions in layer j can be written as:

+ + ik + —ikT
\Ilj (Z):tjeljz—|—7"je 2127 (2.20)
here t;»t is the amplitude of the wavefunction of the transmitted neutrons (moving toward

the substrate) and Tji is the corresponding amplitude for the reflected neutrons in layer j
(moving toward the surface). The values of these amplitudes for spin up and down neutrons
are different if the layer is magnetic. In the following the spin dependence will be dropped,
the differences between spin up or down neutrons are implicit in the value of k; according to

the result (2.I6]).

A relation between the transmission and reflection amplitudes of layers j and j + 1 can
be found by applying the wavefunction boundary conditions. The wavefunction and its first
derivative must be continuous at the interface, from (2.20) one gets:

tjezkaj + Tjefzkaj _ tj+1ezk‘j+1z]~ + Tj+1efzkj+1z]~7 (2.213)

t]’k‘jelkaj — ’I“jk‘jeimjzj = tj+1k3j+162kj+lzj — kj+1’r‘j+1672kj+lzj, (221b)

where z; is the z-position of the boundary between layers j and j 4 1. This equation can be
more elegantly presented in a matrix form [65, [69]:

ik;z; —kjz; tkjy12; —kjtr124
UYL Y (A I G R I A DO X )
k‘je J%3 —k:je J%3 T ijrle It1% 0 —kj e 1A Tjt1
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2.2. Polarized Neutron Reflectometry

The matrix on the left-hand side can be inverted to yield:

t;\ 1 1+ J+1 eilkjt1=kj)z (1 — ki—jl e~ i (kjt1+kj)z;) tir1 (2.23)
2 1— % ct(kjr1+k;)z; 14+ J+1 e ikjr1—kj)z; rit1 ) .
J

Hence, the amplitude coefficients in layers j and j+ 1 are linked by the transformation matrix:

1 1+ k;’gﬂ eilkiri—kj)z; (1 — kﬁ_l e ilkjr1+k;)z;
L= = J 2.24
Qjj+1 ) . _ . .
it 2 1 — k?l eilkititki)z (1 k;:l o~ i(kjr1—k;)z; ( )

<7
<7

The transformation matrix not only relates the amplitude of the reflected and transmitted
wavefunctions on either side of the interface but also contains the phase change information
related to the position of the interface, z;. As an exercise, the reflectance of layer j can be
calculated assuming that the reflected amplitude in layer j 4+ 1 is zero and setting the origin
of the z-axis at the interface. For 711 = z; = 0 one obtains:

Rj="1— it ( k ) _ By = ki (2.25)

ity (1 + ”1> kj + kjt

The sign of the reflectance thus depends on the difference between the wave vectors in layers j
and j+ 1. Therefore, if the scattering length density in layer j is larger than in layer j+ 1, the
reflectance R; < 0 and the incoming and reflected wavefunctions have a 7 phase difference at
the interface. This effect gives rise to the observed strong suppression of the even order SLBP
in superlattices with symmetric layer thicknesses.

By applying repeatedly the transformation in equation [2.23] the wavefunction amplitudes
in any layer can be written in terms of the ones in the substrate. Since the thickness of the
substrate is assumed to be infinite, the probability of having reflected neutrons in this layer
is zero and ry = 0. In particular, the amplitude of the wavefunction outside the sample is
found by setting j = 0 and it is possible to write:

(o) =Tlomu () -u () -(him sm) (%) e

The matrix M is the so-called reflectivity matrix and contains all the information about the
thickness and scattering lengths of the layers in the sample. In terms of the components of
the reflectivity matrix, the reflectivity of the sample can finally be calculated as:

2
Moy
My
Since no particular assumptions have been made about the values of k;, the calculated reflec-

tivity using the Parrat recursion formalism accounts properly for the total reflection and all
refraction effects.

2
To

R(q.) = o (2.27)

The Parrat formalism can be extended to the case where the magnetization is not parallel
to the applied field. In this case the wavefunctions for spin up and down neutrons are cou-
pled and the spin-flip probability amplitudes must be taken into account. The total neutron
wavefunction has 8 components and the transformation and reflection matrices are 8x8 [65].
The standard formalism in these conditions becomes numerically inefficient and alternative
extensions like the super-matrix |70] or super-recursion |67] algorithms are used to calculate
the reflectivity of samples with arbitrary magnetization.

The calculation of R(g,) in terms of the magnitudes of ry and tg reflects the experimental
lack of information regarding the phase of the neutron wavefunction. This limitation forbids
the direct determination of the magnetic depth-profile from the reflectivity data. In practice,
to analyze the reflectivity data a preliminary model must be proposed based on the known
properties of the sample. The model is optimized after a fitting process and its validity is
evaluated in terms of its capacity to reproduce the measurements.
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2. SCIENTIFIC BACKGROUND

2.2.3. Roughness and interdiffusion

The above described algorithm assumes that the position of the interfaces, z;, is well
determined and that the neutron potential at the interfaces shows a step-like increase. In
practice, however, this is never the case as either the flatness or the sharpness of the interfaces,
in general both, are not perfect. If the z-position of an interface changes laterally, it is said to
be rough. In this case z; is well defined locally but over the in-plane coherence length of the
neutron beam (~ 1 — 100 gm [69]) it exhibits a distribution of values P(z;). The roughness
of the interface, o;, is defined as the width of this distribution. Interdiffusion, on the other
hand, occurs when ions on either side of one interface migrate to the other side. In this
case the scattering length density does not show a step-like change at z;, instead it changes
smoothly from one layer to the other. The width and the profile of the crossover depend on
the particular characteristics of the interdiffusion effect.

In specular reflectivity one measures the in-plane average of the scattering length density
as a function of the depth. Therefore, roughness and interdiffusion have the same effect and
it is not possible to tell the difference between these two effects.

The interface roughness can be introduced within the Parrat formalism by approximating
the distribution P(z;) to a Gaussian distribution with width o;. The lateral average of the
Qj,j+1 matrix in equation (224 gives rise to a modification of the transformation matrix in
the form [65, [71]:

1 [ A <1 + %) cikj+1-kj)z; B (1 - k;j) o~ i(kjp1+k;)Z;
J'+1) e—ilkjy1—k)z; |7
kj

/ _
@jj+1 = 2\ B (1 _ _"“? > eilkjr1+kj)Z A <1 4k
J

(2.28)

where Z; is now the average position of the interface and the factors A and B are given by:

A= e*("fj+1*"€j)20?/27 (2.29a)
B = o~ (kit17kj)?03 /2 (2.29b)
The reflectivity of the interface j can thus be calculated as:
k‘—k:*12,,.2_ ok 2
R: = ’R‘Q _ ™M Jj+ e 2kjk]+1oj _ Rﬂate 2kjkj+1oj (2 30)
T kj + ki1 ’ ' '

The effect of interface roughness is evident, the reflectivity is reduced by the so-called Nevot-
Croce factor e 2Fiki+17] with respect to the reflectivity of a flat surface, R?at. The reduction
of the reflectivity increases with k; and k;11 and is therefore more important at high ¢, values.
The extension of this approach to the case where the magnetization and the applied moment
are not parallel is nevertheless difficult and constitutes a limitation to this formalism.

An alternative approach, which can be applied in any case, is the interdiffusion model. To
account for interdiffusion and roughness, the interface can be sliced into many thin layers with
constant scattering length density. From layer to layer the scattering length density is slightly
changed to model the smooth transition at the interface. The effects on the reflectivity of this
procedure are analogous to the introduction of the Nevot-Croce factor if the derivative of the
scattering length density depth-profile at the interface is a Gaussian function of width o;.

Panel (a) in Figure[Z.6lshows an example of the effects of roughness on the reflectivity curve
of a sample. The reflectivity for a multilayer consisting of 10 repetitions of a symmetric bilayer
structure has been calculated assuming perfectly flat interfaces and introducing a roughness
of 20nm at every interface. The reflectivity of the rough sample decreases faster with ¢,. In
practice the background and the limited neutron flux introduce a limitation to the minimal
reflectivity that can be measured, the accessible range in g, is thus reduced by the roughness.

Although in specular reflectivity roughness and interdiffusion effects cannot be distin-
guished, differences may appear in off-specular reflectivity. Indeed, if the roughness exhibits
some correlation between different interfaces it leads to strong off-specular scattering [72].
Off-specular scattering will not be treated in this thesis, further information can be found in
references [67, [72].
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Figure 2.6: Effects of interface roughness and finite resolution on the reflectivity curves. Comparison
of the reflectivity curves calculated for a multilayer consisting of 10 repetitions of a symmetric bilayer
structure for (a) perfect and finite roughness and, (b) perfect and finite resolution.

2.2.4. Instrumental resolution

Another important assumption of the Parrat algorithm is that the value of ¢, is perfectly
well defined. In practice this is not true as there is always a finite width in the distribution
of the quantities defining the momentum transfer, i.e. the incident angle, the reflected angle
and the neutron wavelength. In a general case, the z-component of the momentum transfer

can be written as:
47

A
where 0; and 0, are the incidence and reflection angles, respectively. The dispersion of ¢, can
be estimated using the standard error propagation formula:

- (sinb; +siné,), (2.31)

2
Ag, = 2%\/((:05 0;A0,)? + (cos 0,A0,)? + (sin b; + sin 6,.)? <%> . (2.32)

In an angle dispersive experiment the wavelength is selected with a monochromator and the
wavelength dispersion is usually small (AA/A =~ 1%), the main contribution to the dispersion
in g, comes in that case from the angular divergences Af;, which are controlled with a sys-
tem of slits before and after the sample or with the integration area when the measurement
is performed with a 2D detector. If the slits are not changed during the measurement the
dispersion in ¢,, and hence the resolution, is almost constant. In an energy dispersive exper-
iment the dispersion in the wavelength is determined by the time-resolution which results in
wider distributions (AM/A &~ 7%), this is the main source of dispersion in ¢, and in this case
Ag, increases almost linearly with ¢,.

To account for the finite dispersion in ¢, in the calculations, the reflectivity curve with
perfect resolution is first calculated. This perfect reflectivity is then convoluted with a Gaus-
sian function of width Ag;(g,). The effect of resolution is illustrated in panel (b) of Figure
where the reflectivity curves calculated for a perfect and a finite and constant resolution are
shown. As a consequence of a finite dispersion Ag, the reflectivity curve is smoothed and the
high frequency features of the reflectivity are averaged out.

2.2.5. Setup of a polarized neutron reflectometry experiment

In a polarized neutron reflectometry (PNR) experiment the reflectivity of polarized neu-
trons is measured as a function of the momentum transfer ¢,. As specified in equation (2.7]),
this quantity depends on the incidence angle and the wavelength of the neutrons. Hence, ¢,
can be scanned by varying either one of these two values. This defines two possible mea-
surement modes. In the angle dispersive mode a single wavelength is used and ¢, is scanned
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Figure 2.7: Schematic diagram of a polarized neutron reflectometry experiment. The spin up and down
directions are defined parallel and antiparallel to the applied field By, respectively.

by varying the angle of incidence. In the energy dispersive (or time-of-flight) mode, on the
other hand, the angle is kept fixed and the reflectivity for different wavelengths is measured
to extract the ¢, dependence.

Figure (2.7 shows a general schematic diagram of the PNR experiment setup that has been
used to perform the measurements presented in this thesis. For the experiments performed
at SuperADAM and NREX, the neutrons are generated in a nuclear reactor. In the case of
AMOR, the neutrons are generated by a spallation source. SuperADAM and NREX are angle-
dispersive instruments for which a single wavelength is filtered by a monochromator. AMOR
is a time-of-flight instrument and a double-chopper system is used to modulate the beam into
pulsed bunches of neutrons with a well known wavelength distribution. The wavelength of
each detected neutron is determined by the time it takes to travel from the chopper to the
detector, to get this information a time-sensitive detector synchronized to the chopper must
be used.

Although unpolarized neutrons are sensitive to the magnetism, the best way to investigate
the magnetic properties of a given sample is to measure separately the reflectivity curves for
neutrons with spin parallel (spin up) and antiparallel (spin down) to the applied field Hj.
The neutron beam is thus polarized by introducing a mirror which is positioned in such a
way that only neutrons with a given spin direction (spin down in Figure 2.7]) are transmitted.
To measure the reflectivity of the neutrons with opposite spin one either introduces a spin-
flipper, or inverts the magnetization in the polarizer. In SuperADAM and NREX a so-called
Mezei spin-flipper is used. It basically consists of a coil that produces a magnetic field which
is perpendicular to both the neutron wave vector and the spin axis of the neutron beam.
This magnetic field induces a Larmor precession of the neutron spin and the current in the
coil is tuned to produce a rotation of exactly 180° after the neutron leaves the device. This
procedure cannot be applied if the beam consists of polydispersive neutrons with different
speed. At AMOR the magnetization of the polarizer is therefore reversed to change the
polarization of the incident neutron beam. In most of the measurements presented in this
thesis no spin-polarization analysis has been performed to the reflected neutron beam.

A system of two slits is placed before the sample to control the angular divergence and thus
the resolution. An additional slit system placed after the sample is used to reduce the angular
acceptance of the detector and the background. The detector can be 1D or 2D sensitive,
the latter is specially efficient for measuring the off-specular reflectivity. The detector is
usually positioned about 2-3m away from the sample to enhance the angular resolution. The
reflectivity, in arbitrary units, is defined as the ratio between the incident and the reflected
intensities:

(2.33)
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2.3. X-ray absorption spectroscopy

where I1¢¢(q,) is the neutron intensity measured at the detector. The incident intensity Iy(q.)
is measured in a different way for each measurement mode. In the angle dispersive experiments
a monitor is placed before the sample (not shown in Figure 2.7)), this device can be regarded
as a detector with a very small efficiency and large transmittance. The number of detected
neutrons per time unit at the monitor is proportional to the total incoming flux. In an energy
dispersive instrument, Iy(q,) is extracted from the wavelength distribution of the incoming
neutron bunches. This distribution can be determined with a measurement of the direct beam.

An additional aspect needs to be discussed in the case of angle-dispersive experiments.
Since the beam has a finite width in the z-direction, at grazing incidence the sample is com-
pletely submerged into the beam. As the angle of incidence increases, a larger fraction of the
beam hits the sample and the effective incident intensity increases with sin(). The incident
intensity becomes independent on the incident angle only once the entire beam is reflected by
the sample, this is achieved when the angle of incidence is larger than a critical value:

b
0. = arcsin | 22 ) 2.34
arcsin ( L) (2.34)

where b,, is the beam width, L is the size of the sample in the beam direction and the sample
has been assumed to be in the center of the beam. To account for the changes in the effective
intensity, the reflectivity for incident angles smaller than the critical value must be calculated
according to:

Iref(Qz)
In(g,)sin(6)’
This is the so-called footprint correction.

To analyze the PNR data two programs have been used. A modified version of the Superfit
package, developed at the Max Planck Institute for Intelligent Systems [73]; and the GenX
software, developed by M. Bjorck and G. Andersson [74].

R(q.) = if 6 < 6. (2.35)

2.3. X-ray absorption spectroscopy

The x-ray absorption cross-section of an atom depends on the density of the empty states,
the charge distribution of the initial and final states and the polarization state of the incident
photons. In this section it is shown that the study of the x-ray absorption at the Lj 3 edges
of transition metals for linear and circular polarization provides element-specific information
regarding the orbital occupancy and the net spin and orbital moments in the 3d levels of the
atom.

2.3.1. The photon absorption probability

The electromagnetic radiation contains both electric and magnetic fields and thus interacts
with all charges and magnetic moments that exist in a solid. As the nuclei are much heavier
than the electrons, the effect of the electromagnetic radiation on the former is negligible and
in the study of the interaction of radiation with matter only the latter are taken into account.

The Hamiltonian describing the interaction of electrons in an atom with an electromagnetic
field can be written in terms of the vector potential A(r) as |75]:

Hin = = 5oy 37 A%r) = = 3 AGr) -y
. ! ! - . (2.36)
- > 8V x A(r))] - 1 Zsj [A(r;) x A(r))).

Here r;, p; and S; are the position, momentum and spin operators of the j-th electron in the
atom, respectively. The first term in equation [2.36] describes the electromagnetic field itself,
the second term accounts for the effect of the electric field on the electron motion, the third
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2. SCIENTIFIC BACKGROUND

term contains the coupling between the radiation and the spin and, finally, the fourth term
accounts for the spin-orbit coupling.

The vector potential can be written in terms of the photon annihilation (bg,) and creation
(b;rm) operators:

27Th62 2 ik-r x 3T —ikr
A(r) = Z < Vo ) <e,mb,me + €rabpaC > . (2.37)
k,a

where k is the photon wave vector. The photon energy is given by hw, = hck and its
polarization is given, in general, by two polarization vectors eg, (o = 1,2). V is the volume
of the system. The vector potential is thus linear in bg, and b};a and only the terms in the
Hamiltonian (236]) which are linear in A contribute to the absorption. The quadratic terms
describe two-photon processes and account for the photon scattering.

The interaction of the electromagnetic radiation and the spin do not play a significant role
in the core-valence electronic transitions. Therefore, only the Hy = —(e/mc)>_; A(r;) - p;
term in the Hamiltonian will be considered to calculate the transition probabilities. Using the
explicit expression of the vector potential this term can be written as:

e 27ThC /2 ikr
Hy = T me A(TJ) = ZZ < Vwg > Pha™" Cha i (2:3%)

since only absorption processes are considered, the photon creation component of the vector
potential has not been included. The next step is to apply the so-called dipolar approximation
for which k-7 < 1 and the exponential terms in (2.38]) can be approximated by 1. Physically,
the approximation assumes that the spatial changes of the electromagnetic field inside the
atom can be ignored. Although for hard x-rays this is not valid, in the soft x-ray regime
(where the measurements presented on this thesis have been performed) the approximation
holds and the Hy operator is simplified to:

:——ZZ 27Thc bk €ka " Pj- (2.39)
mc Vwg amre 2

Fermi’s Golden Rule states that the probability per unit time for the system to pass from an
initial state ¥; to a final state ¥; by absorbing an incident photon with energy hw is given
by:

2T
Wy = 7\(‘I’f\T!\Pi>\25(Ef — B — hw), (2.40)

where F; and Ejy are the initial and final state energies, respectively. The initial and final
states include a photon component which is not explicit. 7" is the transition operator which to
first order can be approximated by T' ~ H; [76]. Inserting the operator in (2.39) into (2.40),
the probability to absorb a photon with energy Aw is found as:

Wi Y Y [ Uleq - p;|W:)[*8(Ef — B — hw). (2.41)

7 o

In the last expression only photons with energy hwg = hw have been considered in the ex-
pansion of the vector potential. The photon component of the initial and final states satisfies
(U r|bal¥;) o< /Iy, where Ij is the incident photon intensity. Therefore, the matrix elements
of the photon annihilation operator introduce the proportionality between the transition rate
and the intensity of the radiation. In addition, the transition probability can be written in

terms of the position operators r; by using the Heisenberg relation, [r;, H] = (ih/m)p; to
yield |76]:
Wy Y > [(Uylea - 5| 0:)[*5(Ef — B — hw). (2.42)
i ]
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2.3. X-ray absorption spectroscopy

In the absorption process one hole is created in a core state and one electron occupies an
empty state. Assuming that neither the wavefunctions of the passive electrons nor the ones
of the empty states are modified by the created core-hole, the probability W; can be written
in terms of the single-particle transition probabilities [54]:

Tji o< > [(orlea - 75100 P6(Ef — Ei — hw), (2.43)

where T; is the probability for an electron to be excited from a state ¢; to a state ¢ by
absorbing a photon with energy hAw and polarization given by the vectors e,. The matrix
elements of the e, - 7; operator depend on the projection of the electron wavefunction in the
polarization direction of the initial and the final states. This gives rise to the so-called search
light effect, the likeness of an electromagnetic field to excite electrons into a given empty state
¢ ¢ depends on the extension of its wavefunction in the direction of polarization [77]. The study
of the absorption for radiation with different polarization directions thus provides information
about the spatial distribution of the empty states in an atom. In this thesis this effect will
be used to study the occupation of the Cu-3d and Mn-3d orbitals in cuprate/manganite
superlattices.

The photon carries a total angular momentum [, = 1 which must be added in the absorp-
tion process to the initial orbital momentum of the electron system [;. The final total orbital
momentum [y must therefore satisfy:

’li—l‘ <lf <l;+1. (2.44)

The parity of the dipole operator e, -r; introduces an additional constraint between the initial
and final electron states. In a simplified picture, the electron states in a solid can be regarded
as simple atomic orbitals for which the parity is given by the angular momentum quantum
number, [. Since the electric dipole operator is odd, the matrix element (¢fleq - 7j|¢;) is
non-zero only if the final and initial states have a different parity. Therefore [; # [; and the
dipole transition selection rule reads [78]:

Al =17 —1; = +1. (2.45)

The projection of the photon angular momentum along the photon propagation direction, my,,
depends on the polarization. In the absorption process this angular momentum is transferred
to the system and the projection of the orbital momentum along the beam direction, m;, of
the initial and final states must satisfy:

Amy =0, +1. (2.46)

Since the transition operator does not depend on the spin, the electronic transitions do not
affect the spin state yielding;:

(2.47)

The selection rules in (245]), (2.46) and (2:47) introduce an additional dependence of the tran-
sition probability on the electronic state of the atom. In the particular case of transition metals
they give rise to the magnetic circular dichroism effect which is discussed in section [Z.3.3]
The x-ray absorption coefficient is proportional to the summation over all possible initial
and final states of the one-electron transition probabilities Tj;, and the ¢ function in (2.43))
describes the density of unoccupied states with energy E; = E; + hw. In the soft x-ray regime
the absorption dependence on the energy is governed by the transition of electrons from the
bound states to the continuum. It decreases smoothly with energy following an approximate
1/w? dependence [79]. When increasing the energy above the binding energy of a core level,
a new channel of transitions opens up and the absorption increases abruptly yielding a so-
called absorption edge. The transitions can also occur to the empty high-energy bound states.
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These states can have a large enough density to give rise to strong peaks in the absorption at
the position of the absorption edge, the so-called white lines. As discussed in sections
and 2.3.3], for the first series of transition metals the variation in the intensity of the white
lines with the photon polarization is directly linked to the orbital occupancy and the magnetic
ordering in the partially filled 3d band.

Since the final states are excited states, the x-ray absorption spectroscopy cannot be
considered a reliable method to probe the energy distribution of the electron states in the
ground state. The interaction of the excited electrons with the created core-hole and with
the passive electron can lead to significant shifts and distortions of the white lines. The total
intensity of the white lines is related to the transition probabilities and thus depends only on
the density of empty states in the ground state. Therefore, it can be quantitatively studied
using x-ray absorption measurements [80].

2.3.2. X-ray linear dichroism

The x-ray linear dichroism (XLD) is based on the change of the absorption of linearly
polarized x-rays with the polarization direction. Schematically, the origin of the XLD can
be understood in terms of the already mentioned search light effect. The incident radiation
induces oscillations of the electrons in the direction of the electric field (polarization direction)
and therefore the electrons are preferably excited to states that are well extended in this
direction. To quantify the influence of the x-ray polarization on the absorption for a particular
system, the matrix elements in equation 243l must be calculated for all possible initial and
final states and the corresponding transition probabilities summed up.

For this thesis the study of the electric and magnetic properties of the Mn and Cu ions is
of foremost interest. These two atoms belong to the first series of transition metals and the
discussion in this section is restricted to this group. For this family of ions the electric and
magnetic properties are largely linked to the characteristics of their partially filled 3d orbitals.
These characteristics can be indirectly studied by examining the x-ray absorption induced
2p — 3d transition. Due to the strong 2p spin-orbit coupling in these atoms the degeneracy
of this level is broken. Two levels, namely 2p3,, and 2p,/,, with total angular momentum
j = 3/2 and j = 1/2, respectively, are thus created. The energy separation between these
levels is proportional to the spin-orbit coupling and amounts to approximately 11 eV and 20 eV
for Mn and Cu, respectively. The transitions from the 2p3/5 and 2p; /; levels to the continuum
give rise to two edges in the energy dependent x-ray absorption, namely Lg and Lo. For the
YBCO, LCMO and LMO compounds studied in this thesis, the 3d levels are in the vicinity
of the Fermi level and therefore the intensity of the white lines at the L3 2 absorption edges is
proportional to the 2p — 3d transition probabilities. Although 2p — 4s transitions are also
possible, their corresponding transition probabilities are about 30 times smaller than for the
2p — 3d ones [81]. These transitions will not be considered in the following discussion.

For each edge a total of 27+ 1 starting states, corresponding to the different possible values
of m;, contribute to the absorption. Neglecting the spin orbit coupling in the 3d band, the final
states can be described by the 5 levels corresponding to different values of m;. These levels are
usually combined to create a set of real wavefunctions corresponding to the 3d,2_ 2, 3d3,2_,2,
3dyy, 3d,, and 3d,, orbitals. This set of real orbitals, 3d;, will be used from now on in the
discussion. Noting the initial and final levels as |2p;,,,) and [3d;), the total x-ray absorption
probability at the L; edge for light linearly polarized in direction o can be calculated as:

J
Ha(@) =C Y Y [(2pjm;leq - 7I3d;)*6i(Ey; — Eq— hw), (2.48)

mj=—j 1

where C'is a proportionality constant and e, is an unitary vector in the polarization direction.
E,; and Ej; are the energies of the 2p; and 3d levels, respectively. The i-index in the ¢ function
has been included to specify that it is related to the density of free states of each 3d orbital. If
integrated over the energy range around the absorption edge, the §; function becomes simply
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2.3. X-ray absorption spectroscopy

the number of holes in the orbital ¢, n;, and one gets:

J
/ po(W)dw =CY | > 1(2pjm,leq - 7I3di)* | n; = C Y Pian,. (2.49)
L; - . p

7 mj=—j

The total intensity of the white line can thus be regarded as an addition of the contributions
from each of the 3d orbitals. The weight of each orbital in the white line is given by the
summation of the transition rates over the 2p levels:

J

mj:fj

To calculate the value of P;, for different orbitals and polarizations the spherical coordinates
representation is useful because it allows one to write all angular dependence in terms of spher-
ical harmonic functions. For example, the transition operator for an arbitrary polarization
direction can be written as:

€, T = regsinf cos ¢ + reysinfsin g + re; cos 0,

[4 Y-y Y4 v (2.51)
— —7T|:€x(1 1)+ey(1 + 1)+62Y10
3 V2 V2

where Y, is the spherical harmonic of degree n and order m, its dependence on the 6 and ¢
coordinates is implicit. Being combinations of the eigenstates of the orbital momentum, the
d; orbitals can be represented in terms of spherical harmonics of second degree. Although the
12pj.m;) states are not eigenstates of the orbital moment, using the Clebsh-Gordon coefficients
they can be written as combinations of the pure |2p; ,,,, m.) states for which the angular part
is also written in terms of the spherical harmonics of first order [79]. Therefore, the matrix
elements in (2.49) involve the multiplication of three spherical harmonics and can be evaluated
without mayor difficulties. The radial part of the integral does not depend on the initial or
final values of the angular momentum and becomes a common pre-factor.

The resulting transition probabilities for different polarization directions are shown in
Figure 2.8 and were obtained from Ref. |[82]. As seen in the figure, the transition probability
vanishes when the polarization is directed along the nodal direction of an orbital and is
maximized when there is the largest probability of finding an electron along the polarization
direction. The search-light effect is thus quantified and replacing the calculated values of P; ,
in equation (249) the so-called charge distribution sum rules are obtained [82, 83]:

C
/L . ppdw = E [G(E:vy +n,, + @xQ,yQ) + 2ﬂ3z2,r2] , (2.52&)
3+L2
C
/L . pydw = D [G(Qxy + 1y, +g2_y2) + 2n3,2_,2] (2.52b)
3+L2
C
/L » prdw = E 6(ny, + 1) + 81232 2] . (2.52¢)
3 2

Here i, is the measured absorption for polarization in the a = z,y, z direction. This result
is general and is not affected by the strong core-hole interactions that affect only the shape
of the absorption peaks. It can, nevertheless, suffer modifications if the sample is magnetic
and a large spin-orbit interaction takes place in the 3d-band [82]. This effect is known as
x-ray magnetic linear dichroism |84, 85] and its origin is accounted for by the magnetic term
S; - [V x A(r;)] in the interaction Hamiltonian of equation (Z36). Owing to the relatively
small orbit-coupling in Cu and Mn this effect is expected to be negligible and will not be
further discussed.

In equations [2.52], the integral comprises both the Ls and Ly edges. This is due to the fact
that in most transition metals the strong core-valence interactions lead to a mixing of the Lo
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d
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Figure 2.8: Transition probabilities from the 2p band to the 3d orbitals for different polarization direc-
tions. The arrows mark the direction of the x-ray polarization, the numbers represent the corresponding
transition probability and have been taken from Ref. [82].

and L3 white lines and in practice it is often not possible to isolate them [86,87]. Nevertheless,
for Cu there is only one hole in the initial and final configuration, the core-valence interactions
are absent and the white lines are sharp and well separated. The Lg and Ly white lines can
be separated and their contributions to the absorption are linked as:

2
/ fodw = 2/ todw = —/ Hadw. (2.53)
Ls Ly 3 JLstLy

The L3 and Lo bands therefore contain the same information regarding the orbital occupation.
The density of states at the 2p3/5 band is twice as large as at the 2p; /, band and therefore its
contribution to the absorption is twice as large.

The integral over the L32 edges of the polarization-averaged absorption, defined as 11 =
(po + 11y +112) /3, can be calculated using the expressions (2.52]) to yield an important relation:

C C
/ pdw = _(ﬂmy + 0., + Ny + 02 —y2 + Ngp2 —r2) = 5 n3g- (254)
L3+Lo 3 3

This quantity is thus independent of the occupation anisotropy and is proportional to the
number of holes in the 3d band, ns;. As long as the hole density in the 3d band is known,
equation (254 allows for the determination of the proportionality constant C.

Charge distribution sum rules for Mn and Cu

In the following the charge distribution sum rules are applied to Mn and Cu. As mentioned
in section 2.T.T] the electronic configuration of the 3d band in stoichiometric Lay/3Ca;/3MnOg
is dominated by the crystal field splitting between the t3, and e4 bands. The lower t3, band
is half-filled with one electron occupying each of the d,,, dy. and d;, orbitals. The remaining
2/3 electron density is distributed between the two e, orbitals. Whether the electrons in the
eg band sit preferably in the d,2_,2 or the d3,2_,2 orbitals depends on the distortions of the
O octahedron around the Mn ions.

The orbital polarization of the e, band of LCMO can be determined from x-ray absorp-
tion measurements as follows. For this discussion the x, y and z axis are linked to the
crystallographic a, b and ¢ axis, respectively. For Mn, the charge distribution sum rules in
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2.3. X-ray absorption spectroscopy

equation (252 read:

C

/ pradw = — [6(2 4+ ny2_y2) + 2052 2], (2.55a)
L3+Lo 12
C

/ mpdw = — [6(2 + Ng2_,2) + 2n3,2_,2], (2.55b)
Ls+L2 12
C

pedw = — [12 4 8ng,2_,2] . (2.55¢)
L3+Lo 12

In thin films, like the ones studied in this thesis, twinning effects lead to the mixing of the
a and b crystallographic axis. Typically only the averaged absorption u., = (pa + pp)/2 is
available experimentally. From equations (2.53]) it becomes clear that this limitation has no
consequence for Mn for which the ¢35, band is exactly half-filled such that the intensity of the
white lines in ji4, pp and thus in pg is identical. The auxiliary parameter A is defined as the
normalized difference between the integrals of g, and pe:

2 Map — fe)dw  mo2 2 —ng2 3
_ fL3+L2( a C) _ Log2 g2 7 183222 (ﬂx2_y2 —ﬂ322_r2)- (256)

A= _ 2
Jist 1, (Chtad + pre)dw B 19

In the last expression the numerator has been evaluated by using the expressions (2.55]), for
the denominator the property (2.54]) has been applied assuming a hole density in the 3d band
of nsy = 19/3. The sum of n,

22—y2 and ng.2_.2 is equal to the hole density in the e4 band:
10
Ng2_y2 +ng,2_,2 = E (2.57)

Combining the last two equations, the occupancy of the 3ds,2_,2 and 3d,2_,2 orbitals in terms
of the measured intensity of the white lines are obtained as:

104+ 194

N32_p2 = +6 s (258&)
10 — 194

Ng2_y2 = T (258b)

Since the electrons are minority in the e, band, the asymmetry in the occupation of the two
eq orbitals is better expressed in terms of the electron orbital polarization, P, defined as:

p - MN3p2_p2 = Ng2_y2 N2 42 — 13,2 42 194 2 59
€g - 2 - 9 ( : )
Ng,2_p2 +Ng2_y2 3

where n; is now the electron density in the ¢ orbital.

The same procedure can also be applied to Cu. For optimally doped YBCO the valence
state of the Cu ions in the planes and in the chains is close to +2 with one hole in the
3d band [53]. In YBCO the crystal field also splits the 3d band into the ¢y, and e, bands.
In addition, the large Jahn-Teller distortion of the CuOo pyramids leads to a large orbital
polarization which favors the occupation of the out-of-plane 3ds3,2_,2 orbital. As discussed in
section 3.4l important changes in the orbital polarization occur at the interface. The method
presented here allows the quantification of these changes.

The first assumption is that the 3d hole in Cu resides in the e, band. This is well justified
by the strength of the crystal field (~2eV). The hole density in the ¢y, band is therefore zero
and equations (Z.52]) read:

C

/ papdw = — [3ﬂ$2_y2 + 2322_T2] , (2.60a)
La+Lo 6
C

predw = — [4ng.2_,2] . (2.60b)
L3+Lo 6
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Here pqp = (g + 1p)/2 and again the identical white line intensity for p, and p; has been
assumed. In the case of Cu, holes are minority in the e, band and the differences in the orbital
occupation are better described in terms of the hole orbital polarization.

P = Ny2_y2 — Ngy2_p2 _ 2fL3+L2(Mab - Mc)dw 4 (2 61)
% Ng2_y2 +ng,2_,2 fL3+L2 (2Mab + :u’C)dw

It should be remarked that the absorption integrated in equations (Z.59]) and (2.61) corre-
sponds only to the intensity of the white lines. The non-resonant components of the absorption
must therefore be subtracted from the experimental data. These non-resonant components
include the absorption from other elements in the sample and the absorption edges.

2.3.3. X-ray circular dichroism

In a x-ray circular dichroism (XMCD) experiment one determines the change of the x-ray
absorption with the helicity of circularly polarized photons. As was first observed by Schiitz
et al., the magnitude of the XMCD in transition metals can be related to the magnitude
of the spin and orbital magnetic moments of the atoms that are probed by the resonant
transition [88].

To understand the origin of the XMCD effect one needs to recall that for circularly po-
larized photons the projection of the photon angular momentum in the propagation direction
is my, = +1. This momentum must be transferred to the excited electron in the absorption
process and the selection rule reads:

Am; = +1. (2.62)

The sign of the projection depends on the helicity of the photon which in this thesis will be
defined as positive when the photon orbital moment is antiparallel to the applied field.

In the absence of spin-orbit coupling in the 2p band, all the states with different projections
of the orbital and spin moments are degenerate. The transition probability only depends
on the initial and final values of the orbital moment, m;, according to the transition rate
Ty; of equation (2.43). Since the spin is not involved in the interaction, the electrons with
spin parallel and antiparallel to the photon angular momentum are excited with the same
probability.

If there a spin-orbit interaction in the 2p band, as for transition metals, the spin and
orbital momentum of the electrons are coupled and as a consequence the excited electrons are
spin-polarized. The origin of this spin polarization is sketched in Figure 2.9 The incident
photon is assumed to have a positive helicity and for simplicity the 3d band is assumed to
be empty. In the ground state only the total angular momentum, m;, is well defined. For
each m;, the electron state is a combination of |m;, ms) states with orbital, m;, and spin,
ms, moments satisfying m; + mg = m;. The contribution of each initial state |m;, ms) to the
absorption probability is given by the multiplication of the probability of finding an electron
in this initial state, given by the Clebsh-Gordon coefficients, and the transition probability to
the |m; + 1, m,) state in the 3d band, given by Tj;. The thickness of the arrows in the figure
is proportional to the contribution of each initial state to the absorption probability and the
color is associated with the spin projection of the excited electron. It becomes evident that
for photons with positive helicity the excited electrons at the 2p3/; and 2p; o bands have a
predominant spin up (ms; = 1/2) and spin down (mys; = —1/2) character, respectively. An
identical analysis shows that the spin polarization is exactly opposite if the incident photon has
a negative helicity. Quantitatively, in the 2p3/, band 62.5% and 37.5% of the excited electrons
have their spin parallel and antiparallel, respectively, to the photon angular momentum. In
the 2p; /5 band the same probabilities yield 25% and 75% [77].

An additional modulation to the transition probability must be taken into account if the
3d band is partially filled. In the following it is assumed that an external magnetic field is
applied to the sample. If the sample is magnetic the majority of the electrons in the 3d band
will have their spin pointing antiparallel to the applied field. This is due to the fact that the
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Figure 2.9: Origin of the spin polarization of the excited electrons in the 2p — 3d transition induced
by circularly polarized photons. The incident photon helicity has been set to +1. For each m;, the
probability of finding an electron in the state |m;, ms) is given by the square of the Clebsh-Gordon
coefficient, Co. The transition probability from a |m;, ms) state in the 2p band to a |m;+ 1, ms) state
in the 3d band is given by T'y;. The arrows show only transition possible for each initial state |m;, ms),
the thickness of the arrow is proportional to the contribution of the corresponding transition to the
total absorption. The arrows are red (blue) when they involve electrons with spin parallel (antiparallel)
to the photon angular moment.

electron spin and magnetic moment are antiparallel. The transition of electrons with spin
antiparallel to the applied field becomes less likely than for electrons with spin parallel. The
absorption probability therefore depends on the predominant spin orientation of the excited
electrons and is different for photons with positive and negative helicity. The XMCD is defined
as the difference between the absorption for positive and negative photon helicity. At the L3
edge the absorption is larger for negative helicity and the resulting XMCD is negative. At
the Ly edge the spin polarization is opposite and the absorption is larger for positive helicity,
the XMCD is thus negative. The expected shape of a spin-order induced XMCD is shown in
Figure 2101 which has been taken from Ref. [89].

Nevertheless, spin ordering in the 3d band is not the only possible source of an XMCD
signal. As seen in Figure 2.9 for photons with positive helicity the electrons are excited
mainly to 3d levels with m; > 0. In analogy, for photons with negative helicity the electrons
are excited to levels with m; < 0. Therefore, if there is a net orbital moment in the 3d band
and the occupancy of levels with positive and negative m; is different, the x-ray absorption
becomes once again dependent on the photon helicity and a XMCD signal is observed. Since
the XMCD in this case is not related to the spin polarization, it has the same sign at both
the Ls and Ly edges as shown in Figure 2.10l

The anisotropic distribution of the spins in the 3d bands also contributes to the XMCD
signal. The transition probability from an initial state with a given m; to final states with
my+1 and m; — 1 is, in general, different as a consequence of the search-light effect. Therefore
if the net spin is different at the m; — 1 and m; + 1 orbitals, an additional contribution to
the XMCD will arise. The anisotropy of the spin is written in terms of the magnetic dipole
operator T' defined as [90]:

T =S8 —37(7-S), (2.63)

where S is the total 3d spin operator. As shown in Figure 210, the contribution of the
magnetic dipole operator to the XMCD has the same distribution over the Lg and Lo edges as
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Figure 2.10: Different contributions to the XMCD signal at the L3 and Lo edges for the first series of
transition metals. Ounly the contributions from the orbital moment (L), the spin moment (ms) and
the magnetic dipole operator (T) are non-vanishing after the integration of the XMCD intensity over
the Lg or Ly edges. The figure has been taken from Ref. [89]

the one due to the spin moments. Therefore, this two contributions cannot be easily separated.

Figure 210 also shows that the Zeeman-splitting at the 2p band in presence of an applied
field, or the spin-orbit coupling at the 3d band can lead to XMCD effects. Nevertheless,
this contributions cancel-out after integrating the XMCD signal over the Ls and Lo edges,
therefore they do not contribute to the quantitative analysis of the data.

XMCD sum rules

The intensity of the XMCD signal has been shown to be proportional to the imbalance in
the occupation of spin up and spin down states, and to the imbalance in the occupation of
states with positive and negative orbital moment. The so-called orbital and spin sum rules
relate the integrals of the XMCD over the L3 and Lo edges to the net orbital and spin moment
as follows |91, 192]:

. _2 fL3+L2(M+ — p—)dw

(Lj) s (2.64a)
3 Jpprr, T dw
7 1p, (g — p)dw =2 [} (py — p)dw
(Sj) — 5(Ty) = 5= 2 N3y (2.64D)
2 2 fL3+L2 de

where (L;), (S;) and (Tj) are the expectation values of the orbital moment, the spin moment
and the magnetic dipole operator, respectively, in the direction of the beam, j. py and
u— are the measured absorption for positive and negative helicity, respectively. pg is the
measured absorption for x-rays linearly polarized in the direction of the beam. In terms of
the absorption for x-rays with circular polarization, the polarization averaged absorption can
also be written as i = (p4 + p— + 10)/3 and therefore the factor ngq/ [, ;. Mo gy
accounts for the unknown proportionality constant between the measured absorption and the

transition probability. Once again, in equations (2.64]) only the intensity of the white lines

28



2.3. X-ray absorption spectroscopy

is included in the integrals, in practice all the non-resonant contributions to the absorption
must therefore be subtracted.

The validity of the orbital moment sum rule in equation (2.64al) is well accepted. However,
some caution is required in applying the corresponding spin sum rule. In the first place, it
involves the separated integration of the L3 and Lo edges which in practice is not always
possible. The strong interactions between the core and valence holes in the excited state can
lead to a sizable broadening of the white lines. If the spin-orbit coupling in the 2p band is
not large enough, the two edges may overlap and a clear boundary between them can not
be defined. Carra et al. initially proposed that this effect could lead to errors of about
5%, nevertheless, an underestimation of the spin magnetic moment of up to 40% has been
reported [93].

Another possible source of error in the determination of the spin moment using the sum
rules concerns the value of (T}). As was already mentioned, this operator measures the
asphericity of the spin wavefunction in the direction of the beam. Therefore it cannot be
dismissed in systems with a large anisotropy. As the anisotropy of the spin and charge distri-
butions are related, the a = x,y, 2 component of the magnetic dipole operator can be written
as [82]:

To =Y QapSs: (2.65)
8

where Qu3 = 0o — 370 - T3/ r? is the quadrupole charge operator and the sum runs over the
x, y and z directions. If the 3d spin-orbit coupling is small, the off-diagonal terms in the
last equation can be dismissed and to first order it is possible to write T, = QuaSa. The
calculation of the expectation value of T}, includes a summation over all electrons in the 3d
band that can be written as a summation over the 3d; orbitals [83]:

(To) =) (3di|Qaal3d;)s, (2.66)

(2

where s?, is the projection of the spin moment in orbital 3d; in direction a. The trace of Quq
vanishes when calculated over either the t3, or the e, bands. Since for Mn the spin moment
in the to, band is homogeneous and for Cu it is absent, the contributions to (Ty) coming from
this band are zero in both cases. The matrix elements in (3d;|Qaq|3d;) in the e, band can be
calculated using the spherical harmonics yielding:

2
<3d12—y2‘me’3de—y2> = _<3d3z2—r2‘Qaza:’3d3z2—r2> = -
2
<3d127y2|ny|3d:v27y2> = _<3d3z277’2|ny|3d3z27r2> = B (2.67)
4
(Bdy2_y2|Q:2[3dy2_y2) = —(3dg,2_,2]Q2[3dg,2_p2) = -

Recalling that the z,y, z coordinates correspond to the a,b, ¢ crystallographic axes, respec-
tively, the expectation value of the magnetic dipole operator for an XMCD measurement with
the incident beam aligned along the ab-plane or along the c-axis can be written as:

2, 42,2 222
(Tw) = =Z(sap " =505 ) (2.68)
4
(To) = 2 (58 =277, (2.69)

It is possible to extend this results for an arbitrary direction. If the incident beam points
along the j-direction, which forms an angle # with respect to the ab plane, the effective matrix
elements of the quadrupole operator satisfy Q; = ((Quz) + (Qyy)) c0s?0/2 + (Q.) sin® 6 [82].
An identical angular dependence is obtained for (7)) and the correction to the spin moment
due to the spin anisotropy can be written as [94]:

(S;) + z<Tj> = () + (s7 7Y = 37 (3sin(6) — 1), (2.70)
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where sé» is the projection of the spin in orbital 3d; in direction j. The size of (T}) is therefore
proportional to the spin anisotropy and will be important in systems with a large orbital po-
larization. Furthermore, the sign of the correction changes when going from normal to grazing
incidence, the spin anisotropy can thus be measured by performing XMCD measurements with

different incidence angles.

2.3.4. Setting up a XAS experiment

Since a x-ray source with a tunable energy is needed to perform the x-ray absorption spec-
troscopy (XAS) measurements, this experiment must be performed at a synchrotron facility.
At the XTreme beamline of the Swiss Light Source, where all the XAS experiments reported
in this thesis have been performed, a 2.4 GeV electron beam is directed towards an undulator
system where the electrons perform an oscillating motion and thus radiate high-energy pho-
tons. The energy distribution and the polarization of the radiated x-rays depend on the gap
and the shift between the two undulator magnets. The former controls the frequency of the
oscillations, the latter controls the orientation of the oscillatory movement. A monochromatic
beam is obtained with a mirror-grating system that introduces an energy-independent beam
deflection [95]. The monochromatic beam is then focused onto the sample. Since soft x-rays
are easily absorbed in air, the entire setup needs to be kept at ultra-high-vacuum conditions.

The absorption of the sample is measured indirectly by detecting the decay process of the
excited ions. In the decay process one of the valence electrons falls to the empty state in the
core, the energy excess can be released either by ejecting an Auger electron from the atom or
by emitting a fluorescence photon.

The Auger electrons are scattered in the sample and may release further electrons in the
material giving rise to a secondary electron cascade. If the excited ion is close enough to
the surface, the emitted electrons may leave the sample which thus becomes charged. If the
sample is grounded, its charge is balanced by a net electron flow toward the sample which can
be measured as an electric current. This current is thus proportional to the number of excited
atoms in the sample per unit time and, neglecting saturation effects, to the x-ray absorption
cross section 96, 97]. This measurement mode is the so-called total electron yield (TEY).
Since the electrons are strongly scattered in the sample, they rapidly loose their excess kinetic
energy. Accordingly, their probability to leave the sample decays exponentially with the depth
from the sample surface. The characteristic length scale of the escape depth is on the order of
some nanometers. Its exact value depends on the electric properties of the probed material.
The TEY mode is thus a very surface sensitive technique.

The emitted fluorescence photons can be measured by locating a photodiode in the vicinity
of the sample. The characteristic length of the fluorescence photon extinction in the sample
is on the order of 100 nm, therefore the so-called fluorescence yield (FY) method is considered
a bulk sensitive technique. The current in the photodiode is proportional to the absorption
cross-section only if the total absorption cross-section of the sample does not change drastically
at the absorption edge, i.e. it works only in dilute samples [98]. In the XTreme setup the
photodiode is positioned on the scattering plane at an angle of 90° with respect to the beam
direction.

The intensity of the incident beam depends on the photon energy. To correct for this
variation, the incident beam intensity is indirectly determined by measuring the TEY in a thin
gold mesh that is located on the beam path before the sample. Gold has no absorption edges
in the soft x-ray range and its absorption is therefore small and almost constant within the
energy range of a measurement (~ 70eV). The final TEY and FY signals are thus determined
after normalizing the measured currents by the TEY current in the gold mesh.
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Chapter 3

Magnetic proximity effect in a
YBCO/LCMO superlattice

In this chapter the phenomenology of the Magnetic Proximity Effect of an almost sym-
metric [YBaCuzO7(9.7nm)/Lay/3Ca; 3Mn0O3(9.4nm)]1o superlattice is introduced. Details
on the growth and the structural characterization of the epitaxial samples are described in
section [B.J} the epitaxial growth of the film and its strain condition are confirmed by x-ray
diffraction. Section presents the electric and magnetic properties of the superlattice. It
shows resistivity and magnetization measurements which establish that the individual lay-
ers retain their superconducting and ferromagnetic properties with critical temperatures of
Te ~ 88K and TCWe ~ 200K, respectively. The polarized neutron reflectometry (PNR)
measurements and their modeling are discussed in section [3.3l It shows that the reflectivi-
ty curves are best described in terms of a strong suppression of the magnetization on the
Lay/3Ca;;3MnO3 (LCMO) side of the superlattice. The x-ray linear and circular dichroism
results are presented in sections B.4] and B8] respectively; while the circular dichroism con-
firms that a ferromagnetic Cu moment is induced on the YBapsCu3zO; (YBCO) side of the
interface, the linear dichroism provides evidence for a reconstruction of the Cu-3d orbitals at
the interface. Some results of the x-ray resonant magnetic reflectometry (XRMR) analysis are
briefly discussed in section B.6f the Cu moments are shown to be located on the YBCO side
of the interface and the coupling between the Cu and Mn moments is confirmed. Finally, the
concluding remarks are presented in section [B.7]

3.1. Sample growth and structural characterization

The [YBagCu307(9.7nm)/Lay/3Ca; ;3MnO3(9.4nm)]1o superlattice, from now on referred
to as sample YLCM, was grown on a Lag3Srg7Alpe5Tag3503 (LSAT) substrate by means
of pulsed laser deposition (PLD). The PLD technique allows for a monolayer by monolayer
growth of heteroepitaxial multilayers with very flat interfaces.

In PLD a pulsed laser beam is focused onto a target that has the stoichiometry of the
desired film. Due to the high intensity of the laser pulse, the target is ablated and a plasma
plume that expands from the target surface toward the substrate is created. The shape, size
and stoichiometry of the plume depend on the laser energy, the spot size, and the background
gas pressure in the growth chamber. The ions from the plume that arrive on the substrate can
crystallize and start growing an epitaxial thin film. Such a crystalline growth can be achieved
if the substrate is heated to a suitable temperature and if its crystallographic properties are
suitable. The monolayer by monolayer growth can be controlled and monitored during the
growth with in situ reflection high-energy electron diffraction (RHEED) [99].

For sample YLCM a laser fluence of about 2J/cm? per 25ns pulse at the target surface
was used. The sample was grown at 825 °C in an oxygen partial pressure of 0.32 mbar. After
deposition the sample was annealed for 12 h at 485°C in an oxygen atmosphere to ensure full
oxygenation of the YBCO layers [25].
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Figure 3.1: X-Ray diffraction data of the sample YLCM. (a) Standard x-ray diffraction with the
momentum transfer along the z direction (perpendicular to the surface). (b) In plane diffraction
pattern along the (110) direction. (c¢) Reciprocal space map around the LSAT(103) peak, the yellow
arrows mark the position of the superlattice modulations of the diffracted intensity. A pseudo-cubic
structure for LSAT and LCMO has been used for the assignment of the peaks.

It is worth mentioning that the LSAT substrate has been chosen because it is well lattice
matched to both YBCO and LCMO. It also allows one to avoid the complications which
develop below the structural transition at 105K in the more commonly used SrTiOs (STO)
substrates. As already discussed in section 2.1.3] this transition may give rise to a buckling
of the interface that strongly reduces the intensity of the specular reflection for both neutron
and x-ray reflectivity measurements and thus limits the information that these techniques can
provide about the structural and magnetic depth-profiles of the superlattice.

To determine the structural properties of the sample a detailed x-ray diffraction study
has been performed. The x-ray diffraction measurements were carried out using a Rigaku
SmartLab triple-axis diffractometer with a 9kW Cu-K«a radiation source. The results are
summarized in Figure 3.1l Panel (a) shows the standard x-ray diffraction pattern where
the momentum transfer is perpendicular to the sample surface. Only peaks along the crys-
tallographic ¢ axis are identified confirming that the multilayer is epitaxial with the ¢ axis
perpendicular to the surface. For YBCO this means that the conducting CuO» layers, where
superconductivity occurs, are parallel to the surface. No trace of other phases or impurities
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3.2. Electric and magnetic properties

has been observed. The high intensity peaks also exhibit a series of side peaks, the so-called
superlattice peaks, that are due to the interference of the multiple reflections of the x-rays at
the different interfaces. The high intensity of these modulations testifies to the high quality
of the interfaces in the superlattice. The ¢ lattice parameters as extracted from the position
of the peaks amount to cypco = 11.71(2) A and epgaT = 3.8660(4) A. The measured ¢ lattice
parameter for YBCO is slightly larger than the reported bulk value ¢k | = 11.6757(4) A [49].
This difference arises from the strain that is induced by the substrate and gives rise to a slight
compression of the in-plane lattice parameters. Due to the resemblance between the LCMO
and LSAT perovskite structures, with a lattice mismatch of less than 0.1%, the LCMO peaks
in the diffraction pattern overlap with the much stronger LSAT ones. For this reason the
lattice parameter for LCMO cannot be accurately determined.

Panel (b) in Figure 3] shows the result of the in-plane diffraction measurement along the
(110) axis. To perform this experiment the incident angle of the beam is set below the total
reflection critical angle (w. ~ 0.3°) to induce a superficial evanescent wave. Under proper
geometric conditions this wave is diffracted by the crystallographic planes perpendicular to
the surface and are correspondingly reflected according to Bragg’s law. The scattering plane
is thus the surface plane and the measurement allows the direct determination of the in
plane lattice parameters. Two peaks have been observed corresponding to the (110) and
(220) reflections of the LSAT pseudo-cubic structure. From these peaks the in-plane lattice
parameter can be calculated as a = 3.867(5) A. Tt is virtually identical to the lattice parameter
of cubic LSAT substrate.

Within the resolution of the in-plane diffraction experiment it is not possible to observe
any additional peaks that could be attributed to the superlattice, this suggests that both the
YBCO and LCMO structures exhibit a tetragonal phase and adopt the substrate in-plane
lattice parameters. A nearly full strained epitaxial growth of the superlattice is confirmed by
the high resolution reciprocal space map around the pseudo-cubic LSAT(103) peak, shown
in panel (¢) of Figure Bl Both the LCMO and YBCO peaks in the map are symmetric
around and peaked at the A = 1 line. The in-plane lattice parameter is therefore the same for
the substrate and the superlattice. There is no evidence of a lattice relaxation as would be
suggested by a pronounced asymmetry of the peaks. The calculated in-plane lattice parameter
corresponds to an average difference of 0.3% and 0.06 % with respect to the bulk in-plane
lattice parameters for YBCO and LCMO, respectively [49, [100]. Accordingly, the YBCO
unit cell volume can be calculated as Vypco = 175.1(3) A3 which differs from the bulk value
by only 1%. An even smaller change in the unit cell volume is expected for LCMO given
the better lattice matching with LSAT. As marked with yellow arrows in Figure BIc), the
superlattice modulations of the intensity along the [ direction (perpendicular to the surface)
are also visible on the map.

3.2. Electric and magnetic properties

The electric and magnetic properties of the sample have been determined with electric
transport and dc magnetization measurements. The resistance measurements were performed
using the four-point probe option of a physical properties measurement system (PPMS) from
Quantum Design (model QD6000). The magnetization was measured on a small piece cut
from the corner of the sample using the vibrating sample magnetometer (model P525) option
of the PPMS system.

As depicted in FigureB.2[a), both the superconducting and ferromagnetic properties of the
YBCO and LCMO layers are retained. The resistance shows a sharp decrease at the onset of
the superconducting transition at 7o =~ 88 K and vanishes below 72 K. The superconducting
onset temperature is only about 5K lower than the bulk value [47]. This indicates that
the YBCO layers are close to optimal doping and that the superconducting properties are
not strongly affected by strain effects induced by the substrate. As previously reported,
the fairly broad superconducting transition may arise from the proximity coupling with the
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Figure 3.2: (a) Temperature dependence of the resistance and the magnetization in field-cooled (FC)
mode with H = 4kOe applied parallel to the layers of the YBCO/LCMO superlattice YLCM showing
the onset of the superconducting transition at Tc ~ 88K and the ferromagnetic transition at TCUre ~
200 K. The 5 % error margin in the magnetization data represents the uncertainty in the sample volume
and in the thickness and density of the LCMO layers. (b) Magnetic hysteresis loops measured at
different temperatures.

ferromagnetic LCMO layers [22].

The field cooled (FC) magnetization curve was measured with a 4 kOe field applied parallel
to the sample surface. The average Mn magnetization has been calculated using an area of
1.12(6) mm?, a thickness of the LCMO layers of 93.6(1.2) nm, and the bulk density of the Mn
ions of 17.37nm™3. The latter assumption is justified by the small lattice distortions of the
LCMO unit cell and by the fact that the fitted value of the LCMO density from the PNR
measurements matches the bulk one, as outlined in the next section. It should be noted that
this is an average value since not all the Mn ions may contribute in the same way to the
magnetization. The ferromagnetic transition at 7€' ~ 200K is evident from the sudden
increase in the field cooled magnetic moment as well as from a kink in the temperature
dependence of the normal state resistance. The latter feature originates from the insulator-
to-metal transition in the LCMO layer which coincides with the ferromagnetic ordering.

The magnetization loops for different temperatures show typical ferromagnetic hysteresis
curves as shown in Figure3.2[b). Both the saturation magnetization and coercive field increase
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toward low temperatures. At 10 K the saturation magnetization reaches about 1.9 ug/Mn and
the saturation field is around 1kOe. This average magnetization value is significantly smaller
than the reported one for bulk samples of about 3.5 up/Mn [101,/102]. In addition, a significant
broadening of the hysteresis curve is observed at low temperatures. The coercive field increases
from 65 Oe at 100 K to 375 Oe at 10 K. This effect has been observed previously in manganites
with a reduced magnetization and was attributed to an inhomogeneous magnetic phase [103].
The interaction of ferromagnetic clusters embedded in a paramagnetic matrix leads to a spin-
glass state for which the coercive field shows an anomalous increase at low temperatures.
A similar coercivity enhancement at low temperatures has also been reported in manganite
antiferromagnetic/ferromagnetic heterostructures, in this case the competition between the
ferromagnetic and antiferromagnetic interactions at the interfaces leads to frustration and spin
freezing [104, 105]. The reduced magnetization and the enhancement of the coercivity at low
temperatures thus suggest the presence of magnetic inhomogeneities in the LCMO layers which
could correspond to paramagnetic, canted ferromagnetic or even antiferromagnetic phases.

3.3. Polarized Neutron Reflectometry measurements

This section describes the polarized neutron reflectometry (PNR) measurements which
have been performed on the YLCM superlattice. It shows how this technique can be used to
obtain the structural and the magnetic depth profiles. Specifically, it details the changes to
the magnetization of the Mn ions in the vicinity of the interfaces.

3.3.1. Determination of the structural parameters and the chemical depth
profile

In a first step, the structural parameters of the superlattice have been obtained by ana-
lyzing the room temperature neutron reflectometry curves for which the potential is governed
by the nuclear scattering length density (since the ferromagnetic order occurs only below
TCwie ~ 200 K). Figure B3] shows the unpolarized neutron reflectometry measured on the
YLCM sample at room temperature with the NREX and SuperADAM reflectometers of the
Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM II) in Munich (Germany) and the
Institut Laue-Langevin (ILL) in Grenoble (France), respectively. The slight differences be-
tween the two curves are due to the different experimental configurations, for SuperADAM
a high resolution setup was used whereas for NREX the signal-to-noise ratio was enhanced
at the expense of a lower resolution. Both curves exhibit a sharp reflection edge and a set
of well-defined superlattice Bragg peaks (SLBPs). The latter originate from the constructive
interference between the neutron waves that are reflected from all the interfaces of the super-
lattice. The position, width and intensity of the SLBPs contain the information about the
average value and the variation of the thickness of the individual YBCO and LCMO layers.
Additional information about the roughness of the superlattice is contained in the form of the
overall decrease toward large momentum transfer of the reflectivity curve beyond the reflection
edge. In the absence of roughness this decrease follows a ¢;* law, where ¢, is the value of
the momentum transfer normal to the sample surface. The roughness enhances this overall
decrease of the intensity of the reflectivity curve.

The high resolution data from SuperADAM shows in addition a fast oscillation in the g,
range between the reflection edge and the 1st SLBP. These are the so-called Kiessig fringes
that originate from the interference between the reflections from the surface (ambient/LCMO)
and the bottom (interface with the LSAT substrate) of the superlattice. These features testify
to the high quality of the YLCM sample. From their periodicity one can deduce the total
thickness of the film. The thickness of the YBCO/LCMO bilayers can be inferred from the
position of the SLBPs. The information about the thickness ratio of the YBCO and LCMO
layers is contained in the intensity variation of the even and odd order peaks. For example,
the even order Bragg peaks are entirely suppressed if the YBCO and LCMO layers have
exactly the same thickness. This is a destructive interference phenomenon that originates
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Figure 3.3: Unpolarized neutron reflectivity curves of the YLCM superlattice measured at room tem-
perature with the NREX and SuperADAM instruments. The curves are vertically shifted for clarity.
Symbols show the experimental data band solid lines the best fits that were obtained by fitting both
curves simultaneously. The arrows mark the positions of the SLBPs.

from the m-phase shift between the neutron waves that are reflected at the YBCO/LCMO
and the LCMO/YBCO interfaces. It arises because the scattering potential exhibits a step-
like increase at one of the interfaces and a corresponding decrease on the other one. In the
reflectivity curves in Figure [3.3] the intensity of the 2nd and 4th order SLBPs is indeed much
weaker than the one of the 1st and 3rd order SLBPs. The finding that the suppression of
the even order SLBP intensity is not complete, i.e. that a small increase is observed at the
position of the 2nd and the 4th order SLBPs, shows that there is a small mismatch between
the thickness of the YBCO and LCMO layers.

The two room temperature unpolarized neutron reflectometry curves have been simulta-
neously fitted using a simple model where the YBCO/LCMO bilayer structure is repeated ten
times, the calculation was performed using the GenX software [74]. No special assumptions
were made as for the density or thickness, neither in the very first YBCO nor in the very last
LCMO layers. Only the roughness of the latter has been treated independently to account
separately for the surface and interface roughness. The result of the best fit is shown by the
solid lines in Figure B3] and can be seen to describe the experimental data (symbols) very
well. The obtained values for the nuclear scattering length density, thickness and roughness
are summarized in Table Bl The calculated scattering length density for the YBCO and
LCMO layer agrees well with previously reported results on similar samples [25] and corre-
spond to a percentage reduction of 3(1) % and 0.5(8) %, respectively, with respect to the bulk
values. For YBCO the difference is larger than the calculated change in the unit cell volume
(1%), this might be due to some ion vacancies created during the growth process. For LCMO
the difference is within the error bars confirming that the density and stoichiometry of the
layers are not significantly modified with respect to the bulk values. The YBCO layers are
found to be slightly thicker than the LCMO ones, the calculated thicknesses correspond to
approximately 8 and 24 unit cells per YBCO and LCMO layer, respectively. The high quality
of the interfaces is evidenced from the small calculated value of the roughness which is always
smaller than the c-axis parameter of the YBCO unit cell. In terms of the growth direction,
the LCMO/YBCO interface is slightly rougher than the YBCO/LCMO one. The film surface
roughness of 10(1) A is very small and corresponds to only 0.5 % of the total film thickness.
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pn (1070A7%) d (A) o (A)
YBCO 4.53(5) 97.6(1.2) 7.0(1.1)
LCMO 3.58(3) 93.6(1.2) 9.3(1.1)
LSAT 5.117 — -

Table 3.1: Nuclear scattering length density (p,), thickness (d) and roughness (o) of the YBCO and
LCMO layers in the YLCM superlattice as obtained from the fit of the room temperature neutron
reflectometry. The given roughness corresponds to the top interface of the layer in the growth direc-
tion. Also shown for reference is the substrate scattering length density that was not used as a fitted
parameter but was calculated from the structural parameters reported in Ref. [106].

3.3.2. Low temperature measurements and the magnetic depth profile

Figures [3.4] and show the low temperature PNR curves which have been measured on
the YLCM sample after field-cooling in magnetic fields of 100 Oe and 4 kOe with SuperADAM
and NREX, respectively. The magnetization loops in Fig show that at 4kOe the sample
is already fully magnetized. At 100 Oe the sample is not fully saturated, the field-cooled
magnetization data in Figure B.9] show that the magnetization reaches about 80% of the
saturation value here. In fitting these PNR curves the structural parameters as obtained
from the room temperature curves have been used as a constraint that can vary only within
the error bar. This seems well justified, since the expected changes due to the temperature
dependence of the lattice parameters of YBCO and LCMO are well within these error bars [25].
In addition, Figure shows the off-specular scattering at 300 K and 4 K which confirms that
the anomalous broadening and splitting of the specular reflection curves that was previously
reported for similar superlattices on STO substrates at temperatures below 100 K [29, 63, [107]
is absent for the present YBCO/LCMO superlattice on LSAT. The comparison of the maps in
Figs. B.6la) and B.6l(b) shows that for the reflection edge and the SLBPs the width in the off-
specular direction is small and does not change significantly between 300 and 4 K. The quality
of the specular reflectivity curves at low temperature accordingly remains very high. As shown
in Figs. 3.4 and B.5] the intensity of the reflectivity curves does not fall off significantly faster
at 10K or 4K than at 300 K and the signal remains well above the background level for the
q- values up to 0.14 A=! which includes the 4th order SLBP.

The shape of the reflectivity curves below TC"™e ~ 200K, as shown in Figs B4l and 35
depends on whether the incident neutron spin is parallel (|]+)) or antiparallel (]—)) to the
applied magnetic field. This is due to the additional magnetic potential which is comparable
in magnitude to the nuclear one and for which the sign depends on the orientation of the
ferromagnetic moments with respect to the neutron spins. It is also evident that the 2nd
and the 4th order SLBPs, which were almost absent in the curves at 300 K, have gained a
significant intensity and became very pronounced features in the PNR curves at 100 K, 10K
and 4K. As was proposed in Ref. [30], this is a clear indication that the magnetic potential
has a lower local symmetry than the nuclear one. For the latter the even order SLBPs were
almost absent due to the similar thickness of the YBCO and LCMO layers. The magnetic
potential due to the ferromagnetic order, does obviously not exhibit a step-like increase right
at the YBCO/LCMO interface or a corresponding decrease at the LCMO/YBCO interfaces.
Instead, there must be either a significant decrease of the ferromagnetic moment on the LCMO
side of the interface or a corresponding increase on the YBCO side.

Due to the lack of the phase information in the reflectometry measurement, the shape
of the depth profile of the magnetic potential cannot be directly extracted from the PNR
data. The reflectivity curves can still be analyzed with different realistic models and their
validity can be judged based on how well they reproduce the data [108]. As was the case in
Ref. [30], it may still happen that different models lead to similar results and therefore cannot
be distinguished. Nevertheless, this ambiguity may be overcome with reflectivity curves that
extend up to larger ¢, values where the differences between the various models become more
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Figure 3.4: Left: (a) Polarized neutron reflectivity curves of the YLCM superlattice measured at low
temperature after field-cooling in 100 Oe at SuperADAM for up |+) and down |—) polarization of the
neutron spin with respect to the direction of the applied magnetic field. The lines show the best fit
for the depleted layer model for |[+) (red) and |—) (blue) neutron spin channels. For clarity the curves
at 10K are vertically shifted down by a factor of 102. (b) Close-up on a linear intensity scale in the
region of the 2nd and 3rd SLBP to aid the comparison with the fit. The depth profiles of the used
nuclear and magnetic scattering length densities are shown in (¢). The same data are shown in (d)-(f)
together with the best fit using the model of an inverse magnetic proximity effect and, in (¢)-(7), for
the model of an induced ferromagnetic moment in YBCO that is parallel to the one in LCMO.
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Figure 3.5: Same as in Figure B.4] but for the PNR data measured at NREX with an applied field of
4kOe.

pronounced as discussed in the following.

Three different models have been proposed to reproduce the polarized neutron reflectivity
data, their suitability has been evaluated in terms of the quality of the best fit. Model 1
corresponds to the depleted layer model, a strong suppression of the ferromagnetic moment
at the interface is modeled by introducing a non-magnetic layer on the LCMO side of each
interface. The thickness of this layer is a fitting parameter.

Model 2 describes the inverse magnetic proximity effect, where ferromagnetic moments
antiparallel to the Mn moments in LCMO are induced on the YBCO side of the interface. In
the first place, one expects that these are the Cu moments which have been observed with
the x-ray magnetic circular dichroism (XMCD) measurements [34, 109]. However, as will be
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Figure 3.6: Maps of the off-specular reflection of the YBCO/LCMO superlattice measured (a) with
unpolarized neutrons at 300 K and (b) for the |[+) spin channel at 4 K after field-cooling in a field of
100 Oe.

described in section B.5], the magnitude of these ferromagnetic Cu moments is only ~ 0.18 ug.
Therefore, it remains to be seen whether they can account for the observed large increase of the
intensity of the even order Bragg peaks. On the other hand, the possibility that an additional,
possibly even larger contribution arising from some Mn ions that may have been incorporated
in the YBCO layers, for example due to an unwanted contamination or a diffusion across the
interface during the growth, cannot be excluded.

Model 3 accounts for a similar case where the induced ferromagnetic moment on the YBCO
side is parallel to the one of the Mn moments in LCMO and to the applied magnetic field.
Such a contribution would have to arise solely from the Mn moments, since the XMCD data
clearly established the antiparallel orientation of the Cu moments.

Figures [3.4] and show the PNR curves at 100K, 10K and 4 K with the best fits for
each model (solid lines) together with the obtained depth profiles of the nuclear and magnetic
scattering length densities. As was already mentioned, the structural parameters have been
constrained to lie within the error bars of the parameters derived from the unpolarized room
temperature curves. For all three models a modified magnetic potential for the topmost LCMO
layers has been used: the core magnetization has been fitted independently and a 2-3 nm thick
non-magnetic layer has been introduced at the film surface. In all cases the calculated core
magnetization in the topmost LCMO layer is smaller than the magnetization in the inner
layers of the superlattice. This modification was necessary to reproduce the sizable differences
between the |[+) and |—) curves in the region right before and after the 1st order SLBP. This
effect may arise from the interaction of the surface layer with the ambient which degrades
the ferromagnetic order in the first few LCMO monolayers. The obtained reduced likelihood
estimators for models 1, 2 and 3 of l{ed = 3.36, lge‘j = 5.65 and l§5d = 6.40, respectively, are in
favor of model 1. The specific features where models 2 and 3 fail to describe the experimental
data are discussed next.

The close-up in Figs. B4l h) and B5(h) reveals that model 3 predicts a shift in the position
of the 2nd order SLBP towards lower (higher) ¢, for the |—) ( |+)) curve. Such a shift is
not observed in the experimental data where the maxima nearly coincide and the splitting
of the curves is due to the different intensities of the peaks. The disagreement is especially
obvious on the high ¢, side of the 2nd order Bragg peak where the intensity of the fitted |+)
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T,H [ dytem (A) dpP (A) |
10K, 100 Oe 14.4(7) 10.1(7)
100K, 100 Oe 19.4(7) 8.9(7)

4K, 4kOe 13.4(7) 12.0(7)

100K, 4kOe | 20.7(7) 9.7(7)

Table 3.2: Thickness of the depleted layers at the bottom and top interfaces as obtained with model 1
at different temperatures and applied magnetic fields.

curve is higher than for the corresponding |—) curve, whereas in the experimental data the
opposite trend is observed. Such a discrepancy was already noted in Ref. [30] and was used
to discard model 3. Furthermore, a rather large value of the induced magnetization in the
YBCO layers has to be assumed for model 3 to account for the large intensity of the 2nd order
SLBP. For the fits in Figs B.4l and the ferromagnetic moment in the YBCO layer has been
constrained to have the same value as the one in the LCMO layers. When it was released,
the induced magnetization reached even larger values whereas the quality of the fit was not
significantly improved. Already the constrained value appears to be unreasonably large, e.g.
for the PNR curves taken at 4kOe it reaches ~ 2.9 ug. Such a large ferromagnetic moment
on the YBCO side of the interface cannot arise from the induced Cu moments, it would also
require an unrealistically large concentration of Mn ions diffusing into the YBCO layers.

Model 2, as shown in the close-ups in Figs B.4l(e) and [3.5le), can account reasonably well
for the data in the vicinity of the 2nd order SLBP. Nevertheless, it largely overestimates the
intensity of the 3rd order peak in the |—) curve. The intensity of this peak in the simulation
could be reduced assuming an increased roughness of the magnetic potential. However, this
would lead to a faster decay of the curve to the background level which is not observed.
It would also further enhance the discrepancy at the 4th order SLBP where the fit already
severely underestimates the peak intensity of the |—) curve. Furthermore, model 2 has the
same problem as model 3 concerning the very large value of the induced moment in the
YBCO layers that has to be assumed. Once more, for the fit in Figs B.4(d) and B5(d) the
ferromagnetic moment in the YBCO layer has been constrained to be the same as the one in
the LCMO layers, i.e. at 4 kOe it reaches ~ 2.7 ug. This value is larger than the moment of
~ 1 pup of Cut? and one order of magnitude larger than the value calculated from the XMCD
measurements performed on the same sample, ~ 0.18 up (see section B.5]). If the induced
magnetic moment is bound to, for example, 1 up the intensity of the 2nd SLBP is largely
reduced and the overall quality of the fit is strongly degraded.

Model 1 is clearly the one that reproduces the measured data the best. The position, spin
splitting, and intensity of all SLBPs are reasonably well described. Only the overestimation
of the intensity of the 4th order SLBP in the |+) curve at NREX can be regarded as a
significant mismatch between the simulation and the data. The very fact that such a simple
block-like model reproduces all features of the measurement is remarkable and confirms that
it contains the main characteristics of the magnetic depth profile of the superlattice. These
simulations clearly establish the trend that a sizable suppression of the ferromagnetic moment
on the LCMO side of the interface is responsible for the occurrence of the even order SLBPs.
The characteristic length of the decay of the ferromagnetic moment at the interface should
therefore be directly related to the calculated thickness of the depleted layers which are shown
in Table for the different temperatures and fields. At 4K and under an applied field of
4kG the magnetization in the core of the layers is calculated as 3.1 up/Mn, which is closer
to the bulk values. The net reduction in the averaged magnetization observed in the FC
magnetization measurements is therefore explained by the depleted layers at the interface.

For the bottom interface the depleted layer thickness is as large as 20.7 A showing that the
suppression of the magnetization extends rather far into the LCMO layers. The similar values
of the thickness of the depleted layer (within the error bars) at 100 Oe and 4 kOe show that the
depleted layer is hardly affected by the external magnetic field. This excludes for example an
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Figure 3.7: Room temperature reflectivity curves (symbols) of the YLCM superlattice measured with
neutrons. The dashed lines show the best fit with a roughness of 7.0 A and 9.3 Aat the LCMO bottom
and top interfaces, respectively, that was also shown in Figure The solid lines show a simulation
in which a roughness of 17A and 10.2A was assumed for the LCMO bottom and top interfaces,
respectively. Inset: Magnification around the high order SLBPs to highlight the difference between t
he two models.

explanation in terms of a different ferromagnetic phase that has a larger saturation field than
the one in the center of the LCMO layers. It also appears that the thickness of the depleted
layer is consistently larger for the bottom interface than for the one on top of the LCMO layer
(in terms of the superlattice growth direction). Moreover, the average magnetization of the
top LCMO interface is systematically larger for all models. The origin of this difference is
not known. It may be related to a structural difference that is imposed by a different growth
process. However, as already discussed, concerning the roughness such a significant difference
between the top and bottom interfaces has not been found. Furthermore, a recent transmission
electron microscopy (TEM) study on superlattices that were grown under identical conditions
did not provide any indication for such a difference [25]. Surprisingly, but in good agreement
with a previous study of similar superlattices on STO substrates [110], the TEM images reveal
that both the YBCO/LCMO and the LCMO/YBCO interfaces involve the same kind of CuQOas-
Y-CuO2-BaO-MnOs layer stacking sequence for which the last YBCO unit cell is lacking the
CuO chains. The expected asymmetry of the interfaces, where a CuO chain layer should be
adjacent to one of the interfaces and a CuO4 bilayer to the other one, could not be observed.
This still leaves the possibility that the layer separating the CuOs and MnO, planes may have
a different stoichiometry, i.e. it may have a variable Ba and La or Ca content.

The results of model 1 show that to model the temperature evolution of the PNR curves a
mere modulation of the magnetization in the core of the LCMO layers is not enough, changes
in the magnetic properties of the depleted layers should be introduced as well. Notably, at the
lowest temperature of 4 K and 10 K, the thickness of the bottom (top) depleted layers is reduced
(increased) with respect to the values at 100 K. These changes lead to a sizable reduction of the
asymmetry between the two interfaces and, as will be discussed in section B.3.3], are triggered
below 90 K.

It should be emphasized that the depleted layers cannot be simply interpreted in terms of
a roughness induced effect. The thickness of the depleted layer at the bottom interface (up to
20.7 A) is much larger than the corresponding interface roughness (~7 A) Furthermore, while
the thickness of the depleted layer at the bottom interface is larger than at the top one, the
interface roughness exhibits an opposite trend and is larger in the latter. This suggests that
there is no correlation between these two quantities. Figure B.7 shows that the PNR data
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Figure 3.8: Low temperature PNR curves of the YLCM superlattice at 4kOe. The solid lines are
the results of the fit using Model la, here the magnetization in the depleted layers is fitted and the
thickness of the top and bottom interfaces are set as common among all datasets.

are not in agreement with a model for which the interface roughness is assumed to match the
average thickness of the depleted layers of 17 A and 10.2 A for the bottom and top LCMO
interfaces, respectively. There is a clear trend that such an enhanced interface roughness would
lead to a stronger suppression of the intensity of the higher order SLBPs than is observed in
the experiment. It would also yield the wrong size and shape of the symmetry forbidden 2nd
order SLBP. Besides, such a structural roughness could also not explain the observation that
the thickness of the depleted layer exhibits a significant temperature dependence as discussed
in section [3.3.31

To obtain further information about the magnetic nature of the depleted layers, model 1
has been modified to allow for a finite magnitude of the ferromagnetic moments in the depleted
layer (treating the net magnetization in the depleted layers as a fitting parameter). To keep
the number of fitting parameters reasonably low and to make the comparison of the results
for different temperatures and fields easier, the thickness of the depleted layers for the top and
bottom interfaces have now been set to be common for all datasets. This modification is labeled
as model la and the comparison of the fitted curves using this model and the PNR data at
4 kOe data is shown in Figure B8 The inset shows the obtained depth profile of the scattering
length densities, for which the magnetic part is proportional to the ferromagnetic moment. In
agreement with the results obtained for model 1, shown in Table B.2] the thicknesses of the top
and bottom depleted layers are calculated as 10.4(7) A and 19.2(7) A, respectively. It appears
that the best fit obtained with model 1la is indeed very similar to the one of model 1 (see
Figure [35]) and results in a similar value of the reduced likelihood estimator of I}¢? = 3.50. It
is noteworthy that the magnetic properties of the interfaces show the temperature variation
of model 1. As shown in Figure B8 between 100 K and 4K the magnetic moment at the
bottom interface is augmented while the one at the top interface is reduced. This behavior
was already observed in model 1 where the thickness of the bottom interface is smaller at
4K than at 100 K and the top interface showed the opposite trend. The fact that a good
fit is obtained with a small magnetization in the depleted layers suggests that although the
strong suppression of the net magnetization appears evident, it is not possible to rule out the
presence of a small ferromagnetic moment in the depleted layers.
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Figure 3.9: Comparison of the average magnetic moment as determined experimentally from field-
cooled dc magnetization measurements at 100 Oe and 4kOe (solid lines) and calculated from the
magnetic potential obtained with model 1 (circles), model la (squares), model 2 (upwards triangles)
and model 3 (downwards triangles) from the fits to the PNR curves measured at 100 Oe (open symbols)
and 4kOe (solid symbols). The size of the symbols of the calculated magnetic moments reflects the error
bars. The error bars of the dc magnetization data arise from the statistical errors and the uncertainty
of the volume of the small piece used for the dc magnetization measurements.

Finally, the validity of the fits as obtained with the different models has been tested by
comparing the average magnetization of the fitted profile (see Figs. 3.4 and c, f, and i;
and [B.8)) with the experimental value as obtained from dc magnetization measurements. The
result is summarized in Figure 3.9 which shows the magnetic moment from the field-cooled
dc magnetization measurements at 100 Oe and 4 kOe (solid lines) together with the magnetic
moments as calculated from the best fits of models 1, 1a, 2 and 3 to the PNR curves at 100 Oe
and 4kOe (symbols). This comparison shows a very good agreement for models 1 and la
and large discrepancies for models 2 and 3. For model 3 where the ferromagnetic moments
in the LCMO and YBCO layers are assumed to be parallel, the calculated magnetic moment
is almost twice as large as the measured one. For model 2 the calculated magnetic moments
are significantly smaller than the measured ones. Evidently, this is the consequence of the
assumption that the ferromagnetic moment in the YBCO layers is antiparallel to the ones in
the LCMO layers. This comparison clearly argues against models 2 and 3 and emphasizes
the relevance of models 1 and la in terms of the depleted layer on the LCMO side of the
interfaces. The discrepancy between the calculated magnetic moment of models 1 and la and
the experimentally measured value never exceeds 15 % and it is almost within the error bars.
Given the simplicity of the model, with its simple block like potentials, this agreement can
be considered as excellent. This analysis further confirms that the depleted layers properly
account for the reduced magnetization from FC measurements as compared with bulk values.
As the PNR and the FC measurements are independent, their match testifies to the good
quality of the fits and their physical significance.

3.3.3. Temperature dependence of the magnetic depth profile

After comparing the PNR curves at 100 and 4K as shown in Figures [3.4] and 3.8
it becomes evident that the main changes in the shape of the reflectivity curves occur in
the region around the 3rd order SLBP. At 100 K the intensity of this peak is similar for
positive and negative neutron spin polarization. At 4K, on the other hand, there is a clear
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Figure 3.10: (a) Polarized neutron reflectometry curves of YLCM in the region around the 3rd or-
der SLBP for different temperatures, the curves are shifted vertically for clarity. (b) Corresponding
temperature evolution of the 3rd order SLBP asymmetry. The dashed line is a guide to the eye.

separation between the two curves and the peak for negative (positive) spin polarization has a
higher (lower) intensity. As shown in Figure B.I0] the splitting does not evolve smoothly with
temperature and seems to exhibit a rather sudden change in the vicinity of the superconducting
transition temperature in the YBCO layers of Tc ~ 83 K. Figure B.I0(a) shows the close-ups
of the PNR curves at 100 Oe around the 3rd order SLBP plotted on a linear scale. It highlights
clear changes between 100 and 4 K. It also shows that between 100 and 130 K the curves do
not change significantly, which suggests that the temperature dependence of the 3rd order
SLBP is not entirely governed by the one of the magnetization of the sample.

To quantify this effect the asymmetry of the 3rd order SLBP has been calculated as (I —
I.)/(I- + 1), where Iy is the integrated reflectivity around the peak for neutrons with spin
parallel or antiparallel to the applied field. Its temperature evolution for the measurements
performed using the NREX and SuperADAM reflectometers with an applied field of 100 G is
summarized in panel (b) of Figure B.J0l As was already mentioned, the asymmetry does not
show a smooth evolution but is suddenly enhanced below about 90 K. The observation of a
common trend for the measurements performed at both instruments confirms that this is not
an instrumental artifact and that the observed changes in the asymmetry are due to changes
in the magnetic depth profile of the YLCM sample. As the magnetization data do not show
any significant change below 90 K, the changes in the magnetic depth profile seem to be rather
subtle and should not strongly affect the average magnetization of the sample.

To learn more about the changes in the magnetization that lead to the observed temper-
ature evolution of the reflectivity curves, the effect on the asymmetry of the 3rd SLBP has
been simulated for different possible changes in the magnetic depth profile. This study is
summarized in Figure B.I1] where the fitted magnetic depth profile at 100 K with an applied
field of 100 G has been taken as reference. For each panel in the figure the original (gray line)
and modified (red line) magnetic depth profiles are shown in the graph on the left-hand side.
On the right-hand side the corresponding reflectivity curves in the region of the 3rd SLBP are
shown. The reference curve corresponding to the fitted magnetic depth profile is shown in dark
colors, the reflectivity curve corresponding to the modified magnetic depth profile is shown in
light colors and is shifted vertically for clarity. Panel (a) shows the effect of a modification
of the asymmetry in the thickness of the depleted layers at the top and bottom interface for
which the total thickness of the depletion zones is maintained. The corresponding reflectivity
confirms that such a modification does not alter the intensities of the 3rd SLBP. Panel (b)
shows the effect of an increase of the net magnetization of the LCMO layers for which the
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Figure 3.11: Effect on the 3rd SLBP asymmetry of different changes in the magnetic depth profile. The
curves on the left-hand side show two possibilities for the magnetic depth profile. The fitted magnetic
depth profile at 100 K with an applied field of 100 Oe is shown as a thick gray line and is common
for all panels. The red line represents the modified magnetic depth profile which is different for each
panel. On the right-hand side the corresponding reflectivity in the region around the 3rd SLBP is
plotted. The reflectivity corresponding to the original magnetic depth profile at 100K is plotted in
dark colors. The simulated reflectivity for the modified magnetic depth profile is plotted in light colors
and is shifted upwards for clarity.

shape of the magnetic potential remains unchanged. Once more, this does not give rise to
a significant change of the 3rd SLBP. Panel (¢) shows the case of an induced Cu moment
in the YBCO layer which is antiparallel to the Mn moments in LCMO. Such a possibility is
suggested by the resonant x-ray studies which are presented in section To model this
contribution a magnetization of 0.5 ug per Cu ion has been introduced over a distance of 6 A
from the interface. Although this is an exaggerated model the modifications to the reflectivity
curves are not large enough to reproduce the effect in the experimental data. Interestingly, the
reflectivity curve in the region around the 3rd SLBP is extremely sensitive to the reduction of
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the depleted layer thickness on either interface. As shown in panels (d) and (e), a reduction by
6 A in the depleted layer thickness at the bottom or top interface, respectively, yields a drastic
change in the intensity of the 3rd SLBP and the asymmetry observed at low temperatures
is reproduced. This change in the asymmetry can also be reproduced if a small magnetic
moment is introduced in the depleted layers as shown in panel (f). This is not surprising, as
was already discussed when comparing models 1 and la to fit the reflectivity data, within the
detection limit it is not possible to tell between a reduction in the depleted layer thickness or
the introduction of a small magnetization in the depleted layer. Modification (f) is therefore
a combination of modifications (d) and (e),

The net effect of modifications (d), (e) and (f) is the enhancement of the magnetization at
the interface. This analysis thus suggests that the enhancement of the asymmetry of the 3rd
SLBP observed below ~ 90K is related either to a net reduction of the total thickness of the
depleted layers or to a small increase of the magnetization in the depleted layers. According
to the fits of the PNR data for models 1 and la, it is the depleted layer at the bottom
YBCO/LCMO interface that experiences these changes. The origin of these modifications
of the magnetic properties of the LCMO layers is, however, not yet clear. Whether the
similarity between the 90 K onset temperature for the changes in the 3rd SLBP asymmetry
and the superconducting T is a coincidence or an evidence of an existing interaction between
the superconducting and ferromagnetic order parameters is a question of remarkable interest
that should be further explored. The confirmation of superconductivity-induced changes in
the magnetic depth profile would represent a remarkable step toward the understanding of the
interaction of the superconducting and ferromagnetic order parameters in these oxide-based
materials.

It is worth mentioning that the diamagnetic response of the superconductor is a negligible
effect in the YLCM superlattice and does not introduce significant temperature-dependent
changes to the magnetic depth profile. Since the magnetic field is applied along the planes, the
magnetic penetration depth is enlarged by the weak contribution to the shielding of the c-axis
response. Both the in-plane penetration depth of about 100-200 nm and the c-axis penetration
depth on the order of a micrometer are much larger than the thickness of individual YBCO
layers [111), [112]. For an applied field of 100 G the corresponding negative magnetization due
to the field shielding at the center of the YBCO layers is on the order of 107° ug per Cu ion.

3.3.4. Summary

The analysis of the PNR data as shown above provides clear evidence for the presence
of a so-called depleted layer on the LCMO side of the interfaces in which the ferromagnetic
moment of the Mn ions is strongly suppressed as compared to the one in the central part of the
LCMO layers. Although the induction of magnetism on the YBCO side of the interface cannot
be ruled-out, it is clearly established that it cannot account for the large symmetry breaking
of the neutron potential. This study thus provides an answer to the question first raised in
Ref. [30] regarding the origin of the even order superlattice Bragg peaks at low temperatures.
The depleted layers extend into the LCMO layers up to distances larger than the calculated
interface roughness and therefore are not likely just the result of chemical and/or structural
disorder. At the top interface the depleted layer extends over about 3 LCMO unit cells (with
a lattice parameter of 3.9 A) and at the bottom interface it involves even 4-5 LCMO unit
cells. The depleted layer thickness also has a significant temperature dependence. When
cooling from 100K to 10K or 4K, the asymmetry between the interfaces is reduced and
the total thickness of the depleted region decreases considerably. This enhancement of the
magnetism at the interface is not smooth but rises sharply below ~ 90K as suggested by
the changes in the asymmetry of the 3rd order SLBP. Whether this effect is an evidence of
the interaction between the superconducting and ferromagnetic order parameters needs to be
further explored.

As will be discussed later in section [4.3] the observed depleted layers are not a consequence
of the interface disorder but rather have an intrinsic electronic origin. This is evidenced by
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the observation that the magnetic proximity effect and thus these depleted layers are almost
absent for a corresponding YBCO/LaMnOg, s superlattice for which the manganite layers
are insulating. The large ferromagnetic moments of the Mn ions persist here right up to the
interface. Furthermore, as will be shown in sections and [B.6] there is the observation of
the XMCD and XRMR studies that a ferromagnetic (or strongly canted antiferromagnetic)
order of the Cu moments is induced on the YBCO side of the interfaces of the YBCO/LCMO
superlattice. The apparent antiparallel coupling between the induced Cu moments in the
YBCO layers and the Mn moments therefore requires that the depleted layer maintains some
kind of magnetic order. Likely, this involves canted antiferromagnetic order, a non-collinear
magnetic order or a rotation of the magnetic moments away from the direction of the applied
field that cannot be detected with the PNR technique which probes the average magnetic
moment in the direction of the applied field.

3.4. X-ray linear dichroism analysis

In the following the results of the x-ray absorption spectroscopy (XAS) and x-ray linear
dichroism (XLD) measurements on sample YLCM will be presented. The analysis of the XAS
curves in the TEY and FY curves for different polarization directions evidences a change of
the Cu electronic environment at the interface that shifts the main absorption peak to lower
energies. In addition to the shift, the Cu ions at the interface also show a change in the orbital
occupation. All the XAS measurements shown in this section were performed at the XTreme
beamline of the Swiss Light Source at Villigen, Switzerland [95].

3.4.1. XLD at the Mn and Cu-L3, edges, orbital reconstruction for Cu at
the interface

As described in section [2.3.2], the intensity of the so-called white lines at the L3 »-edges
of the x-ray absorption spectra of transition metals is proportional to the number of holes
in the 3d orbitals. For linear polarized x-rays the absorption cross-section is determined by
the anisotropy of the charge distribution of the 3d orbitals. The study of linearly polarized
x-ray absorption spectra for different polarization directions thus allows one to study the
orbital specific occupancy. This information is essential for the understanding of the electric
properties of the complex transition metal oxides, like the cuprate high-T¢ superconductors
and the manganites. In the case of the YLCM sample, it is particularly interesting to study
the occupation of the in-plane 3d,2_,2 and the out of plane 3ds.2_,2 eg-orbitals for both Cu
and Mn ions. To perform this analysis of the orbital occupation, the XAS measurements
have been performed at the L3 2-edge of Mn and Cu using the total electron yield (TEY) and
the fluorescence yield (FY) modes. The angle of incidence of the x-ray beam with respect
to the sample surface has been set to 15°. The sample has been mounted vertically in a
He-flow cryostat with the crystallographic ¢ axis lying in the laboratory horizontal plane.
The XAS curves have been measured for linear polarization in the laboratory vertical (o
polarization) and horizontal (7 polarization) directions. To enhance the statistics and to
ensure reproducibility, each absorption curve has been measured twice.

For the o polarization the electric field is always parallel to the crystallographic ab plane. In
the case of 7 polarization the main component of the electric field is along the crystallographic
c-axis but there is still a residual component along the in-plane direction. The net absorption
for the linear polarization parallel to the ab-plane and the c-axis, respectively, is therefore
obtained with the following correction [82]:

Hab = Mo, (313‘)

c= ——5 < Mr— 1t 29 T 1b
He = Cosz(gylm — tan (0)n (3.1b)

where p, . are the measured absorption data for ¢ and 7 polarization, respectively, and
f = 15° is the incidence angle. Such a correction could be avoided by using smaller grazing
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incidence angles, but this can lead to saturation effects which influence the shape and the
intensity of the absorption curves in the TEY mode and thus complicate their analysis. [96].

Figure B.12(a) shows the x-ray absorption curves on the Mn-L3 5 edge measured for the
polarization parallel to the ¢ axis and parallel to the ab plane in the TEY mode. The plot-
ted data were obtained after applying the corrections ([B.]) to the raw data for vertical and
horizontal polarization. The contributions to the absorption from other elements have been
subtracted using a linear background correction as outlined in appendix [Al The data have
been normalized to one well above the edge to yield the absorption per Mn ion. The two main
absorption peaks in the surface sensitive TEY absorption curves correspond to the white lines
at the Mn-L3 and Mn-Ly edges with energies around 641 eV and 652 eV, respectively. These
edges arise from electronic transitions from the core 2p band to the valence 3d band. A closer
look into the absorption curves allows the identification of a multiplet structure that is a
consequence of the splitting of the 3d levels due to the crystal field and the distortions of the
MnOg octahedron in the manganite [113, [114]. In addition, for these transition metals there
is a finite overlap between the wavefunctions of the 2p core hole that is created during the
absorption process and the remaining holes present in the 3d band. This results in a core-
valence interaction which leads to the broadening of the absorption spectra and the observed
overlap between the L3 and Lo edges [86, 190]. As shown in Figure B12(b), in the FY data
the absorption peaks appear heavily distorted due to self-absorption effects which become
important when the main contribution to the absorption cross section arises from the studied
edge. In this case the penetration depth of the x-ray beam has a strong energy dependence
and the FY signal is no longer proportional to the absorption cross-section [98, 115, 116]. The
TEY measurements can be distorted by self absorption effects as well, due to the small escape
length of the electrons the corrections are however typically small. The strong distortion of
the Mn-L3 9 absorption spectra in the F'Y mode prohibit a meaningful analysis.

The intensity of the x-ray absorption curves for linear polarized light is proportional to the
number of holes in the 3d band. Nevertheless, due to the spatial anisotropy of 3d orbitals the
contribution of each hole depends on its orbital character and on the polarization direction,
see section The observed linear dichroism, defined as the difference between the x-ray
absorption for polarization parallel to the ab planes and to the ¢ axis, is a signature of an
anisotropic hole distribution or, in other words, of a difference in the orbital occupation. The
nominal composition of the LCMO layers of Lay/3Ca;/3MnO3 corresponds to a density of
n3g = 6.33 holes- or ngq = 3.66 electrons- per Mn ion in the 3d band. Three of these electrons
occupy the three lower energy bands due to the ty, levels, the n., = 0.66 remaining electrons
density correspond to itinerant e, electrons that are responsible for the conductivity and the
ferromagnetic exchange coupling between the Mn ions [18,139]. Since the levels in the o, band
are equally occupied with one electron and their asymmetric contributions are cancelled out,
the dichroic signal arises only from the holes in the e, band. As described in section 2.3.2]
assuming a hole density of N, = 3.33 for the Mn-e, band it is possible to estimate the e,
electron orbital polarization as:

P M322_p2 — Ng2_y2 194

) = == &%)

Ng,2_p2 + Ng2_y2

where A = 2(Iy, — I.)/(214p + 1), and I, is the integrated intensity of the white lines in
the x-ray absorption curve measured with the polarization parallel to the « direction. To
perform the integration of the white lines a hole-independent absorption baseline containing
all non-resonant contributions must be subtracted. At the Mn-L3 > edge the contributions of
other elements to the absorption are properly removed with the linear background correction
and the absorption baseline contains only the so-called edge-jumps. These steps have relative
amplitudes of 2/3 and 1/3 for the L3 and Ly edges, respectively, as depicted in Figure B12)(a).

The calculated values of P, for different temperatures are shown in Table[3.3l Within the
error bars, no important changes in the occupation ratio are observed with temperature and a
value of 22% for the electron orbital polarization is found. The e, electrons therefore occupy
preferably the out of plane ds,2_,2 orbital. This rather large electronic orbital polarization is
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Figure 3.12: X-ray absorption curves at the Mn-L3 o edge of sample YLCM for linear polarization
parallel to the ¢ axis and the ab plane, respectively. Panel (a) shows the results for the surface sensitive
TEY mode, the x-ray linear dichroism (XLD) at 2K and 160K is magnified and shifted vertically
for clarity. A linear background subtraction and a post-edge normalization have been applied. The
absorption baseline, up;, used for the calculations is represented by a black line. Panel (b) shows the
raw FY spectra that are heavily distorted by self-absorption effects.

found in spite of a very small observed XLD, this apparent contradiction can be understood by
recalling that the calculation made is only for the e, band electron density. The much larger
electron density in the to, band does not contribute to the orbital polarization. The observation
of a sizable XLD in LCMO is surprising, for stoichiometric bulk LCMO the e, energy levels are
degenerated and no orbital polarization is expected. A similar orbital polarization has been
previously reported on Lag/3Sr1,3MnOj3 thin films grown on LSAT and has been attributed
to the sample surface where the symmetry is broken and the electrons do not experience the
Coulomb repulsion from the missing apical oxygen 2p electrons [117]. Lateral strain induced
by the substrate could also produce an orbital polarization, nevertheless the lattice mismatch
between LSAT and LCMO is less than 0.1% and the effect is almost negligible. The spin-orbit
coupling in the 3d band could also lift the degeneracy of the e, orbital. However, contrary to
the experimental data, in this case the orbital polarization would be expected to be reduced
at high temperatures as the magnetic correlations become weaker. The lack of bulk sensitive
measurements makes difficult to tell whether the observed orbital polarization comes from the
surface of the LCMO layer or it extends throughout the superlattice. Even though the total
orbital polarization remains temperature independent, the XLD spectra in Figure are
still exhibiting some characteristic changes that arise from a spectral weight shift which may
be ascribed to a temperature dependence of the spin-orbit coupling.

The XAS curves measured in the TEY and FY modes on the Cu-L3 2 edge of YLCM are
shown in Figure B.I3] The corresponding XLD signal calculated in terms of the difference
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3.4. X-ray linear dichroism analysis

| T(K) | 2K | 35K [ 60K | 110K | 160K |
| P, (%) | 22(1) | 22(1) | 21(1) | 22(1) | 23(2) |
Table 3.3: Calculated electron orbital polarization, P, for the Mn ions on the sample YLCM. The

calculations were performed after integrating the intensity of the L3 and Lo white lines of the Mn
linearly polarized x-ray absorption spectra using equation (2359)).
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Figure 3.13: X-ray absorption curves at the Cu-L3 2 edge of YLCM for linear polarization parallel to
the ¢ axis and the ab plane. Panels (a) and (b) show the TEY and FY curves, respectively. A linear
background subtraction and a normalization with respect to the L3 peak of the polarization-averaged
absorption have been performed. The x-ray linear dichroism (XLD) at 2K and 160K are shown for
each case and are shifted vertically for clarity.

between the absorption for polarization along the planes and along the ¢ axis is also shown.
The raw data have been corrected using equations (3.1)) and a linear background subtraction
has been applied following the procedure detailed in appendix [Al After these corrections
the absorption curves in the TEY mode are still affected by a large background and a nor-
malization after the edge is not reliable. To make the absorption and XLD curves directly
comparable, at least at the L3 edge, the data have been normalized to the maximum of the
polarization-averaged absorption, i = (2uqp+ pc)/3, at the L3 edge. The peaks in the absorp-
tion correspond to the white lines of the Cu-L3 and Cu-Ls edges located around 931 eV and
953 eV, respectively. These lines are characteristic of a transition from the d” ground state to
the cd'® excited state, where ¢ denotes a hole in the core 2p level and thus suggest that Cu
is mainly in a Cu™? valence state [53]. Since both the ground and the excited state involve
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3. MAGNETIC PROXIMITY EFFECT IN A YBCO/LCMO SUPERLATTICE

only one hole, the Cu absorption spectra are not affected by core-valence interactions and
the peaks are well separated with a clear differentiation between the two absorption edges.
The FY signal in the case of Cu does not show the large distortions observed in the Mn case
and a qualitative analysis is possible. The self-absorption effects for Cu are expected to be
smaller since the high energy of the L3> edge for Cu enhances the absorption cross section
of the other ions in the compound. In addition, for Cu there is only one hole in the 3d band
which makes the absorption cross section significantly smaller than in the case of Mn. Both,
the large total absorption of the media and the small absorption of the Cu ions contribute
to the mitigation of the self absorption effects. It should be nonetheless kept in mind that
self-absorption effects might still be present. Although these effects cannot change the sign or
produce artificial features in the XLD signals, the quantitative analysis of the F'Y data may
still require some corrections.

After comparing both the XLD and XAS curves for TEY and FY modes important dif-
ferences are evident. To discuss the implications of these differences it is important to recall
that the sensitivity of the TEY mode decays exponentially with the distance from the sur-
face. The characteristic length scale is in the range of a few nanometers. In comparison, the
characteristic length describing the decay of the sensitivity in the FY mode is of the order
of 100 nm which is comparable to the total film thickness. The TEY mode on the Cu edge
is thus mainly sensitive to the Cu ions next to the interface with the topmost LCMO layer
whereas the FY measurement is almost equally sensitive to all Cu ions in the film.

The XLD curves for the FY mode show a large anisotropy and the absorption is by far
largest when the polarization is along the ab plane. At the L3 edge the XLD intensity reaches
about 80% of the average absorption. This is a signature of the CuO5 planes in YBCO where
the 3d hole occupies predominantly the Cu-3d,2_,2 orbital. This is due to the Jahn-Teller
distortion and to the large hybridization with the O-2p, , orbitals. A shoulder at the high
energy side of the main peak is also observed in the F'Y mode and it is stronger for polarization
parallel to the planes. This shoulder is the signature of the so-called Zhang-Rice singlets which
originate from the antiferromagnetic coupling between the Cu-3d hole and a ligand hole that is
distributed over the neighboring oxygen ions [118,[119]. The peak corresponds to a transition
from a d” L ground state to a cd'? L excited state (L represents the ligand hole). The interaction
between the created core hole and the ligand hole raises the energy required for an electron to
be excited from the core-band to the available hole in the 3d band slightly shifting the peak
position. The broadness of the white lines, specially for polarization parallel to the planes, and
the fact that the peak maximum differs by around 0.5eV between the different polarizations
suggest that additional transitions with different energies contribute to the absorption peak.

Since for the TEY mode the Cu contribution from the buried YBCO layer is residual and
most of the absorption occurs in the top LCMO layer, the Cu absorption is strongly affected by
the post-edge oscillations of the much more intense neighboring La-M5 4 edge located around
850 eV. Here the white lines are narrower and the Zhang-Rice shoulder is barely visible. For
this detection mode the absorption curve for polarization parallel to the ¢ axis shows an
intense peak and the XLD is correspondingly reduced to 60% of the average absorption. This
suggests that the number of holes on the 3dsz,2_,» orbitals is much larger at the interface
than in bulk YBCO. A redistribution of holes to the 3d,, or 3d,. orbitals would contribute
equally to the absorption for out-of-plane and in-plane polarization. It is also unlikely since
they are much lower in energy than the e, levels due to the large crystal field interaction.
Notably, the maximum for the out-of-plane polarization is shifted by -0.6eV with respect
to the peak for in-plane polarization. This shift has been attributed to a charge transfer
at the interface [35,137], and can also be explained in terms of a change in the crystal field
splitting [120]. Both scenarios correspond to a significant change in the electronic structure
of the Cu ions at the interface.
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Figure 3.14: Close up of the x-ray absorption curves at the Cu-L3 edge of YLCM for linear polarization
parallel to the ¢ axis (blue dots) and the ab plane (red dots) . Panels (a) and (b) show the results for
TEY and FY modes, respectively. The thick lines represent the result of a fit including four Lorentzian
peaks and a sigmoidal function to model the background. The individual fitted peaks (thin lines) and
the background (black line) are also shown. For each peak the region between the in-plane and out-of-
plane contributions is filled with red or blue when the corresponding XLD (green lines plotted below)
is positive or negative, respectively. The experimental (green dots) and calculated (olive line) XLD
are calculated as the direct subtraction of the experimental and fitted absorption data for different
polarizations and are shifted vertically for clarity. The vertical dotted lines mark the position of the
peaks.

3.4.2. Multiplet analysis of the XLD at the Cu-L3; edge

Further information regarding the electronic properties of the Cu ions in YLCM can be
obtained from the multiplet structure of the Lg white line. The multiplet analysis has been per-
formed by fitting the absorption curves around this absorption edge using a set of Lorentzian
functions which represent each of the transitions that contribute to the white line. By com-
paring the intensity of these contributions for the two measurement modes and for the two
polarizations one can obtain useful information about the orbital reconstruction at the inter-
face. To model the background and the edge jumps a linear and a sigmoid functions have
been introduced and fitted. The background modeling is somewhat arbitrary and care should
be taken when comparing the calculations made for the two different detection modes as their
corresponding backgrounds might differ considerably. Although the background selection does
not modify the XLD signal, it does affect the quantitative analysis as a normalization to the
peak area must always be performed. The results of the fits are depicted in Figure B 14l As
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P, (%) w (%)

TEY | FY | TEY | FY
Peak 1 | -26(4) | -56(18) | 41(3) | 4.7(7)
Peak 2 | 84(10) | 76(5) | 36(4) | 45(2)
Peak 3 | -5(30) | 5(9) | 8(2) | 20(2)
Peak 4 | -20(40) | -23(11) | 15(4) | 31(3)

Table 3.4: Calculated values for the hole orbital polarization (Beg) and spectral weight (w) for YLCM
obtained from the fits of the linearly polarized x-ray absorption spectra for TEY and FY mode at the
Cu-L3 edge.

can be seen, a reliable fit is obtained by using a set of four Lorentzian peaks. The absorption
spectra is thus a mixture of the contributions of Cu ions in the CuO» planes, the Cu-O chains
and the interface.

As outlined in section 2.3.2] for each of these contributions it is possible to estimate the
hole orbital polarization using the fitted areas and the expression (2.61)):

Ng2_y2 = Noy2_p2

= A;. (3.2)

Beg,i =
Ng2_y2 + ng,2_,2
Here once again A; = 2(Iop; — Ici)/(21ap,i + Ic), this time I, ; corresponds to the fitted area
of the peak i for polarization along the direction «. This quantitative analysis also allows
the estimation of the fraction of the probed Cu ions where a particular transition occurs. To
do that, the polarization-averaged absorption of peak @, 2u4p; + pc;, must be integrated over
the L3 edge. As discussed in section 2.3.2] in the averaged absorption all dependences on the
polarization direction are canceled, it is thus directly proportional to the hole density in the
Cu-3d band and to the number of probed Cu ions contributing to the particular transition [82]:

/L (2Mab,z’ + Mc,i) =2l + Icﬂ' =CN; [2(2Q322_r2 + 6ﬂ$2_y2) + 8@322_7,2] = 12CN;. (3.3)
3

Here C'is a proportionality constant, ji,; is the fitted absorption of the peak 7 with polarization
along direction a;, N; is the number of probed Cu ions where the transition corresponding to
peak ¢ occurs, and n 2,2 +ns.2_,2 = 1is the hole density in the 3d band. The spectral weight
of each contribution in the averaged absorption is therefore directly related to the fraction of
Cu ions where the transition takes place:

Ui+ i  12CN; N,
i@l +1ey)  12C3,N; - 3, N;

where the summation runs over all the components of the absorption. The results for the hole
orbital polarization and the weight for the four fitted peaks are summarized in Table B4l As
discussed in section 2.3.2] the restriction of the analysis to the L3-edge does not introduce an
error in the calculation since the absorption intensity at both L3 .-edges contains the same
information regarding the orbital occupation.

Numbering the peaks from lower to higher energies, the main peak in the F'Y absorption
corresponds to peak 2 and is located around F = 931eV. As already mentioned, this peak
corresponds to the transition from a d° ground state to the cd'®. For both the FY and the
TEY modes the intensity of this peak is much larger for the in-plane polarization owing to the
fact that the 3d hole in the CuO3 planes resides mainly in the 3d,2_,2 orbital. The calculated
orbital polarization of around 80% is correspondingly large for both detection modes. The
weight of this contribution is only slightly reduced when changing from FY to TEY detection
modes indicating a similar population of Cu ions with the described properties in the core of
the layers and nearer to the interface.

The Zhang-Rice singlet contributions are identified as peaks 3 and 4 and are located
at ~ 931.64 and ~ 932.77eV. The intensity of these absorption peaks is comparable or even

(3.4)

w; =
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3.4. X-ray linear dichroism analysis

larger for polarization along the ¢ axis than for in-plane polarization. As the hole density
in the 3ds,2_,2 orbital in the CuOs planes is largely reduced the out of plane polarization
mainly probes the absorption of Cu ions in the Cu-O chains. The Zhang-Rice singlets thus
occur mainly in the chains where the holes occupy preferably the 3d,._,» orbitals. The
polarization along the planes probes both the 3d.._,» orbitals and the orbitals along the
ab plane. Since there are no holes in the latter, the overall absorption is smaller and that
explains the decay in the intensity of the Zhang-Rice peak for the in-plane polarization. The
weight of these contributions is reduced by about one half when passing from the FY to the
TEY detection mode supporting the occurrence of the Zhang-Rice singlets mainly in the Cu-
O chains. Transmission electron microscopy (TEM) measurements in similar YBCO/LCMO
superlattices have shown that at the YBCO/LCMO interface the Cu-O chains are missing [25].
Looking from the interface, the first Cu-O chain in the YBCO layers appears therefore only
after a CuOq bilayer. Due to the exponential decay of the electron escape probability its
relative contribution to the absorption is therefore significantly reduced. These results are
in good agreement with previous reports where the population of Zhang-Rice singlets in the
chains has been found to be around three times larger than in the planes [53].

Peak 1 is of great importance for the analysis of the x-ray absorption spectra in YLCM.
While for the FY mode this peak is the smallest of all contributions with a weight of only
4.7%, for the TEY mode it constitutes the largest contribution with a weight of 41%. This
remarkably difference suggest that this transition occurs only for the Cu ions in the CuOs
planes next to the interface. The shift of the peak position by ~ 0.6 eV toward lower energies
evidences a significant charge transfer and a change in the electronic properties of the Cu
ions. Moreover, the orbital polarization is inverted with respect to the one observed for the
CuOg planes far from the interface (represented by peak 2) and a larger hole occupation is
thus inferred for the 3ds,2_,2. This orbital reconstruction at the interface has been observed
previously in similar YBCO/LCMO systems and has been attributed to the formation of
a covalent bond between the Cu and Mn ions via the apical oxygen [35, 137]. The cluster
calculations in Ref. [37] show that the strong hybridization between the Cu and Mn 3ds,2_ 2
and the O 2p orbitals can lead to the creation of bonding and antibonding molecular orbitals.
If the energy of the antibonding orbital is larger than the energy of the Cu-3d,2_,2 one, the
Cu hole will occupy this molecular orbital. As the hole is now shared by the Cu, O and Mn
ions, the hole density in Cu is reduced and it has a predominantly ds,2_,2 character which
explains the sign change in the XLD. This model is also in good agreement with calculations
for cuprate-manganite systems which have shown that the charge transfer is such that holes
are transferred from the cuprate to the manganite (or electrons from the manganite to the
cuprate) [61]. The cluster calculations predict a full occupation for the d,2_,» orbital which is
not observed. As shown in Table [3.4] the orbital polarization for the Cu ions at the interface
is only -26%. This is a limitation of the model, in a solid the energy levels broaden into bands
and if the d,2_,2 and d3,2_,2 bands are near the Fermi level they will show partial occupations.

The sizable weight of peak 1 in the FY spectra confirms that the observed orbital recon-
struction at the interface is reproduced systematically over all the interfaces in the sample.
If the observed effects occurred only at the topmost interface, their contributions to the FY
signal would fall below the detection limit. Furthermore, as the escape length of photons is
at least eight times larger than the YBCO layer thickness [121], the escape probability within
the same YBCO layer can be approximated as constant and the spectral weight of peak 1
should match the ratio between the total number of Cu ions and the number of modified Cu
ions at the interface. The peak intensities thus suggest that about 4.7% of the Cu atoms are
involved. The fraction of Cu ions at the interface can be estimated using the fitted values
of the YBCO layer thickness and the YBCO c-axis lattice parameter. Since there are three
Cu planes per unit-cell, the calculation of the total number of Cu planes per YBCO layer
yields approximately 25. From this total only two layers or a fraction of 8% are located at the
interface. This comparison shows that about 60% of the interfacial Cu atoms (and most likely
only those) are involved in the proximity effect. This estimate of the peak intensities is sub-
ject to some uncertainty, for example, due to the modeling of the background, self-absorption
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Figure 3.15: Temperature dependence of the hole orbital polarization for peak 1, located F; =
930.44(4) eV, as obtained from the fits of the linearly polarized x-ray absorption data measured on
sample YLCM. The dashed line shows the best fit to the data using a thermal activation-like exponen-
tial form e~ *7 with AE = 4(1) meV.

effects, or to a reduced hole density of the Cu ions at the interface. In the latter case the
fraction would be larger. The contribution of some broader peaks above 935eV for which
the background is difficult to determine has also been omitted. According to Ref. [54], these
originate from transitions into hybridized Cu-4s and Cu-3ds,2_,2 levels. Notably, these peaks
are considerably weaker in TEY than in FY mode which suggests a significant reduction of the
hybridization or, in other words, a weaker symmetry breaking of the local structure around
the interfacial Cu atoms. Whether this is due to a reduction of the Jahn-Teller distortion or
of the buckling of the CuOs plane needs to be further explored.

An additional consideration needs to be made when comparing the XLD spectra at 2 K and
160 K as shown in Figure B.13l For the FY data, the linear dichroism for the two temperatures
overlap, as expected for an orbital polarization resulting from a structural anisotropy. In the
TEY case, on the other hand, a clear change in the shape of the XLD is observed on the low
energy side of the Cu-L3 white line. This temperature-dependents effects were rule out in
Ref. [37] but for sample YLCM they are robust and reproducible. By comparing the results of
the fitted absorption curves for different temperatures it becomes evident that this change in
the shape of the XLD is produced by a change in the orbital polarization of peak 1, i.e. the peak
that is assigned to the electronically modified Cu ions at the interface. As seen in Figure B.15]
the orbital polarization is decreased with the temperature and passes from ~ —26% at 2K to
~ —15% at 160K, the changes, yet small, are above the error bars of the fitting procedure.
These changes in the orbital polarization might have a thermal or a magnetic origin. As
already mentioned, the energy difference between the antibonding and the d,2_,» orbitals is
not large and, if it is on the meV range, the thermal energy could promote some holes to
occupy the high energy levels thus reducing the orbital polarization. On the other hand, as
will be discussed in section B.5] the electronically modified Cu ions at the interface show a net
ferromagnetic moment and therefore experience an exchange interaction that is induced by
the Mn ions at the interface. Via the 3d spin-orbit coupling such a magnetic interaction can
further modify the orbital configuration and thereby induce temperature-dependent effects.

Since an interpolation of the orbital polarization temperature dependence is needed for
the quantification of the x-ray magnetic circular dichroism data, the orbital polarization have
been fitted to a thermal activation-like function. The result of this interpolation is shown as a
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3.5. X-Ray magnetic circular dichroism analysis

dashed line in Figure and can be seen to reproduce the trend of the orbital polarization.
While this function fits the data better than a simple exponential or linear function it should
be emphasized that there is no physical model to justify the thermal activation over other
possible approaches.

3.4.3. Summary

The orbital polarization at the Mn and Cu edges of sample YLCM has been studied
using XAS for light polarized parallel to the ¢ axis and to the ab planes. For Mn, only
the TEY measurements can be analyzed since the FY curves are heavily distorted due to
self-absorption effects. In the case of Mn, a small difference in the absorption for different
polarizations evidences a 20% electron orbital polarization in favor of the Mn-3d,2_,2 orbital.
This unexpected degeneracy of the e, orbitals is most likely produced by a surface effect. This
statement cannot be confirmed because of the lack of bulk sensitive FY data to compare with.

For Cu both the FY and TEY curves could be analyzed. The multiplet fitting of the
absorption curves at the L3 edge reveals that the main changes occur for the Cu ions at the
interface where both a charge transfer (evidenced by a peak shift toward lower energies) and
an orbital reconstruction take place. The orbital polarization changes from about 80% for Cu
ions in the core to about -26% at the interface, the sign change means that the d,2_,» orbital
becomes energetically favorable for the electrons. This phenomenology has been previously
explained in terms of a covalent bonding between the Cu and Mn ions at the interface through
the apical oxygen. According to this model the creation of molecular orbitals may promote
the Cu hole to occupy the antibonding state, of ds,2_,2 character. The hole density in Cu is
thus transferred to the ds,2_,2 orbital. Since the hole is shared by the Cu, O and Mn ions
this accounts as well for the charge transfer.

The sizable spectral weight from ions at the interface for the FY mode confirms that
the orbital reconstruction takes place in all interfaces of the superlattice. From the spectral
weight it is possible to estimate that about 60% of the Cu ions at the interface are electronically
modified.

3.5. X-Ray magnetic circular dichroism analysis

The PNR analysis has shown that the main feature of the magnetization depth profile is
a strong suppression of the ferromagnetic moment on the LCMO side of the interface. The
x-ray magnetic circular dichroism (XMCD) analysis discussed in the following shows that, in
addition, a small Cu moment is induced on the YBCO side of the interface. Notably, this Cu
moment is antiparallel to the Mn moment and the applied field.

3.5.1. XMCD at the Mn and Cu-L3, edges, induced Cu moment at the
interface

As described in section 2.3.3] the XMCD provides element specific magnetic informa-
tion and therefore allows one to separately study the magnetic states of Cu and Mn ions. To
perform the XMCD analysis on sample YLCM, x-ray absorption spectroscopy (XAS) measure-
ments have been performed for circular polarized light with positive (left circular polarization)
and negative (right circular polarization) helicity around the Cu-L32 and Mn-Ls3 5 edges in
total electron yield (TEY) and fluorescence yield (FY) modes. Each curve has been measured
with a magnetic field of £0.5T applied parallel to the beam direction after a field of +3T
was temporarily applied to ensure saturation. Since the absorption cross-section depends on
the relative orientation of the magnetization and the photon angular momentum directions,
the dichroism has been determined by inverting both the polarization and the magnetic field
direction. By using this procedure any instrumental artifacts arising from the changes in
polarization or the magnetic field are averaged out. By convention, the photon positive and
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Figure 3.16: XMCD results for YLCM measured at the Mn edge. (a) XMCD signal in the TEY mode
calculated as the difference between the absorption for x-rays with positive, pu4, and negative, p_,
helicity. Inset: x-ray absorption spectra for different polarizations measured at 2K in TEY mode.
Also shown is the absorption baseline, uy,1, used to perform the quantitative analysis. The spectra have
been corrected for a linear background before the edge and normalized to one well after the edge. The
arrow marks the selected boundary between the L3 and Lo edges that was used to perform the sum
rule calculations. (b) Raw x-ray absorption spectra measured in the FY mode, the distortion of the
peaks due to self-absorption is evident.

negative helicity directions are defined for photon angular momentum antiparallel and par-
allel to the applied field, respectively. Since the electron spin is antiparallel to the magnetic
moment, positive and negative helicity imply a photon angular momentum parallel and an-
tiparallel to the expected electron spin. To enhance the signal-to-noise ratio and to test the
reproducibility of the results, each absorption curve has been measured three times in the case
of Cu and two times for Mn. The angle of incidence of the x-ray beam with respect to the
sample surface has been set to 15°. The XAS and XMCD measurements shown on this section
were performed at the XTreme beamline of the Swiss Light Source at Villigen, Switzerland.
The XMCD results on the Mn-L3 s edge are shown in Figure Panel (a) shows
the temperature dependence of the XMCD signal calculated as the difference between the
measured absorption for positive and negative helicity in TEY mode. Due to the small escape
length of electrons (~ 4nm) the TEY signal arises predominantly from the very top LCMO
layer at the surface of the superlattice. The inset displays the averaged absorption curves
for positive and negative helicity at 2K. The contributions to the absorption from other
elements have been removed by subtracting a linear background before the edge as detailed
in appendix [Al A normalization to one well after the edge has also been applied to yield the
absorption per Mn ion. As discussed for the linearly polarized x-ray absorption, the large hole
density in the 3d band together with the crystal anisotropy and strong core-valence interactions
lead to the overlapping of the Lg and Ly edges, this effect introduces some error when using
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Figure 3.17: XMCD curves of YLCM as measured on the Cu L3 2-edge. Panels (a) and (b) show
the temperature dependence of the XMCD for the TEY and the FY modes, respectively. The insets
show the corresponding XAS measured for positive, uy, and negative, pu_, helicity at 2K and the
background used to perform the XAS integration required for the quantitative analysis, pp;. The
absorption curves have been corrected for a linear background and normalized to the L3 peak maximum
of the polarization-averaged absorption.

the sum rules to determine the magnetization per Mn ion. The absorption curves for positive
and negative helicity exhibit large differences, at 2 K the XMCD signal at the Mn-L3 amounts
to about 30% of the average absorption. The complex shape of the XMCD spectra is due to
the aforementioned core-valence interactions. Nevertheless, the measured dichroism resembles
the one of the bulk manganite systems that are characterized by the coexistence of Mn3* and
Mn?* valence states. [122]. The magnetic origin of the dichroic signal is confirmed by the fact
that it changes sign from one absorption edge to the other and by its temperature evolution.
The top LCMO layer thus exhibits a strong ferromagnetic order. As the temperature increases
the amplitude of the XMCD signal decreases and has almost vanished at 185 K, which is close
to TCurie.

Figure B.I6I(b) shows the Mn-Ls 5 fluorescence yield spectra measured at 2K. As for the
linearly polarized x-rays, the FY spectra for Mn are heavily distorted due to self-absorption
effects forbidding a quantitative analysis.

The XAS and XMCD curves at the Cu L3 2-edge of YLCM are summarized in Figure 3.17]
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where the TEY and FY measurements are shown in panels (a) and (b), respectively. The insets
show the corresponding absorption curves measured for positive and negative helicity at 2 K.
A linear background has been removed according to the process described in appendix [Al
To make the absorption and XMCD intensities directly comparable the absorption curves
have been normalized with respect to the maximum of the polarization-averaged absorption,
o= (u+ + p— + po)/3, at the Ly edge. The absorption for linearly polarized light in the
direction of the beam, g, has not been measured. It is nevertheless possible to calculate
it as a combination of the absorption for in-plane and out-of-plane polarization [82]: ug =
Lhab €082 0 + piesin? 0, where 6 is the incidence angle.

The white lines for both the FY and TEY modes resemble their respective counterparts
for the linearly polarized case. In the F'Y mode, the shoulder corresponding to the Zhang-Rice
singlets is pronounced while it is barely visible for the TEY mode. The peak position for the
white lines in the TEY detection mode is shifted by 0.6eV toward lower energies evidencing
that the main contribution to the absorption comes from the electronically modified Cu ions
at the interface.

As observed in Figure B.I7 for both the TEY and the FY modes there is a clear XMCD
signal. Its magnetic nature is confirmed by the sign change from one absorption edge to the
other. This highlights the ferromagnetic order of the Cu moments. In the TEY mode at 2K
the amplitude of the XMCD signal at the L3 edge corresponds to around 10% of the average
amplitude of the absorption. It should be emphasized that this XMCD is larger than the
reported in Refs. [24,134]. The XMCD signal is reduced as the temperature increases and falls
below the noise level for the measurement at 185 K, similar to the case of Mn. For the FY
curves, on the other hand, the amplitude of the signal is at least five times smaller and reaches
about 2% at 2K. The finding that the dichroic signal is much larger in the TEY mode which
is most sensitive to the Cu ions next to the interface shows that the ferromagnetically ordered
Cu moments are confined to the interfaces. Remarkably, the XMCD is positive at the L3 edge
and negative at the Lo one, as opposed to the XMCD data for Mn for which it is negative
at the Lg edge and positive at the Lo one. This implies that the ferromagnetic Cu moment
is antiparallel to the one of the Mn moments in LCMO and to the applied field. Such an
antiparallel alignment is energetically unfavorable and thus evidences that the magnetization
in Cu is induced via a strong coupling with the moments of the Mn ions on the other side of
the interface.

3.5.2. Multiplet analysis of the XMCD at the Cu-L3; edge

To better understand the origin of the magnetic dichroism for Cu, a multiplet fitting
analysis has also been performed for the absorption curves at the Lg white line. The results
are shown in Figure BI8 The peak positions are the same than for the curves with linearly
polarized light. From the fits to the TEY absorption curves it becomes clear that the circular
dichroism arises solely from the lowest energy peak. The ferromagnetic ordering is therefore
only present for the electronically reconstructed Cu ions at the interface. The remaining
three peaks, assigned to the Cu ions in the bulk of the YBCO layer, do not show any sizable
dichroism. A similar result is found for the FY mode. In this case the net contribution of
the ions next to the interface is smaller but it yields also the main component of the dichroic
signal. The observation that only the electronically modified Cu ions at the interface are
magnetic establishes a the direct link between the orbital reconstruction and the magnetism
of the Cu ions for the first time.

The main peak, associated to the Cu ions in the CuOs planes, shows in the FY case a
small dichroism in the opposite direction hence suggesting a magnetic moment parallel to the
applied field. This magnetic signal is revealed by a crossover to negative values right after
the main peak in the FY XMCD signal at the L3 edge. Although barely above the noise
level, its statistical significance seems to be confirmed by its reproducibility over the different
temperature scans as shown in Figure .17 This small magnetization in the direction of the
applied field could be assigned to a small paramagnetic moment and has been previously
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Figure 3.18: Circular polarized x-ray absorption curves measured with TEY (Panel (a)) and FY
(Panel(b)) modes at the Cu-L3 edge of YLCM for positive (blue dots) and negative (red dots) helicity.
The thick lines show the fitted curves obtained by using a set of four Lorentzian peaks (thin lines)
and a sigmoid function as the background (black line). For each peak the difference between positive
and negative helicity is shaded in blue or red when the corresponding XMCD is positive or negative,
respectively. The measured (green dots) and fitted (olive line) XMCD are calculated as the difference
between the measured and fitted absorption data and are scaled and shifted vertically for clarity.

observed in optimally doped YBCO thin films M]

The induction of the magnetization in Cu has been previously explained in terms of the
covalent bonding at the interface ﬂﬁ] As a result of the strong Hund’s coupling on the Mn
site, the energy of the hole shared by the Mn and Cu ions at the interface is minimized if the
hole’s magnetic moment is antiparallel to the large moment of the ¢35, band on the Mn site.
Since this hole is the only source of spin magnetization in the otherwise filled 3d band of the
Cu ions at the interface, their net magnetization is antiparallel to the Mn magnetic moment.

3.5.3. Quantification of the induced Cu moment

The next step in the analysis of the XMCD data is the quantitative analysis using the so-
called sum rules. As outlined in section 2.3.3] the element specific orbital and spin moments
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can be calculated as follows:

g fL3+L2 (M+ - /‘*)dw
3 fL3+L2 <M++M3—7+MO - Mbl) dw
T lng(/“r —p)dw =2 [; (g — p-)dw

2 fu_+
Jrgira (M+ e — ,ubl) dw

(Lj) =~ N (3.5a)

N34 (3.5b)

where (L;), (Sj) and (T}) are the expectation values of the projection along the beam direction
of the orbital moment, the spin moment, and the magnetic dipole operator, respectively.
Denoted as p are the absorption data for positive and negative helicity, po corresponds to
the absorption for x-rays linearly polarized along the j-direction and ns; is the hole density
in the 3d band. The absorption baseline, pup), which contains all non-resonant contributions
still present in the absorption data is now explicitly included.

To accurately use equations (3.5) the knowledge of the number of holes in the 3d band, the
independent integration of the XMCD spectra over the Ls and Ly edges, the normalization
with respect to the intensity of the white lines in the absorption spectra, and the precise
determination of the expectation value of the magnetic dipole operator (1) are required. As
will be discussed next, in practice these requirements are not always completely fulfilled and
give rise to important limitations to the accuracy of the calculations that should be taken into
account.

The first consideration concerns the hole density of the 3d band of Mn and Cu. The
nominal composition of the LCMO layers is Lay/3Ca;/3MnO3 which corresponds to a hole
density of ns; = 6.33 in the Mn-3d band that will be used throughout the calculations. The
long oxygen annealing process and high T of the film YLCM suggest that the stoichiometry
of the YBCO layers is close to fully oxygenated YBayCu3O7. Assuming valences of Y3+, Ba?*t
and O?~ the total valence for Cu in the fully doped compound should be +7 which would
be distributed between two Cu?t and one Cu®t ions where the former reside on the CuOs
planes and the latter on the CuO chains. Nevertheless, Cu®* is unstable given the strong
Coulomb repulsion that two holes would experience in the 3d band and it is energetically
more favorable to distribute one hole among the neighboring oxygen sites to promote the
above mentioned Zhang-Rice singlets and thus keep the Cu?t valence. The existence of
Cu?t would be confirmed experimentally by a strong absorption peak around 940 eV which is
not observed in the absorption spectra [118]. Actually, x-ray absorption measurements have
shown that the valence state of the Cu ions in the CuOq planes does not change significantly
from Cu?* within the whole doping range starting from undoped YBayCuzOg to fully doped
YBayCuszO7 [53]. The Cu valence of the optimally doped compound is therefore close to +2
with one hole in the 3d band. Nevertheless, the shift of the absorption peak of the magnetic
Cu ions at the interface and the strong orbital reconstruction at the interface suggest that
some holes could be transferred from Cu to Mn. An upper bound to the induced Cu moment
will be calculated by using ns; = 1 in equations In case of a lower hole density the
calculated moments should be interpreted as moments per Cu ion per 3d-hole.

The calculation of (S;) requires the independent integration of the contributions of the L3
and Lo edges to the XMCD. In the case of Cu this is not a problem as the XMCD signal is
well restricted to the position of the white lines and there is no dichroic intensity for energies
between the edges. Nevertheless, in the Mn case both the XAS and the XMCD spectra show
an overlap between the L3 and Lo edges and there is no clear separation between these two
contributions. The standard procedure in this case is to set a boundary at the onset of the Lo
white line [87], for Mn this energy corresponds to 648.4 eV and its position is marked with an
arrow in the inset of Figure B.I6(a). This procedure might transfer some spectral weight from
the L3 edge to the Ly edge which would result in an underestimation of the magnetic moment
(up to 40%) [93]. Since the contributions of the two edges to (L;) have the same weight and
sign, the calculation of the orbital magnetic moment is not affected by their overlap.

62



3.5. X-Ray magnetic circular dichroism analysis

The proportionality constant between the measured electron or fluorescence yield intensi-
ties and the actual absorption cross section is generally not known. The data must be thus

normalized by the ns;/ [ LstLo <W - Mbl) dw factor in equations (3.5]) which relates

the hole density to the polarization-averaged x-ray absorption. Since only the intensity of the
white lines is proportional to the hole density, the non-resonant contributions to the absorp-
tion pp; must be subtracted [87, [124]. For Mn, the linear background subtraction removes
properly the absorption contributions from other elements and only the edge jumps contribute
to upl. The absorption baseline is thus modeled using a step-like sigmoid function with rel-
ative amplitudes 2/3 and 1/3 for the Lg and Ly edges, respectively, as depicted in the inset
of Figure BI6l(a). For the case of Cu this procedure cannot be applied since the background
signal is much larger and has an unknown shape. The baseline thus has been approximated
by interpolating the absorption data in the regions around the white lines. In this procedure
the fact that some sizable XLD signal is observed in the regions above the Lg and Lo edges, as
shown in Figure B.I3] has been taken into account. This indicates that some spectral weight
associated with the holes in the Cu 3d band contributes to the absorption in these regions
and thus should be accounted for in the normalization. Since these holes have mainly out-
of-plane character (they likely involve the hybridization between the Cu-4s and Cu-3ds,2_,2
levels [54]), it has been assumed that the baseline in this energy range coincides with the
measured absorption curve for the linear polarization parallel to the planes, p.,. To model
the baseline at the position of the peaks a smooth interpolation scheme has been introduced
which ensures the continuity of the absorption and its first derivative. The resulting absorp-
tion baselines are shown by the black solid lines in the insets of Figure. B. 17 Based on the
calculation of the magnetic moments using different interpolation schemes, the uncertainty in
the absolute value of the magnetic moment has been estimated as about 20%.

The contributions to the XMCD coming from the (S;) and (T}) ground state moments have
the same distribution over the L3g and Lo edges and thus cannot be separated. The accurate
determination of (S;) thus depends on the accuracy with which (7j) can be determined.
Strictly speaking, S; and T} are the components of the spin and the magnetic dipole operators
in the beam (and magnetic field) direction, which in this case has a tilt of 15° away from the
sample surface plane. Although this direction could be redefined as the quantization axis, the
crystal anisotropy is more relevant for the discussion of the results and the z direction will
be kept parallel to the crystallographic ¢ axis and thus perpendicular to the sample surface.
The magnetic dipole operator T is a measure of the asphericity of the spin moment. In the
case of transition metals the contribution of T to the XMCD will be small as long as the
charge distribution in the 3d orbitals is symmetric. For oxides, like crystal field effects, the
Jahn-Teller distortion and the 3d spin-orbit coupling can produce a large anisotropy in the
charge distribution and the value of (7)) can be comparable or even larger than (S;) [86]. As
discussed in section 2.3.3], if the 3d spin-orbit-coupling is smaller than the exchange interaction
and the crystal potential, (Tj) can be evaluated by summing up independent contributions
for each of the 3d orbitals. For Cu and Mn the projections of the magnetic dipole operator
summed over the t3, band cancel out and for an angle of incidence ¢ with respect to the
surface it is valid to write

7 22 —y2 322 _p2

(85) + 5{T3) = (Sj) + (s 7 — ;7 77)(3sin*(0) — 1), (A

% is the spin projection of orbital . The size of the magnetic dipole correction is
therefore proportional to the difference in the spin components for the two e, orbitals. In
principle these spin contributions are not known and, unless the measurements are performed
for at least two different angles, a large uncertainty will arise in the determination of (S;).
In an extreme case the spin moment in the e, band would come exclusively from either the
dy2_y
and 80% to Mn and Cu, respectively. For Mn the symmetric contribution of the ¢4 spins
dominates and even in the extreme cases the correction falls within the already expected error
in the magnetization due to the overlap of the L3> edges. The anisotropy correction for Mn

where s

2 or ds,2_,2 orbitals. In this scenario the correction is maximized and amounts to 10%
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Figure 3.19: Temperature dependence of the spin and orbital magnetic moments per Mn (panel (a))
and Cu (panel (b)) ions calculated after applying the sum rules to the XMCD measured using the
TEY mode on sample YLCM. The orbital moment has been calculated from the angular moment as
my = us(L;). The effective spin moment has been calculated directly from the sum rules and does

not include the magnetic dipole corrections, ms,,, = —2us((S;) — Z(T})). For Cu, the calculated spin

magnetic moment assuming a common spin polarization for the two e, bands is shown as m,. The
inset in panel (b) shows the results for the data collected using the FY mode, the orbital moment in
this case falls below the detection limit.

will be therefore dismissed. For Cu, on the other hand, the e, hole is the only contribution to
the spin and the correction is more important.

Nevertheless, such an extreme spin polarization is unlikely given the large Hund’s coupling
which promotes the parallel arrangement of spins in the 3d band. In a more realistic picture
the ratio between holes with spin up and down, hence the spin polarization P, = (Q¢ — ﬂT) /n,
is the same for both the d,2_,2 and d3,2_,2 orbitals. The spin projection of a particular orbital
can therefore be written as sﬁ- = QZL — QI = P,n, and is proportional to its corresponding hole
density. The difference in the spin moments for the two e, orbitals can be thus written in
terms of the difference of their hole densities and one obtains:

7 .

() + 5(T5) = (S5)(1 + P, (3sin*(0) — 1)), (3.6)
where P, is now the hole orbital polarization of the ey band as defined in equation 261).

Figure 319 shows the orbital and spin magnetic moments per Mn (panel (a)) and Cu

(panel (b)) ions as obtained using the sum rules (3.5]) on the XAS and XMCD data measured

using the TEY mode on sample YLCM, for Cu the calculations based on the FY data are also
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3.5. X-Ray magnetic circular dichroism analysis

shown. The orbital magnetic moment has been calculated from the angular moment expecta-
tion value as m; = pp(L;). For both Mn and Cu, ms,, = —2up((S;) — Z(I})) represents the
effective magnetic moment directly calculated using the sum rules without correcting for the
magnetic dipole correction. As mentioned above, in the case of Mn the anisotropy correction
is small and mg; ~ ms. In the case of Cu, ms = —2up(S;) = Mms /(1 + P, (3 sin?(6) — 1))
is the magnetic moment after correction (B.6) has been applied using the interpolation for
P, shown in Figure As already discussed, the magnetism in Cu occurs at the interface,
where the Cu ions are subject to an electronic and orbital reconstruction. Since these Cu
ions are associated with the lowest energy peak in the absorption curves, it is the tempera-
ture dependent orbital polarization calculated for this particular peak the one that should be
introduced in the correction for the spin anisotropy.

As expected, the calculated spin magnetic moment per Mn ion is large and amounts to
approximately 1.7 ug at 2 K. This value is smaller than the one obtained from the FC magne-
tization measurements shown in Figure which yielded around 2.1 up at low temperatures.
This difference might be explained by the 2-3nm thick non-ferromagnetic layer at the sam-
ple surface and by the expected underestimation of the magnetic moment due to the overlap
of the two Mn-L3 2 edges. The orbital magnetic moment appears inverted and amplified in
Figure B.19(a), as predicted by Hund’s law, it is antiparallel to the spin magnetic moment.
Despite the fact that it is about 100 times smaller than its spin counterpart, it is still well
above the noise level and amounts to 0.017(5) ug at 2K. The observation of a net orbital
magnetic moment can be explained by the spin-orbit coupling which lifts the so-called orbital
quenching of the e, orbitals in the octahedral crystal field [83]. This coupling is further con-
firmed by the fact that the spin and orbital magnetic moments follow the same temperature
dependence.

For Cu the net spin magnetic moment per ion is one order of magnitude smaller than for
Mn. Without the anisotropy corrections, it amounts to -0.086(20) up and is well below the
Cu?* electronic magnetic moment of 1 ug. Assuming that both eq orbitals have the same spin
polarization to account for the spin anisotropy, as expected due to the large Hund’s coupling
in the 3d band, the magnitude of the magnetization is further reduced by about 17%. Under
this assumption the magnetic dipole correction is not larger by virtue of the reduced orbital
polarization of the Cu ions at the interface. These results for the spin magnetic moment of the
Cu ions are obtained after normalizing with respect to the total XAS spectra thus averaging
over all the probed Cu ions. A better approximation can be made using the multiplet fittings to
the absorption data at the L3 edge shown in Figures B.14land 318l As shown in Table 3.4l from
these fittings it turns out that about 41% of the probed Cu ions are electronically modified and
contribute to magnetism. This spectral weight can be used to scale the calculated moment and
obtain the average spin magnetic moment for the electronically modified ions at the interface.
This procedure yields an estimate of the spin magnetic moment of 0.18(4) pup and 0.21(5) up
with and without the anisotropic correction, respectively. Since the XMCD technique is only
sensitive to the projection of the magnetic moments in the beam direction, it is not possible
to establish whether the Cu and Mn moments are aligned with the applied field or if the
measured magnetic moments correspond to a canting of an antiferromagnetic order or other
non-collinear arrangement.

The inset in Figure 319 shows the results for the FY mode. The calculated average
magnetic moment is ten times smaller than the one calculated in the TEY mode and amounts
to -0.010(5) up at 2K. While it is close to the noise level, it is sizable and shows a clear
temperature dependence. The anisotropy correction is in this case within the error bars. As
was the case for the orbital reconstruction, the observation of a magnetic signal in the FY
mode evidences that the ferromagnetic Cu moment is induced at all the interfaces. This
fact is further confirmed by x-ray resonant magnetic reflectometry (XRMR) measurements as
will be discussed in section The spectral weight of the Cu ions at the interface in the
FY absorption spectra is around 4.7% and thus their average spin magnetic moment can be
calculated as 0.21(8) up at 2 K. This value agrees well with the ones calculated for the TEY
mode and testifies to the reliability of the multiplet analysis.
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Figure 3.20: Normalized spin magnetic moments for Cu and Mn as calculated using the sum rules
on the XMCD measured using the TEY and FY modes on sample YLCM. No anisotropy corrections
are taken into account. The normalized FC magnetization measured under an applied field of 4 kOe
measured on the sample is also shown.

A sizable orbital magnetic moment is also found for Cu as a consequence of the 3d spin-
orbit coupling and is in this case parallel to the spin one, as expected for more than half
filled 3d bands according to Hund’s law. For Cu it is about 4-5 times smaller than the spin
one and, as in Mn, both moments exhibit a similar temperature dependence. The m;/m
ratio at 2K is calculated as 0.25(9) and 0.20(9) with and without taking into account the
magnetic anisotropy correction, respectively. Both values agree with the ~ 0.2 reported value
for XMCD measurements in YBCO thin films where the magnetic anisotropy has been taken
into account [123]. This good agreement shows that the magnetic anisotropy correction has
not been overestimated and confirms than an extreme spin anisotropy which would introduce
corrections to the spin magnetic moment of up to 80% is unlikely. The covalent bonding model
explains the antiferromagnetic coupling between the Mn and Cu ions via the ds,2_,2 orbital,
the magnetic ordering is transferred to the holes in the d,2_,2 orbital via the Hund’s coupling.
A more precise study of the magnetic anisotropy in the e, band of the Cu ions at the interface
could be done by performing XMCD measurements using different incidence angles.

Figure shows the Mn and Cu spin magnetic moment normalized to their value at
low temperatures. The Mn and Cu moments as obtained from the TEY curves show the
same temperature dependence confirming that the observed magnetization of Cu is induced
by the Mn ions on the other side of the interface. Neither the Mn nor the Cu magnetic
moments show any clear changes at T¢. This is not too surprising, the charge transfer and
the missing chain at the interface most likely yield a strongly underdoped CuQOs plane next
to the interface that is not expected to be superconducting. This observation supports the
PNR analysis which showed that the changes in the magnetic profile below 90 K occur inside
the LCMO layers. The comparison of the Mn and Cu moments calculated from the TEY
curves with a FC magnetization curve measured on the same sample shows some differences
at intermediate temperatures. This is probably due to the inhomogeneity of the topmost
LCMO layer arising from the direct contact with the atmosphere. Modulated by the doping
level, antiferromagnetic, canted antiferromagnetic and ferromagnetic regions with different
ordering temperatures could coexist near to the sample surface. The Cu spin magnetic moment
calculated from the FY data seems to match better the FC magnetization data as expected
given its bulk sensitivity. Nevertheless at high temperatures the moment falls below the
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detection limit, a clear trend is therefore difficult to observe. The coupling between the Mn
and Cu magnetic moments in all the interfaces is confirmed by XRMR measurements as will
be discussed in section

Although the observed magnetization and orbital reconstruction of Cu ions at the interface
have been explained in terms of a covalent bonding with the Mn ions on the LCMO side,
the possibility that the Cu XMCD signal may arise from a small number of Cu ions that
are unintentionally incorporated within the ferromagnetic manganite layers has not yet been
explored. Such an effect could happen due to chemical interdiffusion or another kind of cross
contamination during the pulsed laser deposition growth. Against this possibility, it should be
mentioned that previous electron energy loss spectroscopy (EELS) measurements performed
on YBCO/LCMO superlattices grown under the same conditions of YLCM showed that the
interfaces are atomically flat and no evidence of interdiffusion was found within the resolution
of the experiment which corresponds to the first monolayer from the interface [25]. This
negligible interdiffusion is further confirmed by the depth-sensitive x-ray resonant magnetic
reflectometry (XRMR) measurements discussed in section The observed depth profile for
the magnetization in Cu is consistent with an antiparallel moment induced on the YBCO side
of the interface.

3.5.4. Summary

The magnetic properties of the Cu and Mn ions in the sample YLCM have been studied
by means of resonant x-ray absorption spectroscopy (XAS) for circularly polarized light in
the TEY and FY modes. For Mn, the expected strong magnetism has been observed. The
temperature dependence of the magnetization calculated using the TEY XAS spectra and
measured from FC magnetization are different. This is probably due to the inhomogeneity of
the topmost LCMO layer that is in direct contact with the atmosphere. An orbital moment
that is antiparallel and about one hundred times smaller than the spin moment has also been
observed. This provides evidence for a weak spin-orbit coupling in the Mn 3d band.

In the case of Cu the XMCD analysis confirms a net magnetization that is antiparallel
to the applied field. The temperature dependence of the Cu and Mn magnetization is the
same, confirming that the magnetism in Cu is induced by the proximity-coupling to the Mn
on the other side of the interface. The multiplet fitting analysis shows that the magnetization
originates exclusively from the electronically modified ions at the interface. A direct link
between the orbital reconstruction and the magnetization of the Cu ions is thus established
for the first time. The absorption cross section for Cu is highly sensitive to charge anisotropy
and it is not possible to exactly determine the size of the magnetic dipole corrections in
the sum rules. By neglecting the correction or assuming an homogeneous spin polarization,
which is expected from the large Hund’s coupling in the 3d band, the average spin magnetic
moment per Cu ion at the interface is calculated as 0.21 ug or 0.18 ug, respectively. As was
already established from the spectral weight of the modified Cu ions in the FY spectra, this
magnetization is confined to about 60% of the Cu ions right at the interface. The origin of
the magnetism in Cu can be understood within the framework of the covalent bond at the
interface, the energy of the shared hole is minimized when its magnetic moment is antiparallel
to the one in the Mn-t2, band.

The orbital magnetic moment of Cu is found to be five times smaller than the spin one,
in good agreement with previous reports. This good agreement suggests that the anisotropy
correction has not been overestimated and that an extreme spin anisotropy in the Cu-e, band
is unlikely. The covalent bonding picture predicts a net magnetic interaction only for the
ds3,2_,2 holes, the magnetic order must be transferred to the holes in the d,2_,2 orbitals via
the 3d Hund’s coupling. Future experiments performed for different incident angles will allow
the exact determination of the magnetic dipole correction and thus will determine if the spin
magnetic moment of Cu exhibits only a small spatial anisotropy as suggested here.

The similar temperature dependence of the Cu and Mn moments and the antiparallel
alignment with respect to the applied field, both suggest that the Cu moment is coupled to
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the Mn moment by which it is induced. Although the largest feature of the magnetic depth
profile concerns the suppression of the magnetization on the LCMO side of the interface, the
analysis presented in this section confirms that an additional ferromagnetic Cu moment is
induced on the YBCO side.

3.6. X-ray resonant magnetic reflectometry analysis

In this section some relevant results obtained using x-ray resonant magnetic reflectometry
(XRMR) measurements are briefly discussed. The XRMR technique combines the element-
specific sensitivity of the resonant x-ray absorption and the depth sensitivity of the x-ray
reflectivity and thus can provide element-specific information of the magnetic depth profile [32,
124].

The first question to be addressed concerns the location of the magnetic Cu ions that
are responsible for the observed XMCD signal. The XMCD does not provide enough depth-
sensitivity and thus it is not possible to tell for sure from the absorption measurements whether
these magnetic ions are located on the YBCO or the LCMO side of the interface. The latter
possibility would imply that some Cu ions have diffused through the interface into the LCMO
layers. To investigate the location of the magnetic Cu ions, XRMR measurements at the
Cu-L3 edge have been performed. The x-ray reflectivity of YLCM has been measured using
an incident x-ray energy of 930.5 eV with circular polarization with positive and negative he-
licity. The chosen energy coincides with the position of peak 1 in the XAS curves which is
the one that has been assigned to the Cu ions at the interface. The XRMR measurements
were performed on the UE56/2-PGM1 beamline at BESSY using the MPI-IS ErNST end-
station [125]. The simulations of the x-ray reflectivity curves have been performed with the
program ReMagX [126].

The results of this study are summarized in Figure [B.2I] which has been taken from
Ref. [109]. Panel (a) shows the resonant x-ray reflectivity measured at 300 K. The fitting
process of the resonant x-ray reflectivity has the complication that it requires the knowledge
of the scattering factor, and thus the index of refraction. This quantity depends on the elec-
tronic environment of the resonant element. The imaginary part of the scattering factor,
f"(E) is proportional to the absorption and can thus be determined by scaling the absorp-
tion measurements to tabulated values at energies far from the resonance. The real part of
the scattering factor can be then calculated using the Kramers-Kronig transformation which
relates the real and imaginary parts of the scattering factor. A more detailed description of
the XRMR technique and the calculation of the optical parameters at an absorption edge is
given in Refs. [109, [124, 127]. The good agreement between the measured reflectivity and
the simulation testifies to the proper determination of the optical parameters by following the
above mentioned procedure.

Panel (b) in the figure shows the ¢, dependence of the normalized asymmetry calculated as
(R— — R4)/(R- + R4 ) where Ry is the reflectivity measured with circularly polarized x-rays
with positive or negative helicity, respectively. The data have been measured at 40 K and with
an applied field of about 200 G. The sizable asymmetry evidences a difference in the index of
refraction for circularly polarized x-rays with positive and negative helicity. This difference
arises from the magnetic contributions to the scattering factor for which the sign depends on
the relative orientation of the photon angular momentum and the magnetization of the sample.
The asymmetry oscillates as a function of ¢, with a periodicity that corresponds to the one
observed in the reflectivity curve. The depth profile of the magnetic Cu thus exhibits the
periodicity of the superlattice. This observation supports the previous analysis based on the
FY XMCD curves which suggested that the Cu moments observed with the surface sensitive
TEY mode are not exclusive to the topmost YBCO/LCMO interface but are induced at all
the interfaces of the sample.

Furthermore, the asymmetry can be simulated by introducing a magnetic correction to
the optical constants which can also be estimated from the absorption curves. The red line
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Figure 3.21: X-ray resonant magnetic reflectometry (XRMR) at the Cu-L3 edge of YLCM. (a) Resonant
x-ray reflectivity curve measured at room temperature with an incident beam energy of 930.5eV. (b)
Normalized difference curve between the reflectivity for positive and negative x-ray helicity measured
at the same energy at 40 K with an applied field of 200 G. The lines represent the simulated asymmetry
assuming that the magnetic Cu ions are located on the LCMO (doted green line) or on the YBCO (red
line) side of the interface. The figure has been taken from reference [109].

in panel (b) of Figure B.21] corresponds to the simulated asymmetry obtained by introducing
such a magnetic correction on the YBCO side of the interface using a simple block-like model.
Based on the XMCD data, the Cu moment has been assumed to be antiparallel to the applied
field and the Mn moments. The estimated magnetic moment from the simulation is around
0.25(10) pp per Cu ion and agrees reasonably well with the 0.18(4) up and 0.21(8) up magnetic
moments calculated using the TEY and FY XMCD data, respectively. While the simulation
could be further improved, for example, by grading the profile of the Cu moments in the
YBCO layers, it already reproduces well the main features of the data, such as the peak
positions and their intensity variation. Most importantly, the simulation for the opposite case
where the Cu moments are assumed to reside within the LCMO layers (dashed green line) is
in clear disagreement with the data. The Cu moments are now placed on the opposite side
of the interface which gives rise to a 7 phase shift of the reflected x-ray waves and thus to
an exchange of the maxima and minima of the asymmetry curve. A reasonable agreement
with the data could only be obtained by changing the mutual orientation of the Cu and Mn
moments from antiparallel to parallel. This possibility is however excluded by the XMCD
data which highlight that the Cu and Mn moments are antiparallel. The combined analysis
of the XMCD and XRMR thus confirms that the Cu magnetic moments reside on the YBCO
side of the interface.

Secondly, the coupling between the Cu and Mn magnetic moments has been studied. The
coupling between these moments at the topmost YBCO/LCMO interface is evident from their
similar temperature dependence (see Figure B.20). Nevertheless, the lack of bulk-sensitive
FY measurements for Mn and the small contribution of the magnetic Cu ions to FY signal
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Figure 3.22: Switching behavior of Mn (panel (a)) and Cu (panel (b)) magnetic moments. In each
panel the reflectivity at a fixed ¢, value is shown as a function of the current in the electromagnet that
magnetizes the sample. The measurements were performed at 20 K and the energy was set to 639.9eV
and 930.4eV for Mn and Cu, respectively. The position of the coercive field He is marked with a
dashed line. The insets in both panels show the normalized asymmetry of the reflectivity. The thick
dashed line marks the ¢, at which the reflectivity loops were measured.

makes it difficult to confirm that such a coupling exists in all the interfaces of the YLCM
superlattice. These difficulties can be overcome with the resonant x-ray reflectivity curves at
the Mn and Cu-L3 resonances. While in resonance the x-ray penetration depth is strongly
reduced, it is still large enough to probe the magnetic properties of several YBCO/LCMO
bilayers. To test the coupling between the Mn and Cu magnetic moments in the YLCM
superlattice their switching behavior has been studied. For both, Cu and Mn, the reflectivity
at a fixed value of g, has been measured as a function of the current in the electromagnet
that was used to magnetize the sample. In each case, ¢, has been set to a position where a
significant asymmetry is observed. The result of this study is presented in Figure which
displays the reflectivity measured at the Mn (panel (a)) and Cu (panel (b)) resonances. The
measurements where performed at a temperature of 20 K and the incident beam energy was
tuned to 639.9eV and 930.4eV for Mn and Cu, respectively. The insets in the figure show
the normalized asymmetry between the reflectivity measured with circularly polarized x-rays
with positive and negative helicity. The dashed lines mark the g, position chosen for the
measurements, these values correspond to ¢, = 0.068 A and ¢, = 0.168 A for Mn and Cu,
respectively. The data are shown in terms of the current through the electromagnet since the
relationship with the magnetic field at the sample position is not exactly known. For both Cu
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and Mn the reflectivity shows a characteristic magnetic hysteresis confirming the change in
the optical parameters as the magnetization of Cu and Mn ions changes with the applied field.
The observation of a larger reflected intensity for positive fields in both Mn and Cu reflectivity
loops must not be taken as an evidence of a parallel magnetization, the dependence of the
reflected intensity with the magnetization direction depends on the particular chosen values
of q.. Notably, the hysteresis loops have the same shape in both cases and the coercive and
saturation fields are common for Mn and Cu. This result confirms that the Cu magnetic
moments on the YBCO side of the interface are coupled to the magnetization of the LCMO
layers and that they flip together in the magnetization reversal process. Moreover, owing to
the sensitivity of the XRMR technique to several layers in the superlattice, this coupling can
be generalized to all interfaces in the sample.

From the analysis of the PNR data it was determined that the main feature of the magnetic
depth profile in the YLCM sample is the strong suppression of the ferromagnetic order of the
LCMO layers next to the interface. The results shown in this section and in section show
that there is still a Cu moment induced on the YBCO side of the interface which is strongly
coupled to the magnetization in the LCMO layers. The observation of such a coupling confirms
that the so-called depleted layers on the LCMO side of the interface are by no means non-
magnetic. The Mn moments must retain a magnetic ordering of canted or oscillatory nature
for which the net magnetization along the direction of the applied field is largely reduced [109].
Finally, the question whether the induced ferromagnetic Cu moments in the YBCO layers are
playing a significant role for the fitting of the PNR curves has been addressed. Model 1 in
section B.3] has thus been modified to allow in addition to the depleted layers on the LCMO
side for a small, antiparallel moment on the YBCO side. It turned out that these Cu moments
do not significantly modify or improve the fit results. This is not surprising since these Cu
moments are much smaller than the Mn moments in the central part of the LCMO layers and
are confined to the CuO, layer adjacent to the interface. The PNR curves thus are governed
by the larger magnetic moment inside the LCMO layers and are hardly sensitive to the much
smaller Cu moment in the YBCO layers.

3.6.1. Summary

The observation of a periodic asymmetry between the reflectivity curves measured at the
Cu- L3 edge for x-rays with different helicity confirms that the magnetic Cu ions are periodically
distributed over the interfaces of the superlattice. The asymmetry curve has been simulated
assuming that the magnetic Cu ions are located on either the YBCO or the LCMO side of the
interface. A much better agreement with the measured data has been found by locating the
magnetic Cu ions on the YBCO side of the interface. This result rules out the possibility that
the observed magnetism in Cu is a consequence of interdiffusion of Cu into the LCMO layers
in support of previous observations with TEM of atomically flat and very sharp interfaces
observed in identically grown samples.

The reflectivity curves at the Mn and Cu-L3 edges show an hysteretic behavior due to the
dependence of the index of refraction on the magnetization state of the resonant ions. The
hysteresis loops for Mn and Cu are almost identical and thus evidence that the Cu magnetic
moments are coupled to the magnetization in the LCMO layers.

3.7. Concluding remarks

The phenomenology of the magnetic proximity effect in a symmetric YBCO/LCMO su-
perlattice has been studied. The sample was epitaxially grown on a LSAT substrate with
the pulsed laser deposition technique. The crystallographic ¢ axis is oriented normal to the
sample surface and the superconducting and ferromagnetic properties of the individual lay-
ers are retained with corresponding critical temperatures of T ~ 88K and T ~ 200K,
respectively.
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The polarized neutron reflectometry (PNR) technique was used to determine the depth
profile of the magnetization in the sample. The stability of the substrate and the good
quality of the sample allowed the measurement of the PNR curves with a good signal-to-
background ratio up to a value of ¢, of 0.14 A~1 at low temperatures. Thanks to the additional
information contained in the PNR, curves measured over such a large g, range it was possible
to determine that the main characteristic of the magnetic depth profile in the YBCO/LCMO
superlattice is the existence of a so-called depleted layer on the LCMO side of the interface
in which the net magnetization is substantially reduced. This finding solves the question first
raised in Ref. [30] regarding the origin of the observed symmetry breaking of the neutron
potential at temperatures below TC"€, Although from PNR the possibility of having a small
magnetization on the YBCO side of the interface cannot be excluded, it becomes clear that it
could not account for the large differences between the structural and magnetic components
of the potential depth-profile. The depleted layers are found to be around 1 and 2nm thick
at the bottom (the one closer to the substrate) and top LCMO interfaces, respectively, and
cannot be explained in terms of interface roughness or disorder.

The depleted layers do not show any significant change as the applied magnetic field is
increased above saturation. The analysis of the PNR curves for different temperatures shows,
on the other hand, that the magnetic properties of the depleted layers are sharply enhanced
below 90 K and that the main changes happen in the bottom interface. Whether these changes
in the magnetic properties of the LCMO layers are related with the onset of superconductivity
in the YBCO layers is a question of great interest which needs to be further investigated. The
confirmation of such superconductivity induced changes would be a remarkable step toward
the understanding of the interaction between the superconducting and ferromagnetic orders
in oxide-based systems.

The magnetic and electric properties of the Cu ions on the YBCO side of the interface have
been studied by means of the x-ray absorption spectroscopy (XAS) technique. The comparison
of the XAS spectra measured using the surface sensitive TEY and the bulk sensitive FY
modes shows that the Cu ions at the interface exhibit a large orbital reconstruction and a
net ferromagnetic order with the magnetization antiparallel to the applied field. A multiplet
analysis of the absorption curves allowed the identification of the absorption peak that is
associated to the Cu ions at the interface. This peak shows a redshift of about 0.6eV with
respect to the main absorption peak corresponding to the Cu ions in the planes far from the
interface. The shift of the peak can be explained in terms of a charge transfer at the interface
or a change in the crystal field, in either case, a large change in the electronic surrounding
of the Cu ions at the interface is inferred. The analysis described in this chapter shows that
only the Cu ions at the interface for which the redshift is observed exhibit the aforementioned
orbital reconstruction and the ferromagnetic order. A direct link between these two effects is
thus established for the first time.

The calculated orbital polarization for the Cu ions at the interface of about -26% is in
clear contrast with the one calculated for the Cu ions far from the interface which amounts
to about 80%. Such a large change suggests that the electronic environment of the Cu ions at
the interface becomes more symmetric. Whether this is due to a reduction of the Jahn-Teller
distortion or the buckling of the CuOs planes needs to be further explored. The application
of the sum-rules to the XMCD data yields an average magnetic moment of 0.18(4) ug per
electronically modified Cu ion at the interface. The similar temperature dependence between
the Cu and Mn magnetic moments suggests that they are coupled. This coupling is confirmed
by the observation of an identical shape in the x-ray resonant-magnetic reflectometry (XRMR)
loops measured at a fixed momentum transfer as a function of the applied field. Moreover,
according to the simulations of the XRMR asymmetry as a function of ¢,, the Cu ions are
located on the YBCO side of the interface. A clear disagreement between the measured data
and the simulation is obtained if the magnetic Cu ions are assumed to be located on the LCMO
side. This rules out the possibility that the Cu ferromagnetic moment is a consequence of the
interdiffusion of the Cu ions into the LCMO layers.

The observation of a Cu magnetization at the interface despite the large reduction of the
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net magnetization on the LCMO side of the interface raises the question about the magnetic
state of the depleted layers. The observed coupling between the Cu and Mn moments confirms
that the depleted layers cannot be thought of as being non-magnetic. A magnetic order which
is coupled to the magnetization in the core of the layers must persist right to the interface and
be transmitted to the Cu ions. This magnetic order must have a canted antiferromagnetic,
non-collinear or oscillatory nature for which the net magnetization along the direction of the
applied field is largely reduced.

Finally, the strong suppression of the ferromagnetic moment on the LCMO side of the
interface and the orbital reconstruction and magnetization of the Cu ions at the interface have
been shown for the first time to occur simultaneously on the same sample. How these three
effects are related and their dependence on the particular electric and magnetic properties of
the cuprate and manganite layers needs to be further explored.
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Chapter 4

Magnetic proximity effect in a
YBCO/LMO superlattice

In this chapter the study of the phenomenology of the magnetic proximity effect is extended
to a YBagCu3O7/LaMnOs, superlattice. In section Il the sample growth and its structural
characterization are discussed. The transport, magnetization and optical measurements that
confirm that the LMO layers are ferromagnetic and insulating are presented in section
Section [£3lsummarizes the polarized neutron reflectometry study of the magnetic depth profile
of the sample, the magnetization in the LMO layers is found to be nearly homogeneous. The
electric and magnetic properties of Cu are studied with the x-ray absorption spectroscopy
measurements shown in section [4.4] the orbital reconstruction and the induction of magnetism
in Cu are comparable to the ones observed in the YLCM sample. The concluding remarks are
finally given in section

4.1. Sample growth an structural characterization

The [YBasCuzO7_5(9nm)/LaMnO3,(10 nm)]y10 (YBCO/LMO) superlattice, from now
on referred to as sample YLM, was grown on a LSAT substrate by means of pulsed laser
deposition (PLD). The details about the PLD technique were briefly discussed in section B.11
This sample was grown under the same conditions as the YLCM sample. The laser fluence
was set to around 2.J/cm? per 25ns pulse at the target surface. The substrate was heated to
825°C and the oxygen partial pressure was set to 0.32 mbar. After the growth, the sample
was annealed at 485°C for 12h in an oxygen atmosphere.

The structural properties of the sample were studied with x-ray diffraction measurements
using the Rigaku SmartLab system. The results are summarized in Figure LIl Panel (a)
in the figure displays the x-ray diffraction pattern measured with the momentum transfer
normal to the sample surface. The results obtained for the YLCM sample are also shown for
comparison. The sample is epitaxial and no trace of impurity phases can be observed. Strong
modulations with the periodicity of the YBCO/LMO bilayer testify to the good quality of the
interfaces in the superlattice. The LSAT and YBCO peaks can be observed at almost identical
positions for both the YLCM and the YLM samples. The lattice parameters of YBCO are
therefore not significantly influenced by the replacement of LCMO by LMO. The calculated c-
axis lattice parameters for YBCO and LSAT are cypco = 11.71(3) A and cpsat = 3.8715(4) A,
respectively. On the other hand, a clear difference in the intensity distribution in the region
around the substrate peaks can be observed. This weight can only be associated with the LMO
layers and the separation from the substrate peaks suggest that the ¢ axis parameter of LMO
is larger than the one of LSAT. This observation is in good agreement with the published x-ray
diffraction data for undoped or slightly cation-deficient LMO for which pseudo-cubic lattice
constants between 3.94 and 3.89 A have been reported [128,[129]. A rough estimate of the LMO
c-axis lattice parameter based on the position of the LMO(003) peak yields cpyo = 3.93(3) A.
The large error bar arises from the uncertainty in the position of the LMO(003) peak which
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Figure 4.1: X-ray diffraction data for the YLM sample. Panel (a) shows the standard theta-2theta
x-ray diffraction curve. For comparison the diffraction curve for YLCM is shown in gray. Panel ()
displays the results of the in-plane x-ray diffraction measurement. In panel (¢) the reciprocal space
map around the LSAT(103) peak is shown. The yellow arrows in the map mark the superlattice
modulations. A pseudo-cubic representation of the LSAT and LMO lattices has been used to identify

the diffraction peaks.

is difficult to the determine due to the superlattice modulations and the contributions of the
neighboring YBCO and LSAT peaks.

Figure [1I(b) shows the in-plane x-ray diffraction measurements from which an in-plane
lattice parameter of a = 3.876(5) A is obtained. This value is close to cpgar and thus suggest
that the in-plane lattice parameter of the film matches the one of the substrate. This finding
is confirmed by the reciprocal space map around the LSAT(103) peak shown in panel (¢). The
q position of the observed YBCO and LMO peaks matches the one of the substrate peak.
Furthermore, the peaks are symmetric around the A = 1 line and thus no evidence of lattice
relaxation is observed. The good quality of the interfaces is evidenced by the superlattice
modulations of the intensity in the [-direction.

In summary, the YLM superlattice keeps its strained condition in spite of the introduc-
tion of the LMO layers which are subjected to a sizable compressive strain. The structural
properties of the YBCO layers are therefore comparable to the ones of the YLCM sample.
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Figure 4.2: (a) Temperature dependence of the resistance and the dc magnetization of the superlattice
YLM. The magnetization have been measured while cooling with and applied field of 1000 Oe. The
doted lines mark superconducting and ferromagnetic onset transition temperatures. The red symbols
correspond to the sample magnetization as calculated from the fits of the neutron reflectivity data
discussed in section 4l (b) Magnetic hysteresis loops measured at different temperatures. The inset
shows the hysteresis loop measured at 5K in a wider scale. The magnetization measurements have a
~ 5% uncertainty that arises from the errors in the determination of the sample area and the LCMO
layer thickness and density.

4.2. Electric and magnetic properties

The electric and magnetic properties of the YLM sample have been first characterized with
the electric resistance and dc magnetization measurements shown in Figure These mea-
surements have been performed using the physical properties measurement system (PPMS)
from Quantum Design (model QD6000) and its vibrating sample magnetometer option (model
P525). The magnetization has been measured while cooling with an applied field of 1000 Oe
on a small piece cut out from a corner of the sample.

Figure [4.2la) shows the temperature evolution of the resistance and the magnetization.
The magnetization in up per Mn ion has been calculated using a thickness of dryvo =
10.4(1) nm for the LMO layers, an area of A = 1.75(6) mm~2 for the small piece and a
density of Mn ions of 16.7(2) nm~3 as obtained from the PNR data that are discussed in sec-
tion [44l As seen in the figure, the LMO layers are ferromagnetic with a Curie temperature of
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TCuwie ~ 135 K. The average magnetization per Mn ion at low temperatures of about 2.1 up
is comparable to the one found for the LCMO layers of the YLCM sample. The resistivity
curve exhibits a superconducting transition with an onset temperature of Tc ~ 77 K. The
superconducting critical temperature is thus reduced with respect to the one observed in the
YLCM sample suggesting that the YBCO layers in the YLM sample may be slightly oxygen
deficient. The oxygen deficiency can be estimated as § =~ 0.2 based on a comparison with
tabulated values of T¢ for different oxygen concentrations [51].

The magnetization hysteresis loops measured on YLM are shown in panel (b) of Figure[d.2
Similar to the YLCM sample, an enhancement of the coercivity is observed at low tempera-
tures. It is most likely due to an inhomogeneous magnetic phase in the LMO layers [103]. The
5K hysteresis curve shows an average saturation moment of about 3 ug/Mn and a saturation
field near 10kOe. These values are larger than their counterparts measured in YLCM for
which a saturation moment of 2 ug/Mn and a saturation field around 1kOe are observed at
low temperatures. A comparison with the published magnetization data for cation-deficient
LMO samples suggests that the oxygen excess, y, of the LMO layers should be somewhere
between 0.11 and 0.14 [40]. As shown in Figure 2.2 for these values a ferromagnetic and
insulating phase is stabilized.

Indeed, the insulating character of the LMO layers is suggested by the fact that the
resistance of the YLM sample does not show any significant change at 7¢". An insulator-to-
metal transition does not seem take place in the LMO layers upon the ferromagnetic ordering.
This scenario is further supported by the observation of a steep increase of the resistance
below 20 K and by the negative resistance measured between 20 and 50 K. The latter effect is
an artifact which most likely arises because the transport through the highly insulating LMO
layers is governed by some defects like grain boundaries. This can result in complex current
pathways through the sample and a negative voltage between the measurement contacts.

Nevertheless, since the resistance measured with the four-probe method is mostly sensitive
to the topmost LMO layer, the insulating behavior of all the LMO layers in the superlattice
cannot be confirmed from these measurements. Moreover, as shown in Figure 2.2] the electric
and magnetic properties of the LMO layers are extremely sensitive to the oxygen content.
It is thus plausible that due to its direct exposure to the atmosphere the topmost layer
may have a different doping level and thus different properties than the inner layers of the
YLM superlattice. To study the electric properties of all the LMO layers in the sample, the
optical conductivity has been determined from infrared ellipsometry measurements. With this
technique the changes in the polarization of linearly polarized infrared light upon reflection
on the sample are used to calculate the dielectric function and thus the conductivity of the
sample [130]. The probe depth of the infrared light is in excess of 200 nm, this technique thus
provides the required information about the electric properties of the inner layers.

The results of this study are shown in Figure [£3] where the corresponding measurements
for the YLCM sample are also presented for comparison. The figure has been taken from
the online supplemental material of Ref. [109]. Panels (a) and (c) in the figure show the real
part of the optical conductivity of the YLCM and YLM samples, respectively, measured at
different temperatures. The corresponding temperature evolution of the spectral weight for
different energy regions is shown in panels (b) and (d). For both the YLCM and the YLM
SL the spectra reveal a pronounced spectral weight shift from high energies at T > T to
the low energy region at T < TC"i€ that is a well known hallmark of the colossal magneto-
resistance transition in the manganites [131, [132]. However, while for the YLCM superlattice
a significant amount of this spectral weight is accumulated in a Drude-like peak centered at
zero frequency, for the YLM superlattice all of the spectral weight is contained in a mode
that is centered around 0.6 eV with no significant weight at zero frequency. Notably, a very
similar behavior was previously reported for a Laj ¢Srg.1MnQOj3 single crystal when it entered
the ferromagnetic insulating state [131]. This behavior has been interpreted in terms the
formation of orbital and magnetic polarons that are strongly coupled to the lattice (and
pinned to defects thereof) |41,142]. The characteristic spectral weight transfer that is observed
below TC™i in the optical spectra of the YLM superlattice thus confirms that the LMO
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Figure 4.3: Panels (a) and (c): energy dependence of the real part of the conductivity for the YLCM and
YLM superlattices, respectively, measured at different temperatures. Panels (b) and (¢): corresponding
evolution with temperature of the spectral weight for the three regions defined in (a) and (¢). The
figure has been taken from the supplemental online material of Ref. |[109].

layers are hole doped with polaronic charge carriers that are strongly pinned and thus do not
contribute to a coherent transport.

The ferromagnetic and insulating character of the LMO layers in sample YLM constitutes
the main difference with respect to the sample YLCM for which the ferromagnetic LCMO
layers are conducting below TC"€, In the following sections the influence of the insulating
behavior of the ferromagnetic layers on the phenomenology of the magnetic proximity effect
is explored.

4.3. Polarized neutron reflectometry and the magnetic depth
profile

The magnetic depth profile of the YLM superlattice has been studied with polarized neu-
tron reflectometry (PNR). The suppression of the ferromagnetic order on the LMO side of the
interface is found to be very weak for this system, the depleted layers are limited to the first
monolayer at the interface.

The PNR measurements of this sample have been performed at the AMOR time-of-flight
reflectometer located at the SINQ spallation source in the Paul Scherrer Institut in Villigen,
Switzerland. The low temperature data have been collected after cooling the sample with
an applied field of 1000 Oe. The results are summarized in Figure [£4] where the reflectivity
curves measured at 300, 100 and 22 K are shown. At room temperature the magnetic effects
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Figure 4.4: Polarized neutron reflectometry measurements performed on the YLM sample at different
temperatures. At room temperature an unpolarized neutron beam has been used. The low temperature
curves have been measured after cooling in a filed of 1000 Oe and for neutrons with spin parallel, |+),
and antiparallel, |—), to the applied field. The curves are shifted vertically for clarity. The fitted
reflectivities using Model 1 are represented by the solid lines and the corresponding structural and
magnetic depth-profiles are shown in the inset.

are absent and an unpolarized neutron beam has been used. As discussed in section 2.2.4] in
the time-of-flight mode the dispersion in ¢, increases linearly with the momentum transfer and
leads to the observed broadening of the higher order superlattice Bragg peaks (SLBPs) in the
curves shown in the figure. This is thus an instrumental effect and should not be associated
with an inhomogeneity of the sample.

As expected for an almost symmetric superlattice, the second order Bragg peak is strongly
suppressed at room temperature. This suppression is, however, not complete which suggests
that there is a small mismatch in the thickness of the YBCO and LCMO layers. The Kiessig
fringes arising from the interference between the reflection coming from the substrate-film and
film-surface interfaces can be observed in the region before the 1st SLBP. At low temperatures
the shape of the reflectivity curve depends on the neutron spin orientation owing to the
different sign of the magnetic contribution to the potential. In remarkable contrast to the
YLCM sample, the 2nd order SLBP remains essentially absent at low temperature. This
observation suggests that the neutron potential for this sample remains nearly symmetric
even when the magnetic contribution becomes relevant.

To perform a quantitative analysis, the reflectivity curves have been fitted using the GenX
software [74]. The room temperature data were fitted first to obtain the structural parameters
of the superlattice. The fitted reflectivity is shown as a continuous line in Figure [4.4] and
exhibits a good agreement with the measured data. The calculated structural parameters are
presented in Table 41l As suggested by the sizable intensity of the 2nd order SLBP at room
temperature, the LMO layers are approximately 13 A thicker than the YBCO ones. In good
agreement with the x-ray diffraction results, the calculated scattering length density of the
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pa (1076 A77) d (A) o (A)
YBCO 4.56(5) 91(1) 6.7(6)
LMO 3.78(3) 104(1) 8.7(6)
LSAT 5.117 — —

Table 4.1: Nuclear scattering length density (py), thickness (d) and roughness (o) of the YBCO
and LMO layers in the YLM superlattice as obtained from the fit of the room temperature neutron
reflectometry. The given roughness corresponds to the top interface of the layer, in the growth direction.
Also shown for reference is the substrate scattering length density which was not used as a fitting
parameter but was calculated from the structural parameters reported in Ref. [106].

YBCO layers is, within the error bars, the same than the one calculated for the YLCM sample.
A nominal value of the scattering length density of the LMO layers could not be calculated
since the exact stoichiometry remains unknown. The fitted value is nevertheless slightly larger
than the one calculated using the reported lattice parameters for undoped LaMnOs, p, =
3.74 x 1076 A=2 [128], and for cation-deficient LaMnO3 14, p, = 3.645 x 1076 A=2 [129], which
is smaller given its reduced density. The enhancement of the scattering length density in the
LMO layers can be attributed to the large compressive strain induced by the LSAT substrate.
The density of Mn ions, which is needed to normalize the magnetization measurements, can be
estimated by assuming an oxygen excess parameter y = 0.125(15). It is in this range of oxygen
doping that a ferromagnetic and insulating phase is observed in LMO. For this stoichiometry,
the fitted value of the scattering length density of the LMO layers corresponds to a Mn ion
density of 16.7(2) nm~3, this value has been used in section

The fitted values of the interface roughness of the YBCO and LMO layers in YLM are
similar to the ones obtained for the YLCM superlattice which suggests that they have compa-
rable interface properties. For both samples the roughness of the ferromagnetic layers is found
to be slightly larger than for the superconducting ones. The obtained surface roughness of
16(1) A is larger than for YLCM. The poorer quality of the surface may be due to a stronger
degradation effect of the topmost LMO layer as a consequence of the direct contact with the
atmosphere.

The low temperature PNR data have been fitted using the Model 1 introduced in sec-
tion B3l This model incorporates the so-called depleted layers on the ferromagnetic side of
the interface and was shown to properly describe the magnetic properties of the YLCM super-
lattice. The fitted reflectivity curves are presented as continuous lines in the Figure 4.4 and
reproduce well all the features of the measured data. The remarkable agreement between the
simulation and the observation testifies to the suitability of Model 1 to describe the magnetic
depth profile in the YLM superlattice as well.

The fitted values of the thickness of the top and bottom depleted layers (with respect
to the growth direction) are listed in Table 4.2 the corresponding structural and magnetic
depth profiles are displayed in the inset of Figure L4l As initially suggested by the reduced
intensity of the even order SLBP at low temperatures, the thickness of the depleted layers in
the LMO layers is considerable smaller than for the LCMO layers in the YLCM sample. With
a maximum value of 4.4 A, the suppression of the ferromagnetic moment in the LMO layers
is essentially bound to the first monolayer at the interface. The thickness of the depleted
layers is even smaller than the interface roughness, the observed suppression can thus also be
associated to interface disorder effects. The magnetization inside the LMO layers is therefore
almost homogeneous.

The PNR data also confirms that the topmost LMO layer is largely affected by the contact
with the atmosphere. Indeed, for the fits shown in Figure[£.4lthe topmost LMO layer has been
treated separately and its calculated magnetization vanishes. A non-ferromagnetic topmost
LMO layer must be introduced to account for the observed difference between the reflectivity
curves for neutrons with spin parallel and antiparallel in the region before the 1st SLBP. This
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T.H [ diotom (R) d (A) |
22 K, 1000 Oe 4.3(7) 3.6(7)
100 K, 1000 Oe 3.3(7) 4.4(7)

Table 4.2: Thickness of the depleted layers in YLM at the bottom and top LMO interfaces as obtained
with Model 1.

large splitting was not observed in the PNR data of sample YLCM for which the topmost
LCMO layer remains ferromagnetic. Whether the topmost LMO layer is non-magnetic or it
rather shows a weakly ferromagnetic or canted antiferromagnetic ordering is difficult to tell
from these measurements.

The fitted values of the magnetization in the core of the LMO layers are 1.61(5) and
2.20 ug/Mn at 100 and 22K, respectively. The corresponding magnetization of the sample,
calculated by taking into account the depleted layers and the non-magnetic topmost LMO
layer, is shown as red symbols in Figure Their good agreement with the dc magnetization
data confirms the applicability of Model 1 to accurately describe the magnetic depth profile
of the sample.

Within the error bars, the thickness of the depleted layers does not change from 100k
to 22 K. Correspondingly, the asymmetry of the 3rd order SLBP does not show any signifi-
cant evolution between these two temperatures. This observation confirms that the detected
changes in the magnetic-depth profile of the YLCM sample below the superconducting critical
temperature take place in the ferromagnetic LCMO layers. These changes cannot be associ-
ated with a diamagnetic contribution of the superconducting YBCO layers which would be
common for both samples.

The observed difference in the suppression of the ferromagnetic moment on the LCMO
or LMO side of the interface between the YLCM and YLM samples cannot be attributed to
structural defects or an enhanced interface disorder. As shown by the x-ray diffraction data,
the structural properties and strain condition of the YLCM and YLM samples are similar.
The same trend is observed for the interface roughness as calculated from the PNR data.
Since the main difference between these two samples concerns the conducting and insulating
character of the LCMO and LMO layers, respectively, it appears that the strength of the
magnetic proximity effect on the ferromagnetic side of the interface is governed by the electric
properties of the ferromagnetic layers. The suppression of the ferromagnetic moment on the
ferromagnetic side of the interface thus has an intrinsic origin.

4.4. Orbital reconstruction and magnetism of the Cu ions at
the interface

The study of the electrical and magnetic properties of the Cu ions on the YBCO side of
the interface by means of x-ray absorption spectroscopy is discussed in this section. The x-ray
linear dichroism (XLD) measurements reveal that the orbital reconstruction takes place but is
somewhat weaker than for the YLCM superlattice. The x-ray circular dichroism (XMCD) data
show that although the Cu ions in the topmost YBCO/LMO interface are non-ferromagnetic,
the inner interfaces show a net Cu ferromagnetic moment that is comparable to the one found
in the YLCM sample.

The x-ray absorption measurements for linear and circular polarization on the YLM sam-
ple have been measured at the XTreme beamline of the Paul Scherrer Institut in Villigen
Switzerland. The measurements were carried out using the total electron yield (TEY) and
fluorescence yield (FY) modes with a sample temperature of 2K and an angle of incidence
of 30°.

The x-ray absorption for linearly polarized light provides the information about the orbital
occupation of the probed Cu ions. To perform this study the absorption curves at the Cu-
L3 edge for o and 7 polarized light have been measured twice each. The absorption for
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b, (%) w (%)
TEY FY TEY | FY
Peak 1 7(1) 20(6) | 60(1) | 9(1)
Peak 2 | 66(5) 59(2) | 29(1) | 57(2)
Peak 3 | 41(22) | 10(7) | 5(1) | 15(1)
Peak 4 | -40(23) | -34(9) | 7(1) | 19(1)
Table 4.3: Calculated values for the hole orbital polarization (P2, ) and spectral weight in the

polarization-averaged absorption (w) for each of the contributions to the TEY and FY absorption
spectra at the Cu-Ls edge of sample YLM.

polarization along the ab-plane and along the c-axis have been calculated based on these
measurements using the transformations given in (8.I). The data have been subsequently
corrected for a linear background in the pre-edge region as described in chapter [A] of the
appendix.

The resulting absorption curves and the x-ray linear dichroism, defined as pqp — e, are
shown in Figure The displayed data have been normalized to the peak at the L3 edge
of the polarization-averaged absorption, 7 = (2ua + fc)/3, for comparison purposes. The
results for the surface sensitive TEY mode and the bulk sensitive FY mode are displayed in
panels (a) and (c) in the figure, respectively. For the FY mode, the expected large difference
in the absorption for different polarization directions is observed. At the L3 edge, the XLD
signal amounts to 80% of the polarization-averaged intensity. As already discussed, the holes
in the Cu ions located in the CuOs planes have a predominant in-plane character and the
absorption is thus larger when the polarization is parallel to the planes [53, 54]. A shoulder
in the high-energy side of the white-line is evidence of the Zhang-Rice singlets [118, [119]. In
the TEY mode the white lines for out-of-plane polarization are more intense than for the FY
mode and the intensity of the XLD signal is thus reduced by about one-half at both the L3
and Lo edges. This observation evidences that, like in the YLCM superlattice, an orbital
reconstruction for the Cu ions at the interface takes place. In the TEY mode the shoulder
corresponding to the Zhang-Rice singlets is largely reduced.

A quantitative analysis of the orbital occupation of the Cu ions has been performed using
the multiplet fitting at the Cu-L3 edge. The absorption curves have thus been reproduced
using a set of Lorentzian functions and a sigmoid function to model the background. The
results of this analysis are presented in panels (b) and (d) of Figure for the TEY and
FY measurement modes, respectively. In analogy to the results of the sample YLCM, the L3
white line of YLM can be described in terms of four different contributions. The peak located
around 931 eV has been assigned to the d”—cd' transition, this transition is more probable
when the polarization is parallel to the planes owing to the strong in-plane character of the
holes in the CuO3 planes. The transitions located at 931.6 eV and 932.5eV can be associated
to the so-called Zhang-Rice singlets, which are located preferably in the CuO chains. The
lowest energy peak, located around 930.4 eV has been assigned to the electronically modified
Cu ions at the interface. The redshift of the peak can be assigned to a charge transfer at the
interface or to a change in the crystal field |37, 120], in either case it evidences a change in
the electronic environment of the Cu ions at the interface.

For each of the four contributions to the absorption, the spectral weight and the hole
orbital polarization have been calculated using the expressions (8.4) and (B.2]), respectively.
The results of these calculations are listed in Table 3] where the peaks have been labeled
from the lowest to the highest energy. In agreement with the sample YLCM, for YLM the
main contribution in the FY mode corresponds to Peak 2 located at 931 eV. The weight of the
Zhang-Rice contributions, identified as Peaks 3 and 4, is largely reduced in the TEY mode
evidencing that they have a predominant chain character and that the CuO chains are missing
at the interface. The weight of Peak 1, located at 930.4 eV, shows the largest change between
the FY and TEY modes, in the former it is the smallest contribution while in the latter it
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Figure 4.5: X-ray linear dichroism (XLD) results at the Cu-L3 2 edge for sample YLM at 2 K. Panels
(a) and (c¢) show the absorption curves for linear polarization along the planes, pqp, along the c-axis,
tap, and their difference. Panels (b) and (d) show the results of the multiplet fitting. The data are
represented by dots and the fitted absorption by thick lines. The individual contributions to the
absorption and the XLD are shown as thin lines, the shadowed areas highlight the XLD contribution
of each peak. The dotted lines mark the position of the peaks.

is the largest. This observation confirms that this peak corresponds to transitions in the Cu
ions next to the interface.

The orbital reconstruction of the Cu ions at the interface is confirmed by the large difference
in the orbital polarization of Peaks 1 and 2. While for Peak 2 the orbital polarization is about
60%), the orbital polarization of Peak 1 is of only 7% in the TEY mode (the weight of the peak
in the FY mode is smaller and the calculation of the orbital polarization in this mode is thus
less reliable). For the Cu ions at the interface the occupation of the 3d;2_,» orbital is thus
almost as large as for the 3d;,2_,2 one. Nevertheless, the effect is weaker than for YLCM. For
that sample the orbital polarization of the Cu ions at the interface is negative and a larger
occupation is inferred for the 3d,2_,2 orbital. In terms of the covalent bonding model, the
occupation of the in-plane and out-of plane orbitals in the electronically modified Cu ions
at the interface depends on the energy difference between the 3d,2_,2 and the antibonding
molecular orbitals [37]. The energy of the molecular orbital depends on the energy of the
3ds,2_,2 orbitals of both the Cu and Mn ions at the interface. For LMO the latter might be
different than for LCMO and the size of the effect is thus modified.

On the other hand, the fraction of modified Cu ions seems to be larger for YLM than for
YLCM. As discussed in section B.4] the spectral weight of each peak in the FY polarization-
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averaged absorption can be associated to the fraction of Cu ions where the transition takes
place. For YLM the weight of the lowest energy peak in the FY mode is 9(1)%. This value
is in close correspondence to the fraction of Cu ions that are at the interface. This fraction
can be calculated using the obtained values of the YBCO c-axis lattice parameter and the
YBCO layer thickness as 8.5%. Although the value of the spectral weight can be subjected
to corrections due to the uncertainty in the background determination and the neglect of the
finite spectral weight in the region above the white line, this analysis suggests that in the
YLM sample the vast majority of the Cu ions at the interface are subjected to the orbital
reconstruction. This is in contrast to the YLCM sample for which the weight of the lowest
energy peak was calculated as 4.7%, corresponding to a 60% of the Cu ions at the interface.
In terms of the covalent bonding model, the fraction of modified Cu ions at the interface
depends on the probability to find the Cu-O-Mn bond and on the occupation of the 3ds,2_,2
orbital of the Mn ions at the interface. Either, or both, of these factors is thus larger for
YLM than for YLCM. The probability to find the Cu-O-Mn bond could be enhanced if the
CuO; termination of the YBCO layers is more homogeneous in the YLM superlattice. On
the other hand, the compressive strain of the LMO layers grown on the LSAT substrate may
lift the degeneracy of the ey levels in favor of the occupation of the 3ds,2_ 2 orbital [117]. To
learn how these effects alter the fraction of modified Cu ions, the layer termination and the
orbital occupation of the Mn ions should be studied with transmission electron microscopy
and a combination of bulk and surface sensitive XLD measurements on the Mn-L3 » edge. The
latter study is not possible in this case owing to the distortion of the FY signal at the Mn
edge and to the fact that the TEY measurements are sensitive only to the topmost interface
which is largely degraded.

The weight of the Zhang-Rice contributions to the absorption in the FY mode is smaller
in the YLM than in the YLCM sample. On the other hand, for the YLM sample the weight
of the 931 eV peak is larger. This weight transfer can be understood in terms of the oxygen
deficiency and the corresponding reduced hole density in the YBCO layers in the YLM sample.
Since the doped holes have mainly oxygen character their reduction leads to a reduction in
the Zhang-Rice singlet density.

The magnetic properties of the Cu and Mn ions in the sample YLM have been studied
by means of x-ray circular dichroism (XMCD) measurements. X-ray absorption curves for
circularly polarized light with positive and negative helicity have thus been measured at the
Cu and Mn L3 edges with an applied field of 0.5 T after saturating the sample at £3T.
As already mentioned all the measurements have been performed at 2 K and with an incident
angle of 30°. To enhance the statistics, each absorption curve has been measured two and
three times for each field direction at the Mn and Cu edges, respectively.

The measured absorption curves at the Cu-L3 2 edge and the corresponding XMCD, defined
as (4 — p—, are shown in panels (a) and (c¢) of Figure for the TEY and FY modes,
respectively. Apart from the pre-edge background correction, a normalization to the maximum
at the L3z edge of the polarization-averaged absorption has been applied. A small XMCD signal
is observed for both the TEY and FY modes for which the XMCD intensity at the L3 edge
reaches about 2% of the averaged intensity. Its magnetic origin is confirmed by the sign change
at the Lo edge. As before, the Cu spin moment is antiparallel to the applied field as evidenced
by the positive sign of the XMCD at the L3 edge. While for the TEY mode the XMCD
intensity is about five times smaller than the observed for the YLCM sample, the size of the
XMCD signal in the FY mode is sizable and appears to have a similar size in both samples.
Therefore, although the magnetic moment of the Cu ions next to the topmost YBCO/LMO
interface appears to be largely reduced, a clear magnetization is suggested for the Cu ions at
the inner interfaces.

The Cu spin magnetic moment can be calculated using the sum-rules in equations (3.3]).
The absorption curves have been corrected for the non-resonant contributions using the ab-
sorption baseline, pp), shown in the panels (a) and (c) of Figure As for YLCM, this
baseline corresponds to the absorption curve for linear polarization along the ab planes and
has been interpolated in the region of the white lines. This procedure has been chosen to ac-
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Figure 4.6: X-ray magnetic circular dichroism (XMCD) curves at the Cu-Ls 3 edge for sample YLM at
2K. Panels (a) and (c¢) show the absorption curves for circular polarization with positive helicity, p,
negative helicity , y—, and their difference. The non-resonant absorption baseline, uy, used in the sum
rule calculations is also shown. Panels (b) and (d) show the results of the multiplet fitting. The data
are represented by dots and the fitted absorption by thick lines. The individual contributions to the
absorption and the XLD are shown as thin lines, the shadowed areas highlight the XMCD contribution
of each peak. The dotted lines mark the position of the peaks.

count for the resonant contributions evidenced by a finite XLD in the regions above the white
lines. The value of (T}) has been estimated using equation .70l with an angle of incidence of
30° and a hole orbital polarization P, = 7(1)% for the Cu ions at the interface.

The resulting average spin magnetic moment in the TEY and FY modes is -0.011(5) pup/Cu
and -0.013(5) up/Cu, respectively. In agreement with the intensity of the XMCD signal the
calculated moments in the TEY and FY modes are six times smaller and slightly larger,
respectively, than the ones calculated for the YLCM sample. To learn about the origin of
magnetism in the YLM sample, the multiplet fitting analysis has been performed to the
absorption data for circularly polarized light. The fitting results are shown in panels (b) and
(d) of Figure and the good agreement with the data is evident. For both the TEY and
FY modes, it becomes clear that the relevant contribution to the XMCD signal originates
from the lowest energy peak, the one associated to the Cu ions at the interface. The direct
link between the electronic reconstruction and the magnetism of the Cu ions at the interface
is therefore confirmed in the YLM sample. In the FY mode, there is also a small magnetic
component in the peak at 931 eV. These moments, which are parallel to the applied field, have
also been observed in the sample YLCM and in other YBCO films and have been attributed

86



4.5. Concluding remarks

=i
2
=] =1 T T T T T
[}
2 8.0 .
% —0.1 } § - Z+ 4
g, - 6.0F Mn-Lg — bl A
[o
5-02¢ = 4.0} Mn-L, 1
= 8
Bk i
© 0.3 | 520 l ]
200 - L

630 640 650 660 670
energy (eV)

630 635 640 645 630 655 660 665 670
energy (eV)

Figure 4.7: X-ray circular dichroism, defined as g4 — p—, at the Mn-L3 5 edge of sample YLM at 2 K.
The inset shows the absorption data which have been normalized to one after the edge.

to a paramagnetic contribution [123].

The ferromagnetic signal in Cu comes therefore exclusively from the ions next to the inter-
face. The spin magnetic moment per electronically modified Cu ion at the interface can thus be
calculated by normalizing the calculated moment to the weight of Peak 1 in the polarization-
averaged absorption, which is shown in Table L3l This calculation yields 0.020(8) ug/Cu and
0.16(6) up/Cu for the TEY and FY modes, respectively. The magnetization of the Cu ions in
the topmost YBCO/LMO interface is therefore almost one order of magnitude smaller than
the magnetization of the Cu ions averaged over all the interfaces. This large difference is
related to the fact that the top LMO layer is non-ferromagnetic and is in good agreement
with the conclusion that the Cu moment at the interface is induced by the Mn magnetic on
the other side of the interface. The non-ferromagnetic character of the top LMO layer has
been inferred from the PNR data and is also confirmed by the XMCD data at the Mn-L3
edge shown in Figure L7l As seen in the figure, the XMCD signal is about six times smaller
than the observed for the YLCM sample and, correspondingly, the magnetization of Mn in
the top LMO layer is calculated as only 0.36(7) ug/Mn. To perform this calculation, an aver-
age valence of the Mn ions of +3.25(3) has been used based on the oxygen excess parameter
y = 0.125(15) that is suggested from the transport and magnetization data.

The average magnetization for the Cu ions at the interface calculated from the FY data
of 0.16(6) up/Cu, yet subjected to a large uncertainty, is in good agreement with the magne-
tization for the Cu ions at the interface in the YLCM sample. As discussed in section [3.5]
for that sample a magnetization of 0.18 up/Cu was inferred from the TEY measurements.
This observation evidences that the magnetic properties of the Cu ions at the interface are
indeed similar for both systems and that they are not significantly affected by the electric
properties of the ferromagnetic layers in the superlattice. According to the covalent bonding
model the hole density in the 3ds,2_,2 orbital should modulate the magnetic moment of the
Cu ions at the interface |37]. This dependence is nevertheless, not possible to establish from
the measurements presented here owing to the large error bars of the calculations.

4.5. Concluding remarks

The transport, magnetization and optics measurements performed on the superlattice
YLM revealed that the LMO layers are ferromagnetic with a Curie temperature 70" ~ 135 K
and that they remain insulating in the ferromagnetic phase. The localization of carriers
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might be due to the formation of orbital and magnetic polarons. The YBCO layers are
superconducting with an onset critical temperature T¢ =~ 77K and thus exhibit a slightly
oxygen deficient phase.

The x-ray diffraction analysis showed that the structural properties of the YBCO layers
do not differ significantly from the sample YLCM. The LMO layers, on the other hand, have
a larger unit-cell than LCMO and are thus subjected to a larger compressive strain. This
enhanced strain, however, does not lead to any appreciable lattice relaxation. The in-plane
lattice parameters of the YBCO and LMO layers are therefore similar to the ones of the LSAT
substrate.

The magnetic depth profile of the YLM superlattice has been studied with the polarized
neutron reflectometry technique. While the interface roughness is similar to the one of the
YLCM sample, the depleted layers are smaller and bound to the first LMO layer next to the
interface. The strong reduction of the ferromagnetic moment observed in the YLCM sample,
for which the ferromagnetic layers are conducting, is thus not present in this sample. Since
the structural properties and the interface quality of both samples are similar, the difference
in the strength of the suppression of the ferromagnetic correlations is related to the different
electric properties of the magnetic layers. This dependence confirms the intrinsic origin of the
magnetic proximity effect.

The x-ray linear dichroism studies on the sample revealed that for the Cu ions at the
interface a redshift of the absorption peak and an orbital reconstruction take place. Yet
smaller than for the YLCM sample, the changes in the orbital occupation for the Cu ions at
the interface are large and an almost equal occupation is inferred for the in-plane and out-of-
plane orbitals. The difference in the orbital occupation at the interface between the YLCM
and YLM samples is probably related to the different orbital configuration of the Mn ions
on the ferromagnetic side of the interface. The fraction of Cu ions at the interface that are
electronically modified is, on the other hand, larger than for the YLCM sample. The origin of
this difference needs to be further explored, it can be related to the termination of the YBCO
layers or to the occupation of the 3ds,2_,2 orbitals of the Mn ions.

The x-ray circular dichroism measurements show the existence of a net magnetic moment
for the modified Cu ions at the interface. The link between the orbital reconstruction and
the magnetism of the Cu ions at the interface is thus confirmed. The Cu magnetic moment
is antiparallel to the applied field. The quantitative analysis yields an average magnetic
moment per modified Cu ion at the interface of 0.16(6) ug which is comparable to the observed
in YLCM. The magnetic proximity effect on the YBCO side of the interface is thus not
significantly influenced by the electric transport properties of the magnetic layers.
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Chapter 5

Conclusions and Outlook

The phenomenology of the magnetic proximity effect has been studied on almost symmetric
YBagCu307/ Lag/3Ca; ;3MnO3 (YBCO/LCMO) and YBCO/LaMnOs, (LMO) superlattices
grown on LSAT substrates. For both samples the cuprate layers are superconducting with
superconducting critical onset temperatures of Tc ~ 88 K and 77 K for the YBCO/LCMO and
YBCO/LMO respectively. The manganite layers are ferromagnetic with Curie temperatures,
TCwie of about 200 K for LCMO and 135K for LMO. The former exhibits a metal-to-insulator
transition at 7C"¢ whereas the latter remains insulating in the ferromagnetic state. The
structural properties of both samples are similar, the cuprate and manganite layers are strained
and thus have in-plane lattice parameters that are very similar to the ones of the substrate.
In both cases no evidence of a significant lattice relaxation has been found.

The neutron reflectometry curves measured at room temperature testify to the high struc-
tural quality of both superlattices. The strong suppression of the even order superlattice
Bragg peaks (SLBPs) provides direct evidence for the similar thickness of the cuprate and
manganite layers. The odd-order SLBP are pronounced and sharp. Correspondingly, the fit-
ting of the reflectivity curves yields rather low values of the interface roughness of about 7 A
for the cuprate and 9 A for the manganite layers in both samples.

The polarized neutron reflectometry (PNR) curves of the YBCO/LCMO superlattice mea-
sured in the ferromagnetic state below TC"™ yield intense even order SLBPs. This observation
shows that there must be a large mismatch between the magnetic and the structural depth
profiles in this sample. The magnetic depth profile has been determined by fitting the data
to different models. The characteristic features of the data have been best described with a
model that contains a so-called depleted layer on the LCMO side of the interface for which the
net ferromagnetic moment of LCMO is strongly suppressed. The average thickness of these
depleted layers in the LCMO bottom and top interfaces (in the growth direction) amounts to
about 10 and 17 A respectively and is significantly larger than the interface roughness. This
suggests that the strong reduction of the magnetization in the depleted layers has an intrinsic
origin, rather than an extrinsic one related to structural or chemical disorder.

The magnetic depth profile shows an interesting temperature dependence. Notably, the
temperature dependent asymmetry of the 3rd order SLBP is significantly enhanced below
90K, i.e., in the vicinity of the superconducting critical temperature Tc. By simulating the
reflectivity curves it has been shown that this changes are related to the enhancement of
the magnetic properties of the depleted layers. This results will hopefully motivate addi-
tional studies, for example on superlattices with different values of T¢, to determine whether
the changes in the magnetic depth profile of the LCMO layers are induced by the onset of
superconductivity in the YBCO layers.

For the YBCO/LMO superlattice, on the other hand, the PNR curves below TC"€ do
not show a significant increase in the intensity of the even order SLBP. The neutron potential
thus remains nearly symmetric in the ferromagnetic state. Correspondingly, the depleted
layers are found to be much smaller. With a maximal thickness of about 4 A they are bound
to the first LMO monolayer at the interface. This clear difference between the YBCO/LCMO
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and YBCO/LMO superlattices evidences that the size of the depleted layers depends on the
electronic properties of the ferromagnetic layers. The intrinsic origin of the depleted layers
is thus confirmed. For this sample no significant changes in the shape of the magnetic depth
profile are observed at low temperature.

The x-ray absorption data at the Cu-L32 edge confirm that the magnetic proximity effect
additionally gives rise to a so-called orbital reconstruction and an induced ferromagnetic mo-
ment on the YBCO side of the interface. The orbital reconstruction is such that the occupancy
of the in-plane and out-of-plane orbitals becomes comparable, in contrast to the large orbital
polarization of bulk YBCO. For both the YBCO/LCMO and YBCO/LMO superlattices, the
induced ferromagnetic Cu moment is antiparallel to the magnetization in the manganite lay-
ers. The temperature dependence and switching behavior of the Cu and Mn moments show
that the former are induced by the latter. The x-ray resonant magnetic reflectometry results
confirm that the magnetic Cu ions are located on the YBCO side of the interface and thus
rule out the possibility of a chemical interdiffusion.

The quantitative analysis of the Cu-Lg absorption spectra shows that both the magnetism
and the orbital reconstruction arise exclusively from a fraction of Cu ions that are located at
the interface and are subjected to a different electronic environment. The modified electronic
environment for these ions is evidenced by a redshift of about 0.6 eV of their contribution to the
absorption spectra. The direct link between the magnetism and the orbital reconstruction of
Cu has thus been established for the first time. The spin magnetic moment per electronically
modified Cu ion at the interface has been determined as 0.18(4) up and 0.16(6) up for the
YBCO/LCMO and YBCO/LMO superlattices, respectively. Both superlattices also exhibit
a comparable magnitude of the orbital reconstruction effect. The similar strength of these
effects suggest that they do not significantly depend on the electronic transport properties of
the ferromagnetic layers.

A sizable difference is nevertheless found in the fraction of the Cu ions at the interface
that are affected by the magnetic proximity effect. While a fraction of 60% is estimated for
YBCO/LCMO, a nearly 100% fraction is obtained for YBCO/LMO. Whether this difference
has a structural or an intrinsic origin needs to be further explored.

The induction of a Cu moment and its coupling to the magnetic moment in the ferro-
magnetic layers confirms that the depleted layer cannot be regarded as non-magnetic. In
spite of the strong suppression of the net magnetization in the depleted layers, the magnetic
correlations evidently persist right to the interface. The depleted layers must therefore re-
tain a canted antiferromagnetic or a non-collinear magnetic order with a reduced in-plane
magnetization component.

The results presented in this thesis raise an important question regarding the origin of
the depleted layers and their dependence on the electronic properties of the ferromagnetic
layers. A deeper understanding of the magnetic proximity effect in YBCO/LCMO super-
lattices would allow the control of the magnetic properties at the interface in these systems
clearing the way to new devices and applications. For example, a non-collinear magnetic
layer at the interface between a superconductor and a ferromagnet is a prerequisite for the
induction of spin-polarized supercurrents into the ferromagnet [3,12]. The ability to control
the thickness of such non-collinear magnetic layer would make the YBCO/LCMO system an
ideal example to study the possibility to induce spin-triplet superconductivity in oxide-based
superconductor/ferromagnet heterostructures.
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Appendix A

Normalization and background
subtraction of the x-ray absorption
curves

The x-ray absorption coefficient of Cu and Mn ions has been determined with total elec-
tron yield (TEY) and fluorescence yield (FY) measurements. Neglecting saturation and self-
absorption effects, the intensity of the fluorescence radiation and the current of the Auger
electrons leaving the sample are both proportional to the absorption coefficient and allow for
a quantitative data analysis [96, 98]. In TEY mode the absorption coefficient is thus deter-
mined by grounding the sample and measuring the charge flow to the sample as a function
of the incident beam energy. Correspondingly, in FY mode the absorption is obtained by
measuring the current in a photodiode as a function of the energy of the incoming x-rays.

To single out the resonant part of the absorption due to the Cu-Lg3 or Mn-Lg 3 edges,
it is necessary to subtract a background due to the non-resonant contributions of the other
elements in the sample. In the following the procedure of this background subtraction is
described for the example of the XMCD curves at the Lo 3-edge of Cu and Mn in sample
YLCM performed at 2K with an applied field of 0.5 T. The same procedure has been used for
the analysis of all the XMCD and XLD curves that are shown in this work.

Figure [AT] illustrates the procedure for the intensity normalization and the background
subtraction of the x-ray absorption curves for positive and negative helicity at the Cu-L3 2
and Mn-Ls 5 edges of YLCM. Panels (a) and (d) show the raw data for a series of such XMCD
measurements which have been performed at the Cu-L3 2 edge with an applied field of 0.5 T at
2 K. For each polarization the measurement has been repeated three times. The TEY curves
in panel (a) exhibit a noticeable intensity drift that is most likely caused by a weak charging
effect of the sample. Panel (b) shows that this effect can be corrected by normalizing the
intensity with respect to the average value in the pre-edge region. Panels (d) and (e) show the
corresponding correction procedure for the FY data where the intensity drift is significantly
smaller. After this normalization the curves match very well in the regions before and after
the edges and can now be directly compared.

The next step involves the subtraction of the background that arises from the non-resonant
absorption due to the other elements in the sample. In a first approximation, the contribution
of these remote absorption edges has been approximated with a linear function. Panels (b)
and (d) show the result of the linear fit to the data in the pre-edge region. The TEY and FY
curves after the subtraction of this linear background are displayed in panels (¢) and (f). For
the FY curve in panel (f) this yields a satisfactory result. For the TEY curve in panel (c) it
is evident that this linear background subtraction is not as accurate. This is due to the very
low probe depth of the TEY mode and the circumstance that the YBCO layer is buried below
the topmost LCMO one. The Cu signal is therefore not much stronger than the background
which is dominated by some partially non-linear after-edge features of the strong La-Ms 4
absorption edge near 850eV. For the sum-rule analysis of the spin and orbital moments an
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A. NORMALIZATION AND BACKGROUND SUBTRACTION OF THE X-RAY ABSORPTION CURVES
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Figure A.1: Illustration of the procedure for the background subtraction to obtain the resonant ab-
sorption at the Cu and Mn-Lg 2 edges. The Cu L3 2-edge results are shown in panels (a), (b) and (c)
for the TEY mode and in panels (d), (e) and (f) for the FY mode. Panels (g), (h) and (¢) show the
results for Mn in the TEY mode. The raw data for a series of measurements performed using circular
polarized light with positive and negative helicity at 2 K with an applied field 0.5 T are shown in panels
(a), (d) and (g). Panels (b), (e) and (h) display the same data after the normalization with respect
to the intensity in the pre-edge region. The black line shows the extrapolation of the linear fit of the
pre-edge region that is used to account for the background absorption. Panels (¢), (f) and (i) show the
absorption at the Cu-L3 2 and Mn-L3 2 edges obtained after the subtraction of this linear background.
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additional background subtraction has been performed as outlined in section

Finally, for the Cu-L32 edge FY and TEY curves shown in section [B.5], the absorption
has been normalized with respect to the maximum of the polarization-averaged absorption
at the L edge. The py and pu_ curves represent the average of the absorption curves for
helicity antiparallel and parallel to the applied magnetic field, respectively, as measured for
positive and negative field directions. This reduces the noise level and helps to remove instru-
mental artifacts. It is worth mentioning that the XTreme beamline allows one to change the
polarization state of the x-rays (via a modification of the undulator shift) without affecting
the beam path to the sample and thus without modifying the offset or the dispersion of the
energy scale [95].

For the Mn L3 >-edge only the TEY data were suitable for a quantitative analysis. The F'Y
data were heavily distorted due to strong self-absorption effects. Figure[AIl(g) shows the raw
data for a series of TEY measurements at the Mn-Ls3 > edge of YBCO/LCMO at 0.5T and
2K. In this case the absorption curves were measured twice for each polarization. Panel (b)
shows that the small differences in the raw data can be readily corrected for by normalizing
with respect to the averaged intensity of the pre-edge. In TEY mode the resonant Mn signal
is much stronger than the background. The linear fit to the pre-edge region thus provides a
good approximation of the background. This is seen in panel (¢) where the Mn-Ls 5 absorption
curves after the background subtraction are shown. In sections B4l and the Mn absorption
data have been normalized to one well after the edge to yield the absorption per Mn ion.
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