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1. Zusammenfassung

Ziel dieser Arbeit ist die Untersuchung in wie weit man mit Hilfe des magnetischen
Rdntgendichroismuses (XMCD) neue Erkenntnisse an den Mas Kanten der Seltenerdmetalle
gewinnen kann. Die XMCD-Technik ist abgeleitet von der Réntgenabsorptionsspektroskopie
(XAS) und erlaubt, mittels zirkular polarisierter Rontgenstrahlung, elementspezifisch die
magnetischen Eigenschaften des Materials zu messen und quantitativ magnetische Bahn- und
Spinmomente durch die Zirkularpolarisation und Anwendung der Summenregeln zu trennen.
Die XMCD-Summenregeln gelten besonderes gut fiir die schweren 3d Ubergangsmetalle und
wurden bisher noch nicht fiir die M4 s-Kanten der Seltenerdmetalle angewandt. Zum ersten Mal
werden hier systematische Untersuchen an den Mass Kanten von Seltenerdmetallen an
verschiedenen Systemen durchgefiihrt. Einerseits werden CeFe11Ti basierende Granate mit
intermetallischen Phasen aus den Seltenerdmetallen Samarium, Dysprosium und Gadolinium
und andererseits Permanentmagnete wie Fe1sNd2B, welche eine elektronische Anregung von
301%f" —3d%f™! aufweisen, untersucht. Im Bereich der Réntgendichroismusuntersuchungen
wird durch das lokale Verhalten der 4f Wellenfunktion der Seltenerdmetalle angenommen, dass
sich die spektrale Form dieser nicht andert. Die Auswertung der Summenregeln ermdglicht es,
quantitative Aussagen Uber das Bahn- und Spinmoment zu treffen. Die Anwendbarkeit der
Summenregeln auf die Mss Kanten fur Seltenerdmetalle ist ein grof3es Diskussionsthema, da
es hier zu einer Vermischung der 3ds/z2 und 3ds;z Zustande kommt und ein zusétzlicher Beitrag

durch die Spin-Bahn-Kopplung im magnetischen Dipolterm (Tz) induziert wird.

Unter diesen Voraussetzungen wird in diese Arbeit die Anderung der Spektralform, die
quantitative Abschatzung der magnetischen Momente (Spin und Bahn) unter Verwendung der
Summenregeln und deren temperaturabhangige Anderung an verschieden magnetischen

Materialien untersucht. Die Ergebnisse sind wie folgt gegliedert:

1. Zum Vergleich der experimentellen Ergebnisse mit der Theorie der gesamten
Seltenerdmetallserie (von La®* bis Yb®*") wurden Simulationen mit Hilfe der atomic multiplet
Theorie durchgefuhrt. An den simulierten Spektren wurde die Anwendbarkeit der XAS und
XMCD Bahn- und Spin-Summenregeln untersucht. Basierend auf den Simulationsergebnissen
wurden Korrekturmethoden der Summenregeln entwickelt und an den experimentellen

Spektren uberprift. Fir die Seltenerdmetalle (ausgenommen Cer) kann das Linienprofil der



XMCD und XAS Spektren der M4,5 Kanten durch die Konfiguration des Grundzustandes erklart
werden.

2. Fur die CeFeu1Ti intermetallischen Phasen konnte die Verdnderung des
Linienspektrums der XAS und XMCD an den Ce-M4s Kanten mit einem 10-15% Beitrag des
J=5/2 Zustands zum Grundzustand (J=5/2) erklart werden. Die Summenregeln zeigen einen
schwachen Ferromagnetismus an den Cer Seltenerdmetallplatzen. Es wurde gezeigt, dass Eisen
und Cer nur schwach miteinander gekoppelt sind. Das magnetische Moment von Cer scheint
unterhalb von Raumtemperatur aufgrund der Wechselwirkung mit dem Kristallgitter eigefroren
zu sein. Diese Kopplung ist starker als die Austauschwechselwirkung zwischen den Eisen 3d-
Elektronen und den Cer 4f-Elektronen, weshalb es nicht einmal bei tiefen Temperaturen zu
einer magnetischen Ordnung der Cer-Momente kommt.

3. Die ferrimagnetischen Seltenerdmetall-Granate zeigen eine Kompensationstemperatur
bei der die komplette Magnetisierung null ist. Durch die schwache Kopplung der
Seltenerdmetallionen zeigt die Magnetisierung des Seltenerdmetalluntergitters eine andere
Temperaturabhangigkeit, welche dazu fuhrt, dass sich das magnetische Moment mit sinkender
Temperatur erhoht. Fir tiefe Temperaturen konnte gezeigt werden, dass die Summenregeln
geeignet sind, das Verhalten unterhalb der Kompensationstemperatur zu beschreiben. In den
Granaten wurde ein reduziertes magnetisches Moment fiir Dysprosium, Gadolinium und
Samarium im Vergleich zur Hund*schen Regel und theoretischen Untersuchungen beobachtet,
welches durch ein Verkanten der magnetischen Momente verursacht wird.

4, An texturierten FewsNd2B Filmen, Fe/Nd Multischichtsystemen, Fe1aNd2B
Einzelphasen und Fei14(Nd,Dy).B Permanentmagneten wurden
Rdntgendichroismusmessungen durchgefuhrt. Obwohl die 4f Neodym-Elektronen lokalisiert
sind, werden die magnetischen Eigenschaften sowie die Ausrichtung der Spins der 4f
Elektronen von Nd stark von der Kristallstruktur und den Korngrenzen beeinflusst. Dies fuhrt
in gesinterten Nd Magneten zu einer drastischen Verkleinerung des magnetischen Moments
(verglichen zur Hund’schen Regel und theoretischen Arbeiten). Weiterhin kann das
verkleinerte magnetische Moment des Nd durch die Oberflaichenempfindlichkeit bei der
Messung der Gesamtelektronenausbeute verursacht sein.

5. Die Anderungen des Bahn- und Spin-Moments wurde fiir die Seltenerdmetalle, wie Nd,
Sm und Dy in den Granaten und den Neodym-basierten Proben mit Hilfe der Anderungen in
der XAS und XMCD Spektralform beobachtet. Obwohl die 4f-Wellenfunktion der
Seltenerdmetalle lokalisiert ist, wird diese von der Umgebung des Festkdrpers beeinflusst, was

zu einer Anderung in den Spektren an den Ma4s-Kanten fiihrt.



In dieser Arbeit wurde systematisch der Einfluss der lokalen Umgebung auf das XAS und
XMCD Spektrum und die Spin zu Bahn Verhaltnis der Seltenerdmetalle an verschiedenen
Probensystemen, wie diinnen Schichten, gesinterten Magneten, Viellagensystemen und Pulvern

in Abhéngigkeit der Temperatur untersucht.



Summary-English

The purpose of the present thesis is to explore the potential of the x-ray magnetic circular
dichroism (XMCD) on gaining new insight at M4s edges of rare earth (RE) elements. The
XMCD technique is derived from the x-ray absorption spectroscopy (XAS), allows probing
element specific magnetic properties and to separate in a quantitative way orbital and spin
magnetic moments, using circular polarization in combination with entitled sum rules. The
XMCD sum rules work distinctively for the heavy 3d transition metals, it could not be used so
far for the RE Mys edges. For the first time, the systematic investigations are presented
associated to M4 edges of rare earth elements into the CeFe11 Ti based intermetallic, rare earth
(samarium, dysprosium, and gadolinium) garnets and rare earth permanent magnets such as
Fe14Nd2B magnets corresponding to the electronic excitation of the 3d°4f" —3d%f"*1, Prior to
in the field of RE Mass edges XMCD investigation, it is considered that the spectral shape of
the rare earth elements does not change. This is due to the localized behavior of the 4f wave
functions in rare earth elements. To this point also the applicability of the spin sum rule for the
Mass edges of the rare earth elements is in general not relevant and still a wide topic of
discussion. This is due to the mixing of the 3ds2 and 3ds. initial state excitations as well the
strong contribution from the spin-orbit coupling induced magnetic dipole term (Tz), which

could not merely remove by angular dependent measurements, as it is the case for the 3d TM.

Considering the studies in thesis, It will cover the observation of the change in spectral shape,
quantitative estimation of the magnetic moments (spin and orbital) using XMCD sum rules and
their ratio as a function of variation in temperature in different magnetic materials. The results

are presented as follows:

1. The atomic multiplet theory simulations are performed to compare the
experimental results with a theory for the full rare earth series (from La** to Yb®*"). For a
successful understanding of the experimental spectra simulations have been performed. The
applicability of the XAS and XMCD orbital and spin sum rules is investigated for the simulated
spectra. Based on the simulation results, sum rule correction methods have been found and
confirmed for the experimental spectra. XMCD and XAS experimental spectra of all the rare
earth elements (except cerium) at the Mas edges can be explained by a well-defined ground

state configuration.



2. In CeFeuTi intermetallic, the XAS and XMCD experimental spectra line shape
variations at the Ce-Mas edge can be explained by the admixture of the 10-15 % contribution
of the J=7/2 state in the J=5/2 pure ground state configuration of the cerium Mss edge. The
XMCD sum rule analysis shows a very weak ferromagnetism at the rare earth (Ce) site. It has
been observed that the cerium and iron are not very well coupled with each other. The Ce
magnetic moment appears to freeze below room temperature in the disordered state due to the
crystal structure or the interaction with the lattice. This interaction is stronger than the exchange
coupling between iron 3d and the cerium 4f electrons. Therefore, even at the low temperature,
no magnetic ordering in the cerium magnetic moment is taking place.

3. The rare earth garnet ferrimagnets are known to exhibit the compensation
temperature where the total magnetization of the specimen is zero. Due to the relatively weak
coupling of the RE ions, the RE sub-lattice magnetization has a different temperature
dependence, resulting in an increase in the magnetic moment down to lower temperatures. At
low temperatures, the applicability of the XMCD orbital and spin sum rule for the rare earth
elements on the experimental spectra measured below the compensation temperature is
confirmed. A reduced magnetic moment has been observed at the rare earth elements site such
as at dysprosium, gadolinium, and samarium in the garnets compared to the Hund’s rule and
theoretical investigations due to canting of the magnetic moments.

4. XMCD investigations have been performed on neodymium-based specimens such
as Fe1aNd2B textured thick film, Fe/Nd multilayer, and Fe14Nd2B single phase along with the
Fe14(Nd, Dy)2B permanent magnets. Although the 4f neodymium electrons are localized, the
crystalline environment of the solid and the grain boundary phase is noticeably affecting the
magnetic properties and the orientation of the spin alignment of the neodymium 4f electrons.
Which is causing a severe reduction in the magnetic moment (compared to Hund’s rule and
theoretical investigation) of the Nd in the sintered magnets. The reduction in the magnetic
moment of the neodymium compared to the bulk investigation is also explained by the surface
sensitivity of the total electron yield measurements.

5. The change in the orbital to spin ratio has been observed for all the rare earth
elements such as Nd, Sm, and Dy in the garnets and the neodymium-based specimens due to
change in the XAS and XMCD spectral shape. Although rare earth elements 4f wave functions
are localized, in influence with the environment of the solid in different systems is noticeably
affecting the spectral shape at the M4 s edges in the rare earth systems.

In this thesis, the systematic investigation of influence of the local environment on the XAS
and XMCD spectral shape and the spin to the orbital ratio of the rare earth elements have been



shown in the different types of systems in the thin film, sintered magnets, multilayer and powder

form as a function of temperature.

2. Scientific background

2.1. Introduction: Rare-earth permanent magnets

Permanent magnets are the vital components in a variety of electronic devices and
electromechanical applications. However, their presence is usually hidden in subassemblies.
The history of the use of permanent magnets in the electrical components dates back to a period
of 100 years. However, due to dramatic improvements in the properties and abundant
availability of permanent magnets their applications has been rapidly growing. Applications in
sound production systems, watches, weighing systems, automotive ignitions, starters,
microwave ovens, small motors, actuators for computer peripheral devices, telephones, in
particle accelerators, industries, defense and also in nuclear magnetic resonance (NMR)
imaging [1]. The first permanent magnets introduced are steel magnets using 30% cobalt in
1917 by Kotaro Honda[1]. They exhibit a coercivity of 520 Oe and energy product of 1MGCQe.
Later in 1931, Tokuhichi Mishima introduced the magnets based on iron, nickel, and aluminum
named “Alni’[1]. After 30 years of the long development, “Alnico” magnets came into the
picture, where the cobalt was added in Alni magnets up to 40%. In these magnets, the coercivity
is increased up to 1900 Oe and energy product 9.5 MGOe was achieved [1]. However, most of
the Alnico alloys contain a large amount of the expensive metal cobalt and they possess
relatively lower energy density due to their lower coercivity. Subsequently, in 1960’s the new
cobalt free cheaper magnets named “ferrites” were introduced and these magnets show
relatively better coercivity (~5KOe) [1]. The ferrites are oxides of generic formula MFe1201g,
where the metal M is barium, strontium or mixture. They have one great advantage as the raw
materials are economical and abundant. This is an added advantage over all other permanent
magnet types, which explains their enormous competitive success. Despite all the positive
points for their applications, the major disadvantage of ferrites is the undesirable mechanical
properties. The sintered ferrites were hard and very brittle and they had the lower energy

product (less than 5SMGOe) compare to Alnico[1].

The modern and still growing family of hard magnetic alloys are samarium cobalt and the
neodymium-iron-boron magnets with the highest coercivity (>50 KOe) and energy product

(>35MGOe) [1, 2]. A large number of such binary and ternary alloys either ferrimagnetic or



10

ferromagnetic. In and around 1970°s, the variety of phases has been synthesized exhibiting
different stoichiometry and a variety of crystal structures. In many cases, their magnetic
properties came out as a high technical importance and these compounds are manufactured on
an industrial scale. The rare earth (RE) magnets that are extensively studied for more than 20

years are the RE2M14B magnets where RE=Nd, Ce, Sm, and M=Fe.

The unique magnetic properties of the RE series from lanthanum to lutetium (also yttrium)
result from the unfilled 4f shells. The 4f orbitals are rather dense and well localized on the atom
and there are both large spin and orbital contributions to the magnetic moment. The large orbital
moment and the asymmetric charge distribution of the rare earth elements lead to the uniaxial
anisotropy, which is crucial for the permanent magnets development. The magnetic interactions
between the localized 4f electrons are weak and the exhibit the lower Curie temperature. By
combining the 4f rare earth elements with 3d transition elements of higher Curie temperature
and magnetization possibly can combine the advantages of both and can create high-
performance permanent magnet[3]. These rare earth-transition metal-based permanent magnets
are not simply the intermetallic compounds they are multiphase, multicomponent and non-
equilibrium metallurgical systems. Their magnetization curve behavior is controlled by the
submicroscopic details of the microstructure. It is well known that the intergranular structure
between the grains plays a significant role determining the magnetic properties, thus a detailed
understanding of the microstructures and grain boundaries have been performed using
microscopic investigations in the past years [4-7]. It has been discovered that this intergranular
phase plays an important role in coercivity enhancement. There are several micromagnetic
modeling has been also performed in order to understand the magnetization reversal, hysteresis
effects and to understand the effect of microstructure on the coercive field of the sintered
magnets [8-10].

Apart from a large number of investigations on rare earth permanent magnets, there is still lack
of element-specific studies at the neodymium (at Mass edges) site in these multifarious
permanent magnets. Due to the difficult extraction process of the rare earth elements from their
ores, the availability of these rare earth elements is less compared to their market demand. As
a result, continuous research has been going on to develop the rare earth lean or rare earth free
permanent magnets. In order to replace rare earth elements, the better understanding of rare

earth elements in these permanent magnets at the elements specific level is necessary.
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Therefore, the main objective of this thesis is to perform the x-ray absorption (XAS) and x-ray
magnetic circular dichroism (XMCD) spectroscopic investigation at rare earth Mas edges in
order to develop the understanding of these rare earth elements present inside these high-

performance permanent magnets.

The rare earth Ma4s edges corresponding to the electronic excitation of the 3d*%4f" —3d%f"*1,
Prior to in the field of RE Mass edges XMCD investigation, it is considered that the spectral
shape of the rare earth elements does not change. This is due to the localized behavior of the 4f
wave functions in rare earth elements. To this point also the applicability of the spin sum rule
for the M4 edges of the rare earth elements is in general not relevant and still a wide topic of
discussion. This is due to the mixing of the 3ds; and 3ds. initial state excitations as well the
strong contribution from the spin-orbit coupling induced magnetic dipole term (Tz), which

could not merely remove by angular dependent measurements, as it is the case for the 3d TM.

Considering this, the studies in this thesis will cover the observation of the change in spectral
shape, magnetic moments (spin and orbital) and their ratio as a function of variation in
temperature and magnetic field in different magnetic materials. Such as rare earth garnets,
neodymium-based soft and hard magnets, cerium-based magnets. XMCD techniques that allow
the quantitative estimation of the orbital and spin magnetic moment from the XMCD sum rule
analysis. Hence this study will pave a route for understanding the fundamental properties of

rare earth elements especially in case of neodymium.

2.2. Ferromagnetism and x-ray absorption spectra (XAS)

X-ray magnetic circular dichroism (XMCD) is a magneto-optical effect. The magneto-optical
effect arises due to the influence of the magnetic properties of a system on its spectroscopic and
optical properties[11]. The polarization vector of light rotates in reflection or transmission
through the magnetic matter. The magneto-optical Kerr effect is commonly known as (MOKE)
in conventional magnetization measurements with linearly polarized laser light. The basic
principle of MOKE is the different absorption of left and right circularly polarized light. The
Kerr signal is a direct measure of the magnetization of the magnetic specimen. In MOKE the
optical transitions are always within the valence band region with very low energy electrons of
few electron volts. The information obtained is influenced by both initial and final state
densities. Similar magneto-optical effects have been also tried to discover in the x-ray regime.

However, the lack of an appropriate x-ray source is the reason for unsuccessful attempts. In
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1975, Erskine and Stern, by their calculations predicted the presence of a magneto-optical effect
in x-ray absorption of circularly polarized light, i.e. XMCD, at the M2 3 edges of ferromagnetic
Nickle [12]. In 1987, Schiitz and coworker with the availability of synchrotron radiation sources
provided x-rays with tunable energy and polarization. Thus, finally successfully performed
XMCD measurements in hard x-ray regime at the iron K edge[13]. The transitions occur via
some selection rules in well-defined initial and final states. Thus, methods based on Xx-ray
absorption of XMCD provides shell-selective magnetic information. Therefore, XMCD has
proven very useful for the understanding of complex magnetic structures, where it is possible

to probe contribution of constituents on an individual level.

2.2.1. Magnetic moment of a single ion

The fundamental entity in magnetism is a magnetic moment. In classical electrodynamics we

consider it as a current loop carrying current “I” around an elementary loop of area “ds”, so the
magnetic moment is given by following equation

du=1lds.............. equation (2.1)

Here, the magnetic moment (p) has unit Am? [14].The source of the magnetic moment of an

atom is due to the spin and orbital motion of the valence electrons.

According to the Bohr model, Bohr magneton () is the elementary magnetic moment and is
defined as the magnetic moment of the electron, performing circular orbit around the nucleus
of the atom with the orbital angular momentum of | | |=h/2x or #. An electron with the h orbital

angular momentum produces the magnetic moment which is given by [14]

g = S Xh=9.274078.10% AMP.ere equation (2.2)

2Xm

e

Where e=charge of the electron, Z=plank’s constant and me=mass of the electron. The
magnitude of the orbital angular momentum is given by the orbital angular quantum number |

and orbital magnetic moment() is defined as[15]

B = AT+ g, equation (2.3)

By = =0y = e equation (2.4)
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The electron also possesses spin and it is associated with the spin angular momentum. The
magnitude of the spin angular momentum is given by the spin quantum number “s”. The spin

angular momentum s is defined as [15]

U = ASS(S L) g v equation (2.5)

My = O g — i equation (2.6)

Equation (5) and (6) defines the g factor. It was introduced by Landé in order to characterize
the ratio of the magnetic moment (in pg) and the total angular momentum (in a unit of #).1t is
the dimensionless quantity and the numerical value of a spin (gs)=2.0023 and orbital (g=1[15].
There is a magnetic interaction present between the orbital and spin angular momentum of the
electrons defined as spin-orbit coupling (SOC). This interaction depends on whether two
moments are coupled parallel or antiparallel to each other’s[15]. In one electron systems, the
individual angular momentum | and s combine to lead the total angular momentum j. In case of
multi-electron systems, similar coupling takes place between the angular momentum of the
different electrons in the same atom.

The total angular momentum of the filled shells is equal to zero, therefore the electron with the
unfilled shells are considered. These angular momenta are coupled by the electric and magnetic
interaction between the electrons in the atom[15].The coupling mechanism can be described by
two different ways- LS coupling(Russell-Saunders coupling) and JJ coupling[15]. In case of
heavy atoms like rare earth elements where the spin and orbital coupling is strong, the coupling

mechanism described by the JJ coupling.

2.2.2. Exchange interaction

In all the ferromagnetic materials the magnetic moment lies along a single direction on
application of magnetic field but even on the removal of the magnetic field still, some
magnetism is present. There exist different types of magnetic interaction which can be
important in allowing the magnetic moments in a solid to communicate with each other and
potentially to produce long-range order. Therefore, the ordering of the ferromagnetic materials
is explained by the quantum mechanical concept. It is based on the Pauli Exclusion Principle
and the Coulomb repulsion. Exchange interactions are nothing more than electrostatic
interactions, arising because charges of the same sign cost energy, when they are close together
and save energy when they are apart [14].
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Consider a simple model in which just two electrons are at positions r1 and rz, represents by
the wave functions wya (r1) and y» (r2) respectively. The total wave function should be
antisymmetric and should be unchanged under particle exchange. The total wave function
contains the spatial and spin part. For electrons, the overall wavefunction must be
antisymmetric so the spin part of the wave function must either be an antisymmetric singlet
state ys (S=0) in the case of asymmetric spatial state or asymmetric triplet state yt (S =1) in
the case of an antisymmetric spatial state. Therefore, we can write the wave function for the

singlet case ys and the triplet case yt as[14].

1 :

Ws= E((//b(rl)l//a(rz) +pa(ryb(rz)) gs.oe equation(2.7)
1 .

W = ﬁ(z//b(rl)wa(rz) —pa(ryb(ra)) gr..ceeee equation(2.8)

The Coulomb repulsion is reduced in the triplet state. The electron-electron interaction is
minimized which results in parallel orientation of the electron and causes a non-vanishing spin.
The resulting orientation dependent energy is defined by the effective operator knows as

Heisenberg Hamiltonian[14]

H= i Siv Sivervrvveiiiesserrsricsssenssieieninns equation(2.9)

ij
Where Jjj is exchanged constant between the i and j" spin. The sign of the J determines the

relative orientation of the spin[14]

1. If J>0 than triplet state (S=1 and antisymmetric state) is favored. The orientation of the
spin will be parallel and system will have the ferromagnetic contribution.

2. If J<0 than singlet state (S=0 and symmetric state) is favored. The orientation of the spin
will be antiparallel and system will have the antiferromagnetic contribution.

Inside a solid the ordering of spin via exchange interaction has 3 possible ways:

1. Direct exchange: The interaction proceeds directly, without an intermediate. In general,
the direct exchange cannot be an important mechanism in controlling the magnetic properties
because there is insufficient direct overlap between neighboring magnetic orbitals[14].

2. Indirect exchange interaction:
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In metals, the exchange interaction between magnetic ions can be mediated by the conduction
electrons. A localized magnetic moment spin-polarizes the conduction electrons and this
polarization in turn couples to a neighboring localized magnetic moment a distance away. The
exchange interaction is thus indirect because it does not involve direct coupling between
magnetic moments. It is known as the RKKY interaction (or also as itinerant exchange). The
name RKKY is used because of the initial letters of the surnames of the discoverers of the
effect, Ruderman, Kittel, Kasuya, and Yosida[14].

3. Superexchange interaction:

Inside some ionic solids, including some oxides and fluorides, have magnetic ground states.
For example, MnO and MnF, are both anti-ferromagnets, It is rather surprising because there
is no direct overlap between the electrons on Mn?* jons in each system. The exchange
interaction is normally very short-ranged so that the long-ranged interaction that is operating in
this case in some sense 'super’. Therefore, the exchange mechanism which is operative here is
in fact known as superexchange. It can be defined as an indirect exchange interaction between
non-neighboring magnetic ions which is mediated by a non-magnetic ion which is placed in

between the magnetic ions[14].

In rare earth metals, this conduction electron or RKKY interaction is responsible for the
ferromagnetic ordering. In other ferromagnetic metals such as Fe, Ni, and Co also have

conduction electrons which are responsible for the ferromagnetism.
2.2.3. Interaction of x-rays with the matter: X-ray absorption spectra (XAS)

Consider a thin film sheet of thickness dz and a beam of electromagnetic radiation (x-ray)
intensity lo transverse through the thin film at a depth z from the surface than the x-ray
absorption intensity is attenuated upon transmission through a sample with linear absorption

coefficient px, according to [16]

1(2)= 108" s equation(2.10)

When x-ray incident on any matter, like any other electromagnetic radiation they attenuated.
The reason of attenuation is that, either they get absorbed or scattered through the matter. In
soft x-ray regime the absorption related phenomenon is dominating over scattering processes
or other processes like Compton scattering and inelastic scattering the absorption coefficient

1(E) will be in good approximation equal to the attenuation coefficient [16].
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Due to absorption process x-rays of intensity 1=c o | E?|, incident on the matter, up to certain
length decays exponentially. Each substance has a characteristics length Ax which leads to an
intensity attenuation by a factor of 1/e. The quantity px =1/ Ax with the dimension of length™ is
called Linear X-ray absorption coefficient. The absorption coefficient is related to the

absorption cross section o(E) = «(E)/n via the density of atoms [16]. X-ray interacts with
the charged particle such as electrons, the electric field of EM wave makes them oscillate. The
electronic transitions are driven by the electric field of EM wave. The time-dependent field
induces a transition between initial and final state and at the certain energy sharp rise in
absorption is observed. The sharp rise is called absorption edge. The energy of absorption edges
is determined by the binding energy of a core level. The edge identifies the transition from the
ground state to the lost empty state. For example M edge related to 3d, L edge is 2p and K is to

1s [17].

2.2.4. Dipole selection rules

When a photon in the X-ray regime with energy E = 7w is absorbed, an electron in a core-shell
of energy Ei is excited from its initial state |i;> to a final state <fj| with energy E+ = Ei + E and
density of the final states p (Ef ). The absorption cross-section is given by the transition
probability Tir and the photon flux I,n, The Fermi golden rule gives the transition probability
per unit time Tis , which is stated by equation written below[16]

T, =2x /h|< 7 | Huve | B > Ot tiopeyreeeeseremmeeeeveesnnnennenn equation(2.11)

int

Where Hin is the interaction operator and the delta function takes care of energy conservation.
The squared matrix element gives the transition rate. The transition operator or interaction
Hamiltonian describe the one-photon transition such as x-ray absorption. Here, interaction
operator reflecting a time-dependent perturbation of the Hamiltonian Ho of the atom. The
Hamiltonian of an electron with charge “e” and mass “m” in an electromagnetic field described

by the vector potential A (r, t) and the scalar potential @ (r, t).

H =Ho + Hint
1(h :
H= ) [ V——A(r t)j2+(p(r D) equation(2.12)
m
e h e’ :
H=Ho- A ). —V+—= A1), equation(2.13)
2me [ 2me
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Within the Coulomb gauge (V-A = 0). Expressing the vector potential of the incoming photons
by plane waves with amplitude Ao, wave vector K, frequency o, and polarization vector ¢, the
interaction operator Hint becomes[16]

H it = — Poge TN FNT e, equation(2.14)

2imc

The EM wave electric field has exponential dependence. Therefore, using Taylor expansion we

get
Aogei(k.r — ot) = Aoge ™ (1— ik.r —%(ik.r)2 J ................ equation(2.15)

In the dipole approximation, the expansion is truncated after the first term. This corresponds to
the electric dipole (E1) transitions. The dipole approximation assumes that the size of absorbing
atomic shell is small relative to x-ray wavelength <<<I/k. Therefore, the electric field that drives
the electronic transition is constant over atomic volume[16]. Considering (k.r) " means
considering higher order transitions. The transition probability is equal to matrix element
square, Hence the electric quadrupole transitions are smaller by a factor of 2 x107, can be
neglected. We are interested in Photon energy range <1000 eV corresponding wavelength > 1.2
nm and transition from 2p core shell of radius 0.01nm <<1/k-0.2nm. Hence, it is reasonable to

use dipole approximation [16]. So the Fermi golden rule can be written as[16]

T =2r/h[<@|er| @, S Gt iy e equation(2.16)

Fermi golden rule is a very general expression and uses the initial and final wave functions.
These wave functions are generally not known but in practice, one must make approximations
to calculate the x-ray absorption cross-sections. The most often used assumption for XAS is
single electron approximation. Here, we assume that the other electrons do not participate in

the x-ray induced transition process [16].

The matrix element can be written as M and the delta function implies the density of empty

states “p”. So the X-ray absorption resonance intensity in dipole approximation is given by [17]
Ixas= M2 p...cciiiiiiii i eee . ....BQUALION (2.17)

The x-ray absorption rule determines that dipole matrix elements M is nonzero if L of final state
differs by 1 from the initial state (AL=%1, s—p, p—s or d) and spin are conserved (AS=0). The
quadrupole transition implies final states differ by 2(or 0) from the initial state (AL=%2, s—d,
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p—f or p—p). It is observed that the quadrupole transitions are hundred times weaker than the

dipole transitions so can be neglected in most of the cases[17].

() for electric dipole (E1) transitions

+1 left circular polarized
Aj=0,+1, As=0, Al==x1, Am= {0 linear polarized ......ccceerr.e. equation(2.18 a)
-1 Right cirular polarized

(i) for electric quadrupole (E2) transitions
Aj=0%1,£2, As=0, Al=0,£2, Am=0,£1, 52, .cccoiiiiiiiiiiiiiiiiaaaanaan equation (2.18 b)

However, if 1((i))=0 then I((f|)=0 is not allowed for E; transitions.

In principle, the absorption coefficient will be characterized by the transition matrix element
and the initial core states have an atomic character with well-defined quantum numbers. The
strong localization of the core-shell makes the absorption spectroscopy element specific and

sensitive to the valance shell properties within the atomic volume[16].

2.2.5. X-ray magnetic circular dichroism (XMCD): principle

The x-ray absorption spectrum sometimes depends on the polarization of the light. A
phenomenon in which inside a magnetized specimen different absorption takes place in the left
and right circularly polarized light. This difference in absorption is known as “XMCD effect”.
XMCD is a direct consequence of the dependence of the absorption cross section on the

magnetic state.

The absorption coefficients of the specimen have magnetization M is measured when the
sample is irradiated with the left and right circularly polarized light. The absorption coefficient
of the sample has been measured at parallel and antiparallel to the orientation of the

magnetization M direction and the polarization P. The relation is given as [11, 16]

Au(E)=p (E)-p (E) = P.M ~|P|| M|.cos(P.M).coovvvvvsccciicciccicc equation (2.19)

The element and orbital selectivity in XMCD are due to the dipole selection rules in the x-ray
absorption process. Figure 2.1 shows the one-electron picture and the conservation of the
angular momentum during the electron excitation process from the core to valence shell. From
the core-shell with the non-zero orbital angular momentum, when an electron is excited during

the absorption process then the core hole which is created is subject to spin-orbit coupling. Due
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to this the preference in orbital polarization which is induced by the circularly polarized light
also induces the preferential alignment of the spin moment. This effect is presented in Figure
2.1 for the cerium My s edge. In the lower part, the spin-orbit states are written in form of basis

|I,m,}(s,m, | with their respective Clebsh-Gordon coefficients. In the upper part, the 4f levels are

presented by the 14 possible combinations. The relevant conclusion regarding the orbital and
spin polarization can be drawn from the sum over all the possible transitions. The lines that are
connected to 3d to 4f states in Figure 2.1, represents the transitions allowed by the dipole
selections rules for the left circularly polarized light. The transition probabilities also can be
calculated by the Wigner’s 3J symbols[19] presented in the lower part of Figure 2.1.

4f
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3j symbol:  0.3780 0.3086 0.23%0 -0.1690 0.0976

Figure 2.1 one-electron transition probabilities from the spin-orbit split 3d core shell to the 4f valence shell (Ce

Mas edges) in a |I,m|><s,mS | basis for left circularly polarized light (m; = —1). The states are given in a shortened

notation (mj, ms). For ms = £1/2 only the sign is given and m, denotes a negative value. The transition probabilities
for each edge are given in percent and are also reflected by the width of the lines connecting the states. Furthermore,
the numeric values of the 3j symbols that are needed for the calculation of the transition strengths are given in the
lower part. The picture for right circularly polarized light (m; = +1) can be constructed by reversing the signs of

all m quantum numbers. The figure is reproduced from the reference [18]

The schematic representation of the XMCD measurements is presented in Figure 2.2. With this
principle, the quantitative estimation of the quantities which are interesting are the expectation
values for the z component of the orbital (<L;>) and the spin magnetic momentum (<S;>)
operators respectively. In addition, the qualitative understanding of the mechanism behind the

XMCD effect, the considerations have been developed in order to connect the integrated
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XMCD and XAS signal to the expectation values of the orbital <L,> and spin <S;> moment
and can be done by the XMCD sum rule analysis proposed by the Thole and Carra [20, 21] for
the 4f electrons. The sum rule analysis will be discussed in detail in chapter 3.

X-ray Magnetic Circular dichroism (XMCD)
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Figure 2.2 basic principle of the XMCD effect. The absorption coefficient is different for the parallel and

antiparallel orientation of P and M, The figure is reproduced from reference[22].

2.2.6. Detection method

XMCD is essentially a measurement of relative absorption coefficients. There are various
possibilities to measure the X-ray absorption coefficients. Depending on the measuring
conditions and especially the samples themselves. All of the methods used for conventional
XAS in principle can be applied as shown in Figure 2.2. Experimentally, the three most

important modes are the transmission, fluorescence, and electron yield[23] (Refer figure 2.3).

I Transmission mode (TMY):
A direct measurement of the absorption cross-section is through the detection of the photon flux

before and after the sample. Such kinds of transmission experiments are probably the most
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reliable but they are rarely possible especially in the soft x-ray regime due to the strong
absorption. Hardly, any sample is transparent to a sufficient extent in the x-ray regime. A major
advantage of such transmission experiments is that they are not sensitive to the surface only,
but probe the entire sample. The beam intensity before the sample (lo) is often measured using
the electron yield or photocurrent from a partially transmitting metal grid. The intensity of the
sample (I) can be measured using a second grid, a solid metal plate, or a Si photodiode[23].
Chen and coworkers have done careful transmission measurements of the XMCD of thin metal

foils to check the accuracy of the sum rules[24].

1 Total electron yield mode (TEY)

In a quantitative analysis of the total electron yield (TEY), it has been shown that the TEY will
be proportional to the absorption coefficient if the absorption length of the incoming photons is
much larger than the average escape depth of the photoelectrons. This proportionality has been
tested and confirmed in various examples. When measuring at grazing incidence, saturation
effects have to be taken into account in the analysis of the spectra[23]. The probing depth of
secondary electrons is around 20A, which makes the detection via TEY surface sensitive. One
possibility to record TEY is by using a channel. Another possibility is to record the sample
drain current with the help of an electrometer in the range of picoampere. This method is chosen
in the experimental setup for measurements at WERA beamline (ANKA, Synchrotron radiation
source, Karlsruhe Institute of Technology, Germany).In this situation, the sample must be
highly electrically insulated which requests low-level DC measurements. For measurements in
applied magnetic fields, the proper escape of the secondary electrons may be guaranteed by an
extraction grid close to the sample[23]. Thus, it is possible to measure element-specific

hysteresis loops by TEY detection [25].

i Fluorescence mode

In most of the experiments, secondary effects are exploited to determine the absorption
coefficient. The excited states decay via x-ray fluorescence and the Auger effect. In both cases,
the probability of emission (X-ray or electron) will be directly proportional to the absorption
probability under certain conditions. Thus, detecting the fluorescence photons or the Auger
electrons yields the absorption coefficient. Besides TEY detection, fluorescence yield (FY)
detection is another method of choice for the investigation of nontransparent samples. FY
detection is used, for example, for absorption measurements at the ID12 beamline at the ESRF
(European Synchrotron Radiation Facility). In comparison to Auger electrons, fluorescence
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photons are not sensitive to an external magnetic field when they escape from a sample.
Furthermore, fluorescence detection has the advantage that it is also applicable to insulating
materials [23]. Due to the larger escape depth of the fluorescence photons, in general, the
probing depth is much larger than in TEY. Thus, by FY bulk properties of the sample can be
investigated. If dilute samples or thin films are investigated, the FY signal will be directly
proportional to the absorption coefficient. For concentrated bulk samples, the FY signal can
exhibit a strong nonlinearity. These self-absorption effects result from the attenuation of the
penetrating and escaping X-ray radiation while propagating through the sample. It has been
shown that these self-absorption effects in FY can fully be corrected. FY decreases with
decreasing atomic number and Auger transitions are the dominant decay channel. Therefore,
TEY detection is, in general, applied more commonly for absorption measurements of the
lighter elements in the soft x-ray regime whereas FY is used for elements with a larger atomic

number in the hard X-ray regime[23].
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Figure 2.3 Schematic representation of the three detection modes for absorption coefficients ux(E) that are labeled
i.e. transmission, electron and fluorescence yield. X-ray photons that penetrate a sample are either absorbed or
transmitted. The reduced number of transmitted photons is a measure of the amount of absorption, as well as the
numbers of photons and electrons that are created as a consequence of absorption events. The figure is reproduced

from the reference [18].

2.3. Experimental aspects of XMCD measurements

In order to measure XMCD on the transition metal, L.3 edges or rare earth elements at Mas
edges with the soft x-rays, the energy range of 400 eV to 1400 eV is required. It is necessary
that the energy of the x-ray is tunable and exhibit the high degree of the circular polarization.

These requirements are only fulfilled by the modern synchrotron light sources. A synchrotron
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is circular particle accelerator in a combination with the storage ring. The schematic layout is
shown in Figure 2.4. A hot cathode produces electrons which are accelerated by the microtones
to almost the speed of light and then injected into the synchrotron. Here are the electrons are
again accelerated to their terminal energy, usually in the GeV range and from the synchrotron,

the electrons are injected into the storage ring.

Boosber
synchrotron

Baamline

Figure 2.4 Schematic layout of the synchrotron light source. Figure reproduced from reference[26].

At a certain position, undulators, wigglers, and bending magnets are installed. Bending magnets
are necessary to keep the electrons in a circular orbit in the storage ring. Accelerated electrons
emit radiations and the bending magnet/undulator locations are the spots where the synchrotron
radiation is produced. If an electron moves almost with the speed of light, nearly all the radiation
is emitted along the trajectory of movement —tangential to its orbit in the storage ring. The
bending magnet shown in the right Figure 2.5 is a dipole magnet bending the electrons orbit to
the center of the storage ring. This lateral acceleration leads to the production of the synchrotron
radiation. Wigglers and undulators (left Figure 2.5) are the opposite of the bending magnet,
magnetic devices which were designed to produce the synchrotron radiation with much higher
brightness. The difference between the wiggler and the undulators are generally given by its
emitted radiation. The magnets used in wigglers are stronger than the bending magnets,

deflecting the electrons from its original orbit.

The sensitive XAS and XMCD experiments, which is part of the present thesis work is
performed at ANKA synchrotron radiation source in Karlsruhe Institute of Technology,

Karlsruhe, Germany.
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Synchrotron Radiation

Figure 2.5 planar undulator (left) deflects the electrons from the original orbit and bending magnet (right) used to

keep electrons in circular orbit in the storage ring. Figure reproduced from reference (spring 8 synchroton website).

2.3.1. WERA beamline
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Figure 2.6 overview of the WERA beamline, with the experimental end-station at the left-hand side. Figure
reproduced from reference[28]. The monochromators, the apertures, and the mirrors refine the beam before it
reaches the end-stations. The XMCD end station in the end at the left-hand side is owned by the Max Planck
Institute for the Intelligent systems, (MPI-1S), Stuttgart, Germany. The blue arrows stand for the UHV sample
transfers- many combinations between the experiments and methods and also with sample preparation are possible

without breaking the vacuum.

The synchrotron radiations obtained from the bending magnets or the insertion devices are still
polychromatic. In order to extract the circularly polarized soft x-rays, the synchrotron beam has
to pass a number of optical elements, the entitled “beamlines”. The schematic setup for the
WERA beam line[27] inn ANKA presented in Figure 2.6. The most important components are
the polarization aperture in order to set the polarization and monochromator grating to tune the
beam energy. A typical bending magnet of the WERA beamline has a magnetic field of 1.5 T.

The synchrotron radiations emitted from the bending magnets cover the energy range of
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approximately 100 eV to 1400 eV. It is giving access to the transition metals L2 3 edges, Oxygen
K-edge and rare earth metals M4 s edges. This beamline is specially designed for the soft x-ray
experiments of energy range 100eV to 1400 eV.

7 Tesla Magnet Manipulator chamber
by - —— 97 g

Load lock section Preparation chamber

Figure 2.7 A 7 Tesla magnetic field fast switching XMCD set-up, designed and constructed in the Schiitz

department, Max Planck Institute for intelligent systems and the important sections are labeled.

The beamline is equipped with the different experimental arrangements [27].

I A photoemission electron microscope (PEEM) with the lateral resolution of the <100
nm.

I An electron energy analyzer in order to perform the photoemission spectroscopy (PES),
angle-resolved photoemission (ARPES) and resonant photoemission (resPES). The energy
resolution is <2 nm.

Il The main chamber with the total electron yield (TEY) and total fluorescence yield (FY)
measurements facility in order to perform near edge x-ray absorption spectra (NEXAS).
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v An XMCD end station equipped with a 7Tesla fast switching superconducting magnet
system. This end station is provided by the Professor Gisela Schiitz group from the Max Planck

Institute for the intelligent systems.

The degree of polarization is typically 80-85% without significant beam intensity loss. A
spherical grating monochromator with the three different gratings is used to obtain the
monochromatic synchrotron light in the respective energy range. The typical energy resolution
is AE/E=2-10*. Beamline and the experimental stations are kept under the ultra-high vacuum

(UHV) conditions with a typical base pressure of the 10° mbar.

2.3.2. XMCD set up at WERA beamline

The XMCD measurements have been performed with our own self-designed ultra-high vacuum
XMCD chamber (refer Figure 2.7). The system is equipped with the fast switching 7 Tesla
magnet system. The measurements of all the specimens have been performed with this setup.

The chamber consists of four different sections.

Keep your
sample inside
the green area

=Y . . e . . AN Y Axis of
rotation

4+—r
8 mm

Figure 2.8 sample plate example for the XMCD chamber. The areas where white and red strips are no go area and

the sample should be mounted in the green region. The figure is reproduced from reference.

I lo section- This section comes along with the gold mesh in order to probe the incoming
beam intensity and a mirror prism for the sample or beam adjustment. The pressure of this
section is usually 3-1071° mbar.

1 Fast load lock section- this system provides the ultra-high vacuum sample transfer

system with sample six stands. The sample can be quickly transferred from the transfer chamber
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to the manipulator and the preparation chamber. The sample transfer and removal does not take
more than 30-45 minutes. All the steps can be performed without disturbing the vacuum.

Il Manipulator section-In this section sample is mounted for the measurements. The
manipulator contains a cryostat for the liquid helium (10K) and nitrogen (80K) cooling also. It
has also sample heater to perform the measurements above the room temperature (up to 350 K).
It is equipped with the three measurement modes — total electron yield (TEY), total transmission
yield (TMY) and total fluorescence yield (TFY). The samples can be rotated at azimuthal (O-
360°) and polar angles (0-90°). The base pressure of this section is usually 3-10° mbar.

v Preparation section- The in-situ sample preparation can be performed in this section.

The base pressure of this section is usually 1-101° mbar.

Sample preparation for measurements- In general for measurements at the WERA beamline,
the sample is mounted on a sample holder or plate (size-15-15 mm? refer Figure 2.8) of a
nonmagnetic material (stainless steel, molybdenum, and tantalum) using a vacuum safe glue
(for sintered magnet or bulk specimen) or silver paste (for thin films). The sample should be

mounted in the green region shown in Figure 2.8.

2.3.3. XMCD data acquisition and evaluation

The basic principle of the XMCD measurements already discussed in the previous sections. The
XMCD effect depends on the relative orientation of the polarization of the incoming beam and
the magnetization. The measurement procedure has been optimized to the technical situation at
the synchrotron. Instead of switching the helicity, one usually reverse the magnetic field. The
main advantage of this way of measurement is that the energy shift due to switching helicity
can be avoided. This energy shift can include a first derivative structure in their XMCD
spectrum, which can be misinterpreted as XMCD effect. Another reason is that due to fast
switching 7 Tesla magnet allows us a fast reversal of the magnetic field. The XMCD data

acquisition and analysis can be performed in the following ways.

I Fast continuous mode- An important issue for the data acquisition is to find an
appropriate compromise between maximum speed and the loss of resolution of the fine structure
of the absorption spectra. For measuring TEY and lo current commercial Keithley 6517A multi-

meters with a time constant of about 1 second was used. Above a certain monochromator speed,
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only discharge of input capacitance is measured and spectral structure cannot be resolved
anymore. Therefore, the monochromator speed has been optimized with the NiO reference
system, measuring the respective transition metal L2 3 edge. Another important factor is the
integrated intensity of the spectra because it is used to determine the magnetic spin and orbital
moment, as described previously in section 2.5. For higher monochromator speed, the
integrated XAS value can drops within in the peak energy range. Therefore, the calibration for
the WERA beamline was performed measuring the Ni L3 edge of NiO single crystal at different
monochromator speeds 0.1eV/s to 2eV/s.

I Offset correction for XMCD spectra measured with TEY- A major problem occurs
when acquiring the XMCD spectra in the TEY mode the “offset”. In particular, offset is
reflected as a constant shift of the XMCD on the y-axis. Usually, the XMCD effects disappear
due to this offset in the off-edge regions. The origin of the offset signal is a different trajectory
of electrons in a magnetic field pointing in the +B and —B magnetic field directions. The
photoelectrons move on spiral orbit and some of them may be refracted back to the sample
surface reducing the TEY current. The electron orbit is not necessarily same for the opposite
applied a magnetic field, this the TEY signal becomes not only energy dependent but also field
dependent. As demonstrated in the results of this thesis, magnetic field of 6.5 Tesla is applied.
Several spectra exhibit the offset. The offset correction is shown in Figure 2.9 (a). The XMCD
signal is shifted downwards slightly on the y-axis. The offset correction is very crucial in order
to apply the XMCD sum rule because the spectra need to be integrated. If the XMCD spectrum
is shifted then it will introduce the additional slope in the integrated XMCD spectrum. Figure
2.9 (b) shows the comparison of two integrated XMCD signals[29].

The offset corrections cannot performed by just subtracting the shift in the y-direction. This
will lead false XMCD signal and will provide an incorrect magnetic moment for the sum rule
analysis. A proper correction of the XMCD signal has to be performed in the following ways.
The measured XMCD signal is given by in form of intensity of the spectra as follow-

Ixvep (E, B) =111 (E) k11 (B) - 111 (E) K4 (B) v eveeen equation (2.20)
Where, 41 and I, are the 1o normalized TEY current for parallel and antiparallel alignment of
magnetization and polarization respectively. The ky; (B) and k;, (B) are the constants depending
on the applied magnetic field. They display the proportionality of the TEY signal and the
absorption signal.

On the other hand, the absorption spectrum is given by the
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lyas(E) = L;I”(E) ................... equation (2.21)

The true XMCD signal is -
XMCD =14 (E) -1 (E)-ovviiiiien, equation (2.22)

Using equation (20) and (21), one can isolate the I1; (E) and 11 (E).

1 (B) = Lo (B) + XMZCD ................... equation (2.23)
1, (B) = | (B)- X'V;CD ................... equation (2.24)

Substituting the 144+(E) and 14, (E) in equation (19), the expression will be

................... equation (2.25)

xco (. B) = Lias (B) - (Kys (B) - ks (B)) + XMCD-(k”(B) Jz’ kw(B)J

If the field dependent constants kqy (B) and k;; (B) are equal then there will be no offset
observed in the measured XMCD signal. If they are different then the fraction of Ixas will be

added to the measurements. The correction of the XMCD signal is given by following equation

XMCD =y op (BE) +C- Lipg (B)evvviiiiiic equation (2.26)

The parameter c is chose in such way that the XMCD signal disappears the off-edge. The
corresponding absorption Ixas (E) signal must be 1o normalized only. If the signal is very noisy
then for the accuracy it can be corrected via the XMCD integrated signal.
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Figure 2.9 (a) Comparison of an XMCD spectrum with offset and after offset correction. (b) Comparison of the

integral of XMCD spectra before correction (red) with the integral of offset corrected (black).

There are not only influence from the offset that is present in the experimental spectra but due
to the incident beam influence background is also present in the spectra at the pre-edge and the
post-edge region. The background subtraction and the complete analysis of the spectra with

sum rule analysis will be discussed in detail in chapter 3.

2.4. Theoretical aspects of XMCD measurements

Atomic multiplet theory: Atomic multiplet theory is the description of the atomic structure of
the quantum mechanics. The basic starting point for a large part of the analysis of core-level
spectra is atomic multiplet theory [30, 31]. Atomic multiplet theory describes the correlated
electronic states in partially-filled atomic shells. It is the general theory in use for the calculation
of core excitation spectra of atoms. The problem is to find the best way to treat the x-ray
absorption process with the combination of extended valence states in the following section,
some aspects of atomic multiplet theory that are important for the analysis of x-ray absorption
spectra are briefly introduced. A successful analysis method has been developed based on a
ligand-field multiplet model. It offers large sensitivity to the valence and the symmetry of the
element studied [32].

The atomic Hamiltonian is given by the Schrddinger equation for an N-electron atom. The
Schrodinger equation consists of the kinetic energy of the N electrons (P%/2m) the electrostatic

interaction of the N electrons with the nucleus of charge +Z (> n—Z€?/ri), the electron—electron
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repulsion (Hee = Y pairs€?/Tij), and the spin—orbit coupling of each electron (His =YnC (ri) li-Si).

The overall Hamiltonian is

2 2 2
H :Z;i+ ze +Zi+Z§(ri)li.si ................................................ equation(2.27)
N <M f N

N r. pairs  1jj

The kinetic energy and the interaction with the nucleus are the same for all electrons in a certain
atomic configuration, for example, 3d° in the case of Mn". They define the average energy of a
certain state (Hav). This leaves the electron—electron repulsion and the spin—orbit coupling as
the important interactions. The basic difficulty when solving the Schrédinger equation is that
Hee is too large to be treated as a perturbation. This problem has been solved with the central
field approximation, in which the spherical average of the electron—electron interaction is

separated from the non-spherical part.

The spherical average <Hee> is added to Hayv to form the average energy of a configuration. In

the modified electron—electron Hamiltonian the spherical average has been subtracted.

_p2 a2
H, = Hee—<Hee>= Zi—(ziJ ...................................................... equation(2.28)
ij pairs rij

This leaves the two interactions Hee and His to determine the energies of the various electronic

symmetry configurations within the atomic configuration[32].

2.4.1. Term symbols

Electronic symmetry configurations are indicated with their orbital moment L, spin moment S,
and total moment J. Together, these three quantum numbers indicate a certain state and
determine its specific energy. If the spin—orbit coupling is neglected, all configurations with the
same L and S moments have the same energy. A specific configuration is indicated with a so-
called term symbol *1L; A term symbol gives all three quantum numbers and as such
determines the symmetry and energy of a certain configuration. A single 1s electron has an
orbital moment L = 0, a spin moment S = 1/2, and a total moment J = 1/2. This is written with

a term symbol as 2S1/2[32].



32

2.4.2. Calculation of matrix elements

The next task is to calculate the matrix elements of these states with the Hamiltonian Hatowm.
As discussed in the previous section, Hatom consists of the effective electron—electron

interaction H*ee and the spin—orbit coupling Hs

2

Haom = 2 S (LS, +(Z%J .............................................. equation(2.29)
N pairs  Tjj

The electron—electron interaction commutes with L2, S?, L,, and S, which implies that all off-

diagonal elements are zero. A simple example is a 1s-2s configuration consisting of 'S and 3S

term symbols. The respective energies can be shown as following:

2
(S| =|') = F*(1528) + G° (1525)...cvcrvrrir equation(2.30)
P
2
(*S[5-|°S) = F°(1525) ~ G®(1525)..cvvrvvcvrr equation(2.31)
P

F° and G° are the Slater—Condon parameters for, respectively, the direct Coulomb repulsion
and the Coulomb exchange interaction. The main result can be stated as “The singlet and the
triplet state are split by the exchange interaction”. This energy difference is 2G° (1s2s). An
analogous result is found for a 1s2p state for which the singlet and triplet states are split by
2/3G° (1s2p). The 2/3 prefactor is determined by the degeneracy of the 2p state. The general

formulation of the matrix elements of two-electron wave functions can be written as

2
<23‘+1LJ |(:—| 25 > =D F 4D 06 s equation(2.32)
12 k k

To obtain this result, the radial parts F¥ and G have been separated using the Wigner-Eckardt
theorem and Hamiltonian 1/r1> has been expanded in a series[30]. The angular parts fx and g«

can be calculated using angular momentum coupling[32].

2.4.3. Calculation of spectra (XAS) with atomic multiplets

Firstly, 1 will start with the description to introduce the of closed-shell systems. The 2p X-ray
absorption process excites a 2p core electron into the empty 3d shell, and the transition can be
described as 2p®3d° — 2p°3d*. The ground state has So symmetry, and it is found that the term

symbols of the final state are 'P1, D2, 'Fs, *Poi2, *D123, and 3F2zs. The energies of the final
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states are affected by the 2p3d Slater—Condon parameters, the 2p spin—orbit coupling, and the

3d spin—orbit coupling. The X-ray absorption transition matrix elements to be calculated as
0 5qq1\? ;
lyas :<3d | p|2p 3d > ..................................... equation(2.33)

The symmetry aspects are

s =([So R [POF ) oo equation(2.34)

The symmetry of the dipole transition is given as *P1, according to the dipole selection rules,
which state that AJ =+ 1, 0, — 1. Within LS coupling, also AS = 0 and AL = 1. The dipole
selection rule reduces the number of final states that can be reached from the ground state. The
J value in the ground state is zero. In this case, the dipole selection rule proclaims that the J
value in the final state must be 1; thus, only the three-term symbols *P1, 3P1, and ®D1 can obtain
finite intensity. The problem of calculating the 2p absorption spectrum is reduced to solving the
3 x 3 energy matrix of the final states with J = 1. As discussed above, the atomic energy matrix
consists of terms related to the two-electron Slater integrals and the 2p and 3d spin—orbit

couplings.

Atomic multiplet theory is able to accurately describe the 3d and 4d x-ray absorption spectra of
the rare earth metals[33]. In the case of the 3d metal ions, atomic multiplet theory cannot
simulate the x-ray absorption spectra accurately because the effects of the neighbors on the 3d
states are too large. It turns out that it is necessary to include both the symmetry effects and the
configuration-interaction effects of the neighbors explicitly. Ligand-field multiplet theory takes
care of all symmetry effects, while charge-transfer multiplet theory allows the use of more than

one configuration [34].

2.4.4. Calculation of x-ray magnetic dichroism spectra (XMCD)

X-ray magnetic circular dichroism (XMCD) is an important phenomenon in both x-ray
absorption and x-ray emission. The magnetic structure of a system is studied by making use of
circular or linear polarized x-rays. The magnetic circular dichroism (MCD) effect in x-ray
absorption is defined as the difference in absorption between left- and right-polarized x-rays. A
non-zero MCD effect is observed only in magnetic systems (the natural dichroism effects are
neglected).
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The MCD effect in x-ray absorption has been measured for the first time by Schiitz and co-
workers[13]. They showed that the absorption cross-section is different for left- and right-
polarized x-rays. The difference between the left- and right-polarized x-rays was shown to be
proportional to the spin-polarized density of states. Using the proportionality between x-ray
absorption (Ixas) and the density of state (p) as the starting point, one obtains:

I i — 18

g =288 88 _p BTl e equation(2.35)
Mo I)IZAS + I)TAS Pt P

Where I- denotes left- polarized x-rays and IR denotes right-polarized x-rays. p+ and p. relate
to, respectively, spin-up and spin-down density of states. The proportionality factor Pe is the

Fano factor.

The original paper used the iron K edge as an example and did find a small effect, in other
words, did find a Fano factor of approximately 0.01. It was later shown that this small MCD
effect was particular to the use of a 1s core level and was related to the absence of a core hole
spin—orbit coupling [34]. An important development in the use of XMCD was the development
of sum rules by Thole and co-workers [20, 35]. It was shown that the integral of the XMCD
signal could be related to the ground-state expectation value of the orbital moment <Lz>. A
second sum rule was postulated relating the weighted integration of the Lz edge plus the L>
edge to an effective spin moment. Many papers deal with the validity, derivation, and

experimental complications of the sum rules.

2.5. CTMA4XAS-Software for simulations

In core-level spectroscopy of strongly correlated systems such as rare-earth systems and
transition metal compounds, the single electron picture often breaks down, therefore single
electron excitation is mainly divided into the charge transfer effect and intra-atomic multiplet
coupling effects. These two important aspects of charge transfer and multiplet effects are
generally taken into account for the software used for simulations of x-ray absorption spectra
for the M4 s edges of the rare-earth and transition metal systems. The recognition that the x-ray
absorption spectra of transition metal and rare earth systems were dominated by atomic effects
was first made in the sixties for the M4 s edges and N4 s edges of the rare earth [36]. Within this
background, Theo Thole developed his multiplet code and in 1985; he calculated all rare earth
Ma s edge with atomic multiplet theory[37]. They have added the crystal field effects using the
group theory from the Butler program and performed the simulations for the transition elements
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L edges[38]. Later systematic studies of the transition metal L edges were performed with de
Groot et al [39] and by van der Laan[40]. The combination of Theo Thole’s crystal field
multiplet calculations with charge transfer effects was programmed by Theo Thole and
Ogasawara[41] in 1991 for mixed valence rare earth ions. Groot et al[42] use the charge transfer
multiplet model as developed by Theo Thole and with contributions by Ogasawara as the basis
for the CTM4XAS calculations [42] and developed CTM4XAS as a tool to simulate the L edges
of transition metal systems. The latest version of CTM4XAS is 5.5 where it allowed us the
simulation for rare earth elements M5 edges also and it also provides the window for the crystal

field calculations and charge transfer calculations.

The window of the CTM4XAS5.5 version software has been presented below in the Figure

2.10. The discription of the software is following:

. The top part of the screen, shown enlarged in the Figure 2.10, is used to generate the
atomic parameters or to perform atomic multiplet calculations. On the top line, one has to
provide the element that has to be calculated, including its oxidation state also. This defines the
number of occupied d electrons in the ground state. It allows you to control the 2 electron

integrals atomic parameters like slater integrals and spin-orbit coupling (SOC).

. The bottom panel in the Figure 2.10 shows symmetry-options for the crystal field
calculations and the calculations can be performed for the cubic symmetry (Cas), tetragonal
symmetry (Dan) and octahedral symmetry (On). The advantage is that all the calculations can
be performed in the C4 symmetry, however, the choice of the higher symmetry limits the
parameters choice. If all the crystal field parameters are zero then the symmetry is the spherical
and negative value of 10Dq yield the tetrahedral symmetry. The values of 10Dq, Ds and Dt are

givenineV.

. A molecular (exchange) field can also be included in meV to break the spin symmetry.
Without the exchange field, XMCD spectrum cannot be generated. The exchange field direction

is constrained to the z-axis.

o If one would like to perform more complex calculations this is possible with the range
of charge transfer multiplet models that are also available in the middle right panel Figure 2.10.
With the charge transfer tick mark, one activates the charge transfer parameters. This is the
charge transfer parameter, which gives the energy difference between the (centers of the) 3dM

and 3dV*IL configurations. The Ugs parameter defines the Hubbard U value and the Upg
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parameter the core hole potential. The right column of parameters define the hopping terms that
are defined for the four different symmetries in D4n Symmetry, respectively B1, Al, B2 and E

symmetry, related to the x? —y?, z?, xy and xz/yz orbitals respectively.

In Figure 2.10 right part of the CTM4XAS interface only takes care of the plotting
options. The files that are calculated appear in the main plotting box. In order to match with the
experimental broadening in the spectra, Gaussian and Lorentzian broadening can be modified.
Two separate Lorentzian broadenings can be included with the provided energy separating the

two regions.
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Figure 2.10. CTM4XAS5.5 program is based on a parameter-based panel. The panel is divided into four sections,
respectively, the configuration and the atomic calculations at the top, the crystal field parameters (middle, left),
and the charge transfer parameters (middle, right) and the plotting options (bottom). Enlarged sections of the panel

are shown below.

Till 2010, there was no general approach was available that includes the charge transfer and the

multiplet effects within the ab-initio codes like the density functional theory and the wave
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function based codes. The methods that are developed by the Maurits W. Haverkort also follow
the same procedures but Quanty is the advanced version of the CTM4XAS software and much
more user-friendly. The CTM4XAS software has been used for the crystal field calculations
and charge transfer calculations in chapter 4 as the Quanty is new software for us, therefore
some calculations have been performed with the CTM4XAS software. In chapter 3 for the
atomic multiplet theory simulations for full lanthanide series Quanty has been considered,
therefore further detail discussion on Quanty is in chapter 3. The results produced by the Quanty

and the CTM4XAS are analogous therefore in some cases results can be compared.
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3. Atomic multiplet Theory simulations for full lanthanide
series

3.1. Introduction

In this chapter, we present the atomic multiplet theory simulations of x-ray absorption spectra
(XAS) and x-ray magnetic circular dichroism (XMCD) spectra of trivalent rare earth ions. The
calculation covers the ground state spectra (at T=0 kelvin) of the full 4f rare earth element series
from cerium (Ce) to ytterbium (Yb). The expectation values of the orbital and the spin angular
momentum operator are the most fundamental quantities explaining the magnetic properties of
the materials. These characteristics also have been estimated via atomic multiplet simulation
theory. Spectral features are also explained and 4f sum rule has been applied to the integrated
XAS and XMCD spectra. In this chapter, the emphasis has been given on the dichroism spectra
and the applicability of the XMCD sum rules for the rare earth elements. Additionally, the role
of the magnetic dipole term (Tz) in the spin magnetic moment sum rule is also illustrated.

3.2. Lanthanides (4f) magnetic moments (Hund’s rule)

Lanthanides (4f) includes 14 elements from Lanthanum (La) to Lutetium (Lu) and positioned
in the f-block of period six in the periodic table. The lanthanides are also known as “rare earth
metals” or “rare earth”. In fact, they are not especially rare, except for Promethium (Pm) which
has a very short half-life and is produced artificially but occurs naturally in trace amounts of
Uranium (U) ores. In terms of magnetism, the rare earth elements are known to have large
orbital angular momentum (L) even inside the solids because of the localized behavior of the f-
orbitals. The combination of angular momentum quantum numbers (L, S, and J) which are
found to minimize the energy can be estimated using Hund's rules (as mentioned in chapterl).
Hund's rule leads to the prediction of the ground state but does not give any information about
excited states or how close they are to the ground state. The application of the Hund’s rule for
4f elements is shown in Figure 3.1 and Table 3.1. The spin (S) value increases and reach a
maximum limit. The L and J have maxima roughly at the quarter and three-quarter positions,
although for J there is an asymmetry between these maxima which reflects the differing rules
for being in a shell which is less than or more than half-filled. According to Hund’s rule, the
ground state for rare earth elements is the LS multiplet with the largest total spin S and the

largest total orbital moment L allowed.
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Figure 3.1 magnetic moment (S, L, and J for 4f ions) versus a number of electrons (n). According to Hund's rules

for each ion the predicted values of S, L and J are plotted here for the full lanthanide series.

Table 3.1 Magnetic ground state for 4f ions using Hund’s rule. For each ion, the shell configuration and the

predicted values of S, L and J for the ground state are listed. This table is taken from the reference [14].

lon Shell S Mms L =m, J Term
Ce’* 4f1 1 1 3 5 2Fg),
2 2
Pr3* 4f2 1 2 5 4 3H,
Nd3* 4f3 3 3 6 2 *lor2
2 2
Pm® 41 2 4 6 4 Sy
Smét 475 s 5 5 5 ®lsp,
2 2
Gd® 4f7 % 7 0 ; 8S71
The* 4f8 3 6 3 3 Feg
Dy3* 41 5 5 5 15 ®H s/
2 2
Ho® 4f10 2 4 6 8 5g
Er3+ 4f11 § 3 6 E 4 l1s12
2 2
Y 4f13 % 1 3 ; 2Fp

When n<6, J takes the lowest value | L-S| so that the L and S couple antiparallel to each other.
If the negative z component is considered parallel to the magnetic field direction, in a case,
when n<5, since L is larger than S, the average value of the Lz is negative and the value of Sz
is positive. Hence the occupied one electron states are mainly of up-spin and negative Lz (or
vice versa). When n=7 (Gd**), L=0 and S=7/2, so that in the initial state, Sz is 7/2 because all
spin one-electron orbitals are half occupied. When n>8, both L, and S are parallel to each other
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so that J= L+S. In the initial state, Jz takes —J and hence the average values of Lz and Sz are

both negative, so as the vacant one electron states are mainly of up-spin and positive lz.

For the further investigation on rare earth elements, atomic multiplet theory simulations have
been performed for all the trivalent rare earth elements, which will be discussed in the next
sections and results of the simulations are compared with the Hund’s rule ground state results.

3.3.  Previous studies of XAS and XMCD at Mss edges in 4f elements

The availability of synchrotron sources in 1980°s allowed higher quality data of x-ray
absorption spectra for the element-specific studies. In the process of understanding the
experimental spectra of rare earth elements, theoretical models have been developed. Moreover,
the atomic model approach has been quiet successful in explaining the experimental 3d XAS
and XMCD spectra of rare earth elements and the localized systems also have been illustrated
in many other studies in the past [37, 43-45].

The earliest reports of rare earth Mass x-ray absorption spectra were in 1931 [46]. In progress,
Schiitz et al. in 1980°s pioneered XMCD work in the hard x-ray range [13, 47]. However,
around the same time Thole [5], Van der Laan [9], Sawatzky and coworkers [10] investigated
x-ray magnetic linear dichroism (XMLD) and have shown a strong interest in the M4 s edges of
rare-earths materials. Remarkably, the work by Bonnelle, Karnatak and Sugar already contain
a calculated spectrum. On the theoretical side, the studies of Gunnarsson and Schénhammer
and Thole [37], Van der Laan [48] and Sawatzky established two working directions, that
largely improved the understanding of the measured spectra i.e. (1) The Gunnarsson and
Schénhammer (GS) theory and (2) The application of full multiplet calculations. The GS theory
was introduced in 1983 [49, 50]. It allowed addressing the signatures of the f-level occupation
in the spectra and clarified the issue of the Cerium valence.

In 1985, Thole et al. published experimental and calculated M4 spectra for the complete rare-
earth series including different ground-state valences [37]. The calculations were performed in
full multiplet theory. While this approach had already been applied before [51, 52], the work
by Thole et al. significantly led to the acceptance of full multiplet theory as the ideal tool to
describe such x-ray absorption spectra. The excellent agreement between calculated f "— f "*!
spectra and experimental data was shown for the whole rare earth series. This is certainly owed
to the completeness of the study, as well as to the fact that the representation of the calculated

spectra resembles experimental ones instead of being just as a bar diagrams [53]. The individual
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transition lines are broadened under the assumption of line shapes widths. The agreement of
this approach with experimental data once again reflects the local character of the 4f shell. Thole
et al. introduced the well-established concepts of atomic physics to their computer code on the
basis of a program written by R. Cowan to calculate atomic spectra [54]. Since the initial
publication, the Thole-code has extensively been used to interpret experimental data and for
further calculations [55]. Infarct, XMLD was predicted on this basis [21]. A comprehensive
account of this effect for the whole rare earth series was given by Goedkoop et al. in 1988 [33],
following the essence of the 1985 publication. The extended understanding of XAS involving
partially filled inner shells that were generated through the study by Thole et al. was carried on
in succeeding theoretical works, especially regarding the XMCD sum rules [20, 35]. Moreover,
Thole et al.[20] and Carra et al.[35] have provided the theoretical description of the XMCD
experiments by deriving the sum rules [13, 24] Chen et al in 1990, performed XMCD
measurements in the soft x-ray region for investigation of the L3 edges of nickel [56] and L3
edges of iron and cobalt [24]. In the same year, two theoretical works were published by Jo et
al. and Imada et al. that covers XMCD at the Ce M4s edges [57, 58]. The analysis of the spectra
with this model has been successfully used to study the ground state effects, such as the relative
population of the spin-orbit coupled ground state in case of cerium [59] and the determination
of the occurrence of the different valances [18].

The description of the hybridization effects or the charge transfer effects has been also
successfully studied for cerium[18]. For the first time, the expectation values of the spin and
the orbital angular momentum operator of the trivalent rare earth ions was presented in 1996
[60]. Atomic multiplet theory simulations explained the effect of 3d-4f exchange interaction in
the rare earth [61]. A deviation from the spin sum rule, which relates the integrated intensity of
x-ray magnetic circular dichroism spectra to the expectation values of the spin angular
momentum operator is quantitatively estimated for the full rare earth series[60]. It has been
explained that the interplay of 3d-4f exchange interaction, 3d spin-orbit interaction and the 4f
electronic configuration in the ground state is the reason of the deviation of the sum rules with
the expected 4f ground state properties and generate mixing in 3ds;2 and 3ds, state problem in
the final state of the M4, 5 edges. The correction factor for the effective spin magnetic moments,
which consists of the weighted sum of the spin and the magnetic dipole term (Tz) contribution,
have been presented. For cerium, the overestimation of the spin magnetic moment using sum
rules approximately amounts to a factor of 1.6. This factor was used by Tolinski et al. to correct
their spin sum rule results[62]. However, the spin sum rule additionally requires assumptions

about the magnetic dipole term Tz in order to yield the pure spin moment. This quantity was
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experimentally addressed by Okane et al[63]. However, the study did not consider the weight
transfer between the two edges in their analysis. Hence, this effect is intermixed to their
quantification of Tz. Except for cerium, no representative XMCD sum rule investigations have
been presented till now for the other rare earth elements.

Our primary purpose for this research work is to perform the atomic multiplet simulations for
full rare earth series to generate XAS and XMCD spectra at Mss edges and to confirm the
applicability of the XMCD spin sum rule for the theoretical and experimental investigation on
rare earth ions spectra by eliminating the mixing problem in the final state of the M4, 5 edges.
The spin sum rule [35, 60] shows that S; is strongly influenced by magnetic dipole term (T;).
As the magnetic dipole term in the 4f series is dominated by the 4f spin-orbit coupling, therefore
always aligned parallel to the spin, the magnitude of the Tz cannot be determined
experimentally, as suggested by Stohr and Konig [64] for the 3d series, where the orbital
moment is almost quenched therefore the related Tz part is small. Hence, the purpose of this
work is to estimate the Tz by theory and test the applicability of the Tz value correction to the

experimental results.

The different ways for estimation of Tz term can lead us to different values of the spin moment
(S2). The assumption of the crystallographic negligible Tz (<Tz> =0) term is worthy in case of
L3 edges for cubic crystals. However, as mentioned above, it is inappropriate in case of Mass
edges due to the asymmetry of the 4f shell charge cloud modified by the external magnetic
field. Therefore, It is also important to eliminate the contribution of the magnetic dipole term

Tz in order to estimate precise spin magnetic moments.

In the field of XMCD investigation due to the localized behavior of the 4f wave functions in
rare earth elements, it is always considered that the spectral shape of the rare earth elements
does not change. For example, as a function of the temperature or the magnetization state of
the sample. Considering this, our studies will cover the observation of the change in spectral
shape, magnetic moments (spin and orbital) and their ratio as a function of variation in
temperature and magnetic field in different magnetic materials. Such as rare earth garnets,

neodymium-based soft and hard magnets.

For a successful understanding of the experimental spectra, the theoretical aspects also need to
learn, as a consequence, we have performed the atomic multiple theory simulations to compare

the experimental results with a theory for the full rare earth series and first the applicability of
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the XAS and XMCD sum rules is confirmed for the simulated spectra. This chapter will cover

individual multiplet theory simulation aspects.

3.4.  Atomic Multiplet theory simulations for the full lanthanide series

In this chapter, we will use the recent “Quanty” software for the simulations of the ground state
XAS and XMCD spectra at Mas edges of the trivalent lanthanides ions (Lanthanum to
Ytterbium). The atomic multiplet theory simulation information, parameters, software details

and an example of the simulated spectra are presented in this section.

3.4.1. Software details

Quanty is a script language which allows the users to program quantum mechanical problems
in second quantization. It can be used in any problems related to such as x-ray spectroscopy,
quantum mechanics. Where it uses Hartree-Fock approximation or the Local density
approximation (LDA™) schemes (self-consistent field, configuration interaction, coupled
cluster, restricted active space). The main purpose of the software Quanty is that the user can
focus on the model and its physical or chemical meaning and Quanty will take care of the
mathematics involved related to atomic physics and quantum mechanics. Quanty is still in its
initial stages, but growing fast among the users. The code developed from the need to calculate
core level spectroscopy (x-ray absorption, resonant diffraction, x-ray resonant scattering) of
correlated transition metals and rare earth compounds. So, these areas are the well documented.
But many more examples in different fields are added [65-67].

The code is written and maintained by Maurits W. Haverkort and coworkers and can be used
and available for Windows, Linux, and Mac. Quanty is able to run parallel jobs using all cores
on a single node [65-67]. After registration, you can download the code from the download
area. The current version is text-based. Quanty is based on Lua, providing a flexible script
language. It can be edit in the notepad and can be run on laptops or on any computers. There is
no need to know the “Lua” to run Quanty, but can be used as all extensions Lua provides [65-
67]. Quanty is a much more advanced version of the Cowan’s program [42]. The advantage
using Quanty over CTM4XAS software[42] is that it has amendable raw files. The possibilities

of the errors are less compared to CTM4XAS where the format is complicated.
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CTM4XAS is very well developed for the transition elements and mostly for the L2 3 edges
simulations. The large calculations like crystal field calculations for the 4f atoms in the vicinity
to half filling atoms like neodymium, dysprosium and other lanthanides are not possible in
CTMA4XAS software. These calculations could be performed comfortably and much faster in
Quanty than CTM4XAS. Quanty not only provides the spectra for all possible J states but also
provides the expectation values of spin (<Sy y, z>), orbital (<L, y, z>) and magnetic dipole
moment (<T x,y,z>) in all possible orientations. It also allows us to calculate Tz with a variation
of the crystal field which we cannot perform in CTM4XAS. An example of Lua file image is

shown in Figure 3.2.

[if DAquanty\New_Quanty\Thole\Nd3+\NdM45.lua - Notepad++ e T — TR —
File Edit Search View Encoding Language Settings Tools Macre Run  Plugins Window 7

O'.J =] GIB]| [ﬁ| |ﬂbﬂ|<§ g|‘—'.‘I.~'i_“.|§_~' LJ@'—I‘“E‘ ]

B Celi5iua £ Bl CeMé5iua 1) = NaM45.1ua B3 ]

—-PARAMETERS FOR SELECTED ELEMENT given in [eV]

he name of the ion to ca

10 ion

11 SLI_4fscale = scaling factor for 5

12 50C_4fscale = scaling factor for 5

13 50C_3dscale = =caling factor for 5

14 Bx =

15 By =

16 Bz = *

17 D = H vstal field Dg parameter
18 D= = ystal field Ds parameter
19 Dt = --Here we choose the crystal field Dt parameter
20

21

then
Humber of 4f electrons
nd State Param

22

——5later integrals between 4f electrons (Direct Slater)

F2ff= *5LT_4fscale; F4ffi= *5LT_4fscale; Feff= *5LT_4fscale --5laters
——5pin orbot interaction

zeta 4f= *50C_4fscale;

LhoR3 R RIORI R RS R
. A T TS )

—-d9f4 Excited State Parameters:
—-5later integrals between 4f electrons (Direct Slater)

32 i F2ff= *5LT_4fscale ; i_F4ff= *5LT_4fscale ; i_Feff= *5LT_ 4fscale
3 —-5later integrals between 4f and 3d electrons (Exchange Slater)
i_Fadf= ; 1i_Fadf=
i Gldf= ;1 _G3df= ;i _Ghdf=
——S5pin orbot interaction
i_zeta 4f= *30C_4fscale ; 1_zeta 3d= *50C_3d=scale
=0 else;
0 print {"Could not recognize the ion name...")
41 os.exit()
42 —end;

Figure 3.2 example of coding in Quanty software for neodymium XAS and XMCD spectra simulations.

3.4.2. Simulations details and parameters

Table 3.2 initial and final state electrostatics and exchange parameters for the atomic multiplet simulations. The
slater integral reduced to 80% of HF values. All the simulation parameters used in this thesis is from reference
[37].
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In the atomic picture of the 3d—4f absorption process includes the electronic excitation of the
301%f" —3d%f"*1 The final state of the configuration contains the two-open shell and the

overlapping of the core and the valance shell creates multiplet structures which are complicated

3d104f" 3d %f "1
n P F Fr & F? F  F% P Fua Gl Gn G & &
La¥* 0 565 253 378 221 152 6580  0.092
ce* 1 0.087 | 1010 635 457 599 271 406 237 164 745  0.107

Pt 2 9.78 6.14 441 0103 | 1048 659 474 631 287 433 253 175 814 0.124
Nd* 3 1018 639 460 0114 | 1084 681 491 6.62 303 459 269 185 888 0.135
Pm* 4 1056 663 477 0136 | 11.18 7.03 507 692 319 484 283 196 9.67 0.160
Sm* 5 1092 685 493 0155 | 1151 724 521 721 334 509 298 206 1051 0.180
Eu®* 6 1127 707 509 0175 | 1184 744 536 750 348 533 312 216 1141 0.202
Gd* 7 1160 728 524 0197 | 1246 764 550 777 363 556 326 225 1236 0.226
Th* 8 1193 749 539 0221 | 1247 784 564 804 377 579 340 335 1337 0.251
Dy* 9 1225 769 553 0246 | 1277 803 578 831 391 6.02 353 244 1444 0.278
Ho** 10 1257 7.88 567 0.273 | 13.07 821 591 857 4.04 624 366 253 1557 0.307
Er* 11 1287 808 581 0302 | 1337 840 6.04 883 418 646 379 262 1678 0.338
Tm®* 12 1318 826 594 0333 9.09 431 668 392 271 1805 0371

Yb* 13 0.366 19.39

and contains several thousand of levels. The strongest final state multiplet interaction is the
spin-orbit coupling (SOC) for the 3d hole, which splits the ground state into 2 energy levels,
which are named as 3ds2 (M4 edge) and 3ds;2 (Ms edge) respectively. The transition to the n-p
continuum states are also allowed but have much smaller cross-sections compared to the 4f
resonance and lie into higher photon energies. The theory of the multiplet spectra is quite
evolved and it is difficult to give a rough outline to the spectrum simulation procedure
(discussed in Cowan book) [19]. The atomic multiplet simulations of XAS and MCD spectra
for the ground states of the trivalent rare earth elements have been performed for full lanthanide
series (lanthanum to ytterbium) using Quanty software. The simulations parameter values were
obtained by the Cowan’s Hartree Fock (HF) program with the relativistic corrections. The
simulation parameters are similar as presented in paper [37] and shown in Table 3.2. The
electrostatic and exchange parameters were scaled down to 80% of their HF values [37]. An
ion is assumed to be placed in a reasonable magnetic field. Symmetry breaking of the spin and
orbital moment in the initial state is determined by the electrostatic interaction between the 4f

electrons, their spin-orbit interaction, and the magnetic field. In the final state of the absorption
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process, there are some additional interactions such as the electrostatic interaction between the
core hole and the 4f electrons, and the spin-orbit interaction of the core hole. The aim of this
work is to simulate the MCD spectra for the rare earth elements, study the basic features of the
MCD spectra and check the applicability of the spin sum rule for full lanthanides series. An

example of the simulated spectra is presented below in the following section.

3.4.3. Anexample: simulated XAS and XMCD spectra of Ytterbium (Yb3*)

\I(b Mg,s grlound sta?e J:.7/2

' —Y

i 4f*- Term symbol *F,, R
St —_—
<0 ——XAS
=
2 i
>< L
ST |
<t i
al
O L _
=
x

1 " 1 " 1 " 1 " 1 " 1

1520 1530 1540 1550 1560 1570
E(eV)

Figure 3.3 simulated XAS (red curve) and XMCD (blue curve) spectra for the Yb3* ion. The spectra labeled as
XAS have been represented in three different colors. The black color is for left polarized spectra representing
(J=+1 state), the green color is for right polarized spectra representing (J=-1 state) and the blue color is for left
polarized spectra representing (J=+1 state). The red color spectra are the sum of L, R and Z polarized spectra
denoting the theoretical dipole excitation spectrum from the Hund’s rule ground state of the configuration
3d%04f13-3d%f. The only possible transition in case of Yb®* is -7/2 —-5/2 therefore 1 peak is visible.

Here, we will start with the overview of the nonmagnetic 3d—4f x-ray absorption spectra of
ytterbium (Yb**) and will explain the XMCD effect on the basis of the most simple case.
Ytterbium has 13 electrons present in f shell. The spin (S) and orbital (L) moment Yb%*,
according to Hund’s rule will be % and 3 respectively. The ground state for Yb%* ion will
be 2F7/. Figure 3.3 shows the very simple absorption spectrum of Yb*" ion which consists of
J=-1. The only possible transition which is allowed by the selection rules is 3d*%4f* (*F72) —
3d°%f* (°Dsp). The spectral shape is in good agreement with the reported results [33]. In
presence of magnetic field, both the initial (°F7) and final (°Ds2) states are split into the

Zeeman levels with the energy of -gugHM, as shown in Figure 3.4. The dots below the energy
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levels diagram in Figure 3.4 shows the relative amplitudes which are given by the square of 3-
j symbols. If all the m; states (Zeeman states) are equally populated than all the three groups
(left polarized, right polarized and linearly polarized) will exhibit equal contribution and then
all the three components will appear same. No effect of the magnetic field will be present in it
because the magnetic field splitting is smaller than 1 eV than experimental line width. In Figure
3.4, at T=0 Kelvin only M=-7/2 level is occupied. Therefore, the AM=1 transition is indicated
by the arrow. Since the shape of the spectra is dependent on the size and the orientation with
respect to the polarization of the ionic moment. Hence the MCD spectra can be used to obtain

the magnetic moment related information [33].

Yb* +magnetic field
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Figure 3.4 energy level diagram of the 3d'%4f'3—3d%4f!* transition of the Yb3* with (right) and without (left) a
magnetic field. The transitions allowed by the dipole selection rules are indicated by arrows. The relative intensities
are given by dots[33]. At T=0 Kelvin the only possible transition in case of Yb®" is indicated by the solid arrow (-
7/2 —-5/2) [33].

If there is no ferromagnetic ordering present in the magnetic moment then the spectrum will be
a superposition of the spectra of the individual ions. It can lead to pure paramagnetic and very
small XMCD effect[33].
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3.4.4. Simulation results for full lanthanide series

All the simulated spectra are presented in Figure 3.5 (a) to (n). For each element in Figure 3.5
(@) to (n) on the top panel, we show the absorption for the left (L) circularity polarized light
(J=+1), right (R) circularity polarized light (J=-1) and linearly (Z) polarized light (J=0) parallel
to the z-axis. In case of all rare earth elements, the spin-orbit interaction of the core hole is
strong, the XAS spectra divide into two parts, which corresponds to 3ds -higher energy (M4)
and 3dsy2 -lower energy (Ms). Figure 3.5 (a) and (b) shows the calculated spectra of the rare
earth ions (La*" and Eu®"), which exhibit J=0 ground state and the spectral shapes are
conventional as reported previously [37, 68]. For J=0 (La®*" and Eu®"), there is no difference in
left, right and linearly polarized spectra where AJ=1 is the only possible transition Figure 3.5
(a) and (b). For the La* weight of the 3ds2—4fs; excitation is 24 states and for 3ds,—4f72
excitation is 48 states. The figures of Eu and La are presented individually in Figure 3.5 (a) and

(b) from other rare ions.

Figure 3.5 (c) to (n) shows the calculated spectra for all trivalent rare earth ions with non-zero
J ground state (J#0). The black color spectra show left (J=+1) polarized spectra, green is right
(J=-1) polarized spectra, blue is linearly (J=0) polarized spectra and red are XAS spectra (sum
of left, right and zero polarized spectra). In the lower panel XMCD (left-right) spectra have
been presented. The total multiplet structure is complex and there are thousands of energy levels
for RE elements series in the vicinity of half filling. The dipole selection rule reduces the final
states which can be reached during excitation form the initial or the ground state, even this does
produce the complicated shape of the spectra. The number of final states, which can be reached
via dipole selection rule is increased from 3 for La®* to 53 Ce®*" and 200 for Pr3* to 1077 for
Gd*". In late heavy rare earth elements, the number of holes is again reduced than it falls to 4
for Tm®* to 1 for Yb®". Ytterbium (Yb3*) presents the simplest case among all the rare earth
elements. It has only one hole in the initial state and 3ds,—4f72 excitation provides fill the final
4f shell, which is spherically symmetric. Therefore, only a single peak is visible at each
resonance (as presented in section 3.4.3). In Gd** (f” ion), the splitting between the J component

is small as L=0 (orbital singlet state) ground state[37].

In other elements with non-zero J and L has a clear difference in the x-ray absorption spectra at
the left, right and zero polarization. The shape of the multiplet has a dependence on the total
number of the f electrons in the outer most orbit. The multiplet effects lead to the significant

structure in RE elements as a number of holes increases which are visible in calculated spectra
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Figure3.5 (c) to (n). The intensity of the M4 absorption spectra is comparable with the Ms edge
absorption spectra for the light rare earth elements (refer Figure3.5 red curves Ce, Pr, Nd, Sm
etc.) but decreasing in the case of the heavy rare earth (refer Figure3.5 red curves Dy, Ho, Th
etc.). As it is already mentioned in the above section 3.4.1, Quanty provides the expectation
values of the spin (<Sz>), orbital (<L;>) and magnetic dipole term (<Tz>) in the valence state.
All the expectation values have been presented in Table 3.3 with the ground state energies of
the respective trivalent rare earth ions. The results are in good agreement with the previously
reported results [60]. In order to compare the expectation values of spin (<Sz>), and orbital
(<Lz>) angular momentum, the XMCD sum rules have been applied on the integrated spectra
of the ground states of full lanthanide series. Further details regarding sum rule analysis are
presented in the next section and the results of the expectation values will be also discussed in

details.

Table 3.3 Quanty provides the expectation values of the spin (<Sz>), orbital (<Lz>) and magnetic dipole term
(<Tz>) for the ground state. All the expectation values have been presented with the ground state energies of the

respective trivalent rare earth ions.

Elements  Number of Ground <Lz> <Sz> Jz=<Lz>+ <Tz>
holes (nn)  state <S>
Energy
(eV)
La%* 14 0 0 0 0 0
Ce® 13 -0.1758 2.861 -0.361 2.5 -0.569
Prét 12 -1.3653 4.776 -0.776 4 -0.669
Nd3* 11 -3.2241 5711 -1.211 4.5 -0.376
Pm?3* 10 -4.8115 5.595 -1.595 4 0.032
Sm3* 9 -6.0208 4.305 -1.805 2.5 0.386
Eud 8 -7.9225 0.652 -0.652 0 0.159
Gd* 7 -10.779 -0.034 -3.465 -3.5 0.010
Th3* 6 -8.3361 -3.056 -2.943 -6 0.243
Dy3* 5 -6.9284 -5.082 -2.417 -7.5 0.128
Ho®* 4 -6.0947 -6.083 -1.916 -8 -0.136
Er¥* 3 -4.5189 -6.032 -1.467 -7.5 -0.312
Tm3 2 -2.2458 -5.009 -0.990 -6 -0.407
Yh¥* 1 -0.5515 -3 -0.5 -3.5 -0.333
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Figure 3.5 Atomic multiplet theory calculations of XAS and MCD M4, s edge spectra for rare earth ions.(a) La®*
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Figure 3.5 Atomic multiplet theory calculations of XAS and MCD My, s edge spectra of the trivalent rare earth
ions (from c to h) exhibit non-zero J ground state configuration. The spectra labeled as XAS have been represented
in three different colors. The black color is for left polarized spectra representing the J=+1 state, the green color is
for right polarized spectra representing J=-1 state and the blue color is for linearly polarized spectra representing
J=0 state. The red color spectra are sum of left (L), right (R) and linearly (Z) polarized spectra denoting the
theoretical dipole excitation spectrum from the Hund’s rule ground state of the configuration 4f " to the d°4f " level
[37].
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Figure 3.5 Atomic multiplet theory calculations of XAS and MCD My, s edge spectra of the trivalent rare earth
ions (fromi to n) exhibit non-zero J ground state configuration. The spectra labeled as XAS have been represented
in three different colors. The black color is for left polarized spectra representing the J=+1 state, the green color is
for right polarized spectra representing J=-1 state and the blue color is for linearly polarized spectra representing
J=0 state. The red color spectra are sum of left (L), right (R) and linearly (Z) polarized spectra denoting the
theoretical dipole excitation spectrum from the Hund’s rule ground state of the configuration 4f " to the d°4f " level
[37].

3.5.  XMCD sum rule analysis for 4f (rare earth elements)

The basic properties of magnetism are strongly depended on the spin and the orbital magnetic
components of the magnetization. These moments are determined by the interplay of the
hybridization, SOC, crystal field, Coulomb, and exchange interaction. The rare earth elements
are characterized by the strong SOC interaction and a degree of localization of the 4f electrons
which gives a variety of magnetic properties, for example, large orbital moment (as mentioned
in section 3.2 by Hund’s rule). There are sum rules proposed for XAS and XMCD spectroscopy
which relates the expectation values of the spin (<S;>) [35], orbital (<L,>) [20] and magnetic
dipole term (<Tz>) in the valence state [69]. The expressions is developed by Thole and Carra

are given here:
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Here <Lz> <Sz> and <Tz> are the expectation values of the spin operator, orbital operator,
and the magnetic dipole operator, projection along the z (photon beam) direction. The values
for the pre-factors a-d are shown in Table 3.4 [70].and j+ and j- spin-orbit split states
respectively. The It and | are the orbital angular momentum quantum numbers of the final and
initial states, which are connected to each other by the dipole selection rule ls=1i£1 in Table 3.4
[70] The magnetic dipole term <Tz> is related to the quadrupole moment of the spin density
distribution [70, 71]. The number of unoccupied final states (nn) in the valence shell which
contains n electrons is given by (41+2—n). The x* and x represent the measured helicity or
magnetization absorption dependent coefficients and the difference between them is a measure
of XMCD effect [20, 70]. In experimental spectra, we measure the left and right polarized
spectra only therefore we use p*+u *+u°=3/2 (u*+u") approximation. Spin and orbital
moments are related to the integrated areas of the x-ray magnetic circular dichroism and the

isotropic x-ray absorption spectra by the integral sum rules.

Table 3.4 sum-rule related prefactors (a,b,c and d).initial (Ii) and final (I+ ) state of the system [70].

s:0 p:1 1 - - -
p:1 d:2 Yo 2 2/3 713

d:2 f:3 1/3 3/2 2/3 2

The quantitative estimation of the <S;>, <L,> and <T,> can be performed by these sum rules
in order to get the magnetic moment values in Bohr magneton per atom. The main purpose here
is an effective application of these spin and orbital sum rule on the integrated intensity of XA
and XMCD spectra. In upcoming sections, orbital and spin sum rules will be discussed
separately. The results of the sum rule analysis will be compared with the spin and orbital
magnetic moments values of the Hund’s rule, Quanty expectation values of spin and orbital
angular momentum (mentioned in section 3.4.4), results reported by vanderlaan et al [48] and
expectation values of spin and orbital angular momentum generated by atomic multiplet theory
simulations results by Takeo et al [61].
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3.5.1. Orbital moment (L;)

Substituting the coefficient a value from the Table 3.4 in equation 3.1, one can give the
corresponding sum rule expression for the orbital moment (refer equation 3.3). As consequence

for 3d —4f transition, the orbital magnetic moment sum rule is as follows.

. - [w®-w@©)-e
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Figure 3.6 shows the orbital magnetic moment values for all the rare earth elements estimated
by the XMCD orbital sum rule analysis (in blue color -circle +solid line) and all the values are
listed in (Table 3.6 at the end of the section 3.5). The sum rule analysis results of the orbital
magnetic moment is compared with the orbital magnetic moments values of the Hund’s rule (in
magenta color -circle +solid line), Quanty expectation values of orbital angular momentum
(mentioned in section 3.4.4) (in red color -circle + solid line), results reported by Vanderlaan
(in olive color -circle +solid line) [48] and expectation values of spin and orbital angular
momentum generated by atomic multiplet theory simulations results by Takeo et al (in black
color -circle +solid line) [61].

In the simulations, the magnetic field along z-direction (B.) is applied to generate the XMCD
effect. In order to compare the results with Takeo’s results [61] the sign for the orbital moment
has been changed accordingly in the graph to compare the results. The orbital moment (L;) sum
rule analysis results are in good agreements with the Takeo’s results, Vanderlaan results and
the real expectation values generated by Quanty. It confirms the applicability of the XMCD
orbital sum rule for the rare earth elements. The sum rule analysis results are following the trend
of the Hund’s rule results. For n <5 less than half field shells orbital contribution is larger than

the spin contribution so the antiparallel coupling of their moment results in positive value for



55

the orbital moment, therefore, neodymium (n=3) exhibit highest orbital moment and shows
maxima value in the curve. For n=7 half field shells (gadolinium), the orbital moment is zero
and the curve shows the minima. For n > 7 more than half field shells due to the parallel
coupling orbital and spin both have the same sign, positive or negative depends on the direction
of the magnetic field. For completely field shell n=14, the orbital moment again turns into zero.
The heavy rare earth elements results are in good agreement with the real expectation values
and the sum rule analysis due to the parallel coupling of the L and S and is defined by the single
Slater determinant. In case of light rare earth element, the average over all the possible states

will end up into the smaller orbital moment due to the antiparallel coupling of the L and S [48].

—@ Takeo's paper <L:>
—@—Hund'srule L

@ Quanty <L>

—@— Vanderlaan <L.>
—@— sum rule on spectra <L.>

10 12

4 6 8
Number of electrons

Figure 3.6 orbital magnetic moment values for all the rare earth elements estimated by the XMCD orbital sum rule
analysis shown in blue color (circle+ solid line). The sum rule analysis results of the orbital magnetic moment is
compared with the expectation values of spin and orbital angular momentum generated by atomic multiplet theory
simulations results by Takeo et al (black color-circle+ solid line)I[61], orbital magnetic moments values of the
Hund’s rule (magenta color -circle+ solid line), Quanty expectation values of orbital angular momentum (red color-

circle+ solid line) (refer section 3.4.4), results reported by Vanderlaan (green color-circle+ solid line) [48].



56

3.5.2. Effective spin magnetic moment (Sz+3*T:)

Substituting the coefficients (b, ¢, and d) values from the Table 3.4 in equation 3.2, we can give
the corresponding sum rule expression for the spin moment (equation 3.4). As consequence of

3d —4f transition, the spin magnetic moment sum rule is as follows.

{Iu*(E)—u‘(E)-dE—b- Iu*(E)—u‘(E)-dE}
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M,+M;g

[ E-wE-d->- IW(E)—M‘(E)-dE}

-(SZ>+2-<TZ>=—nh-[

w|N

[l ®+w @+ E)E

M,+Mg

[ Mjsw(E)—u-(EydE—j J4”+(E)_”_(E)'dE]
[l E+w @+ E)E

M,;+Mg

3 3
<Sz>+ 2'E'<TZ>=—E'nh .

3,
2
| (WE+wE+E)E

M, +Mg

{j W' ()~ W (E)-dE~

Ms

] u*(E)—u(E)~dE]

(S,) :—g-nh~ ST L% I equation(3.4)

The left part <Sz> +3 <Tz> is called the effective XMCD spin (Sett) and the <Sz>pure.is the pure
spin contribution after subtraction of the magnetic dipole term Tz. Figure 3.7 (a) shows the spin
magnetic moment values for all the rare earth elements estimated by the XMCD spin sum rule
analysis (in blue color -circle +solid line). The sum rule analysis results of the spin magnetic
moment are compared with the Quanty real expectation values of spin angular momentum <S;>
(refer section 3.4.4). The sum rule estimation does not fit very well with the real expectation
values and light rare earth deviated much stronger than the heavy rare earth elements. This
deviation clearly shows that the accuracy of the spin sum rule is not good especially in case of
light rare earth elements. In order to estimate the spin magnetic moment, corrections need to be

done.

In 1996, Teramura and Takeo Jo et al have explained the origin of the deviation from the spin
sum rule by the similar multiplet calculations [60, 61]. Due to the 4f-3d interaction, the 3d XAS
and XMCD spectra Ms(Ma) region do not correspond to the pure 3ds; (3dsr) constituents.
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Unless the spin-orbit coupling constant (¢ is infinite. In this case, the spin sum rule will
completely satisfy. The results for the extent of mixing provided by the Takeo Jo et al are
presented in Figure 3.7 (b). The Figure 3.7 (b) is reproduced from the values presented in the
Takeo Jo paper [61]. Where they have provided the relative extent of mixing of the 3ds,> and
3day. states in both XAS and XMCD spectra. The magnitude of the mixing for the XAS spectra
is18% for cerium (n=1) and decrease as the number of electrons increases. It reaches the 5%
for the samarium (n=5). For the gadolinium is almost negligible at the order of 0.1%. For most
of the heavy rare earth elements also it is in the order of 0.1%. It is almost negligible compared

to the light rare earth elements.
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Figure 3.7 (a) spin magnetic moment values for all the rare earth elements estimated by the XMCD spin sum rule
analysis shown in blue color (circle + solid line). The sum rule analysis results of the spin magnetic moment are
compared with the quanty generated real expectation values of spin (red color-circle + solid line) (b) extent of
mixing in 3ds, -3ds;, components for all the rare earth elements are presented. Mixing in XAS and XMCD spectra
are presented in blue and red scatters respectively. The extent of mixing for XAS and XMCD have been estimated
by making spin-orbit coupling constant (g4 is infinite in reference [61]. As our results are analogous to the Takeo
Jo et al results, the graph is reproduced from the values presented in the reference [61].

As the 3d spin-orbit coupling becomes larger the mixing is also reduced this is the reason that
for heavy rare earth the mixing is very small. In XMCD spectra the mixing is highest in case of
neodymium (7%) [60]. The difference in the extent of mixing in XAS and XMCD spectra and
it cannot be alone explained by the 4f-3d interaction and spin-orbit splitting. The large extent
of mixing in case of neodymium in XMCD is explained by the spin-flip process, as in the heavy
rare earth more than half f shell is already filled, therefore spin-flip process is forbidden. It is

large in case of less than half filled orbitals [60, 61]. Our simulation results are analogous to
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Takeo et al results [60], the mixing contribution is also expected to be the same with the error

bar of £0.1 and therefore we did not perform these calculations to check the extent of mixing.

It is confirmed on the application of the spin sum rule on XAS and XMCD spectra that the spin
magnetic moment will have strong deviation due to 3ds, -3ds2 mixing and spin-flip process,
especially in the case of light rare earth elements. In order to solve this mixing problem in
spectra we need to find out the deviation in the spin sum rule (where the integrated intensity of
the XAS and XMCD spectra used) compared to the effective spin <Sz> +3 <Tz> and the real
expectation values (Sz and Tz) quantitatively. This discussion will be done in the further

section.
3.5.3. Estimation of the deviation in XMCD spin sum rule

As far from the above discussion we need to find out the deviation in the spin sum rule (where
the integrated intensity of the XAS and XMCD spectra used) compared to the real expectation
values (Sz and Tz) quantitatively. The atomic multiplet theory simulations not only provide the
XAS and XMCD spectra but also provides the real expectation values for the <S;> < L,>and
<T;>along the z component in the presence of B, magnetic field (refer Table 3.3). The relation

between integrated XAS and XMCD intensity with the expectation values is as follows

IXMCD—%-IXMCD
Mg M,

2 2 .
: — (T, ) = e .
3, <Sz>+nh <z> I XAS equation (3.5)

M, +Ms

Where nj is the number of holes for the rare earth elements in the 4f shell and Tz denotes the
expectation value of the magnetic dipole operator (or quadrupole spin distribution). Then the
<Sz> sum rule can be expressed in form of X, and Xg, Where X; = Xg. The relative integrated
XAS and XMCD intensity is defined as X, and the expectation value part is defined by Xe.

IXMCD—E- j XMCD
Ms 2 M,

X, =— J. SAg equation (3.6)
M, +Mg
X; = 2 -<Sz>+£-<TZ> .......................... equation (3.7)
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X, =X and X0 =1
X
By defining these equations, the right part (equation 3.6) and the left (equation 3.7) of the spin

sum rule equation should be equal to unity (In the case, if both sides are same) [60]. In the spin

sum rule formula; the deviation from X,/Xe =1 represents the extent of non-applicability of the

sum rule.
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Figure 3.8 (a) calculated the ratio of the left-hand side of the XMCD spin sum rule formula (X;) to the right-hand
side (Xg) from Ce3*to Yb3* to check the applicability of the spin sum rule. The X/Xg results estimated from
Quanty (red color-circle +solid line) are compared with the Takeo’s reported results (Black color-circle +solid
line) [60, 61]. (b) Estimation of the spin magnetic moment after using the correction factor (green color-circle
+solid line). The results are compared with the quanty generated real expectation values of spin (red color-circle

+ solid line).

Figure 3.8 (a) and Table 3.5 shows the results of the ratio of X; to Xg for all the rare earth
elements. The X,/Xg results are in agreement with the Takeo’s reported results [60, 61]. From
Figure 3.8 (a) it can be concluded that the deviation from the spin sum rule is 60 % in the case
of cerium and increases with the increasing number of 4f electrons in light rare earth elements.
For the elements which have more than half filled shells deviation are less than 10 %. The
deviation is sharply changing in between Sm*" and Gd®*. As the spin-orbit coupling between
the M4 and Ms edges increase for the heavy rare earth elements, then the 3ds -3ds» mixing
becomes smaller and the sum rule analysis results are in nice agreement with the simple
estimates. The multiplet theory simulation results clearly show that the deviation in the spin
sum rule for light rare earth elements and X, /Xg ratio also provides the correction factors for
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eliminating the 3ds;> -3ds2 mixing problem. We have used this correction factor in spin sum

rule in order to eliminate the mixing and the results after correction are presented in Figure 3.8
(b).

Table 3.5 Calculated ratio of the left-hand side of the XMCD spin sum rule formula (X,) to the right-hand side
(Xe) from Ce3*to Yb®* in order to check the applicability of the spin sum rule. The ratio X;/Xg shows the deviation

from the sum rule, so the number can be used as a correction factor for the spin sum rule.

Elements Number of Xi Xe Ratio (X /Xg) (Correction

holes (nn) factor)

Ce* 13 -0.165 -0.106 1.558
Pr3* 12 -0.270 -0.154 1.745
Nd3* 11 -0.286 -0.141 2.019
Pm3* 10 -0.249 -0.099 2.497
Sm3 9 -0.149 -0.047 3.137
Eus* 8 -0.022 -0.014 1.516
Gd* 7 -0.303 -0.327 0.927
Th** 6 -0.214 -0.246 0.871
Dy®* 5 -0.250 -0.271 0.923
Ho%* 4 -0.381 -0.387 0.985
Er® 3 -0.524 -0.534 0.981
Tm3* 2 -0.756 0.738 1.025
Yb? 1 -0.971 -0.999 0.971

After correcting the spin magnetic moment using the correction factor the deviation is less
compared to previously reported results (refer section 3.5.2 Sefr) but still the real expectation
values and sum rule analysis results are different. The spin sum rule does not have contribution
alone from the 3ds/2 -3ds;2 mixing, it is also influenced by the magnetic dipole term (Tz) (refer
equation 3.2 and 3.4) which can be defined as the quadrupole spin distribution. As rare earth
elements exhibit strong spin-orbit coupling, the contribution of the Tz term cannot be neglected
[70]. The influence of the magnetic dipole term will be discussed in the upcoming section with

the purpose to estimate the pure spin contribution from spin sum rule.
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3.5.4. Estimation of spin magnetic moment by elimination of magnetic dipole term

Q) Magnetic dipole term

The magnetic dipole term (Tz) is not discussed previously in magnetism until the XMCD sum
spin rules have been introduced [24, 35]. It can be described as a quadrupolar spin distribution
result of the non-cubic symmetry of the surrounding charge density. A schematic diagram is
presented in Figure 3.9 explaining the contribution of Tz term in terms of influence of
environment in solid. Figure 3.9 shows an absorber atom (light gray center) in non-cubic
symmetry environment exhibit a fourfold symmetry. If this environment is now uni-axially
pressed from the top by internal or external force (indicated by the vertical arrows on the left
side), the charge distributions will be changed (refer Figure 3.9 right). The atoms on the left
and right side along the horizontal axis will diverge from the central atom. Thus, the charge
density on the upper and lower side of the central atom is higher, and reduced at the left and
right side. The total charge distribution at the central atom is predominantly regarded as by a
radially dependent monopolar charge distribution without symmetry breaking and with the
symmetry breaking additional contribution will appear [70] .

Each electron provides spin and on the application of magnetic field spin will aligned itself
along the direction of the external magnetic field in the fully attainable saturation condition. In
principle, the magnetic dipole term can be described in terms of quadrupolar spin distribution.
The change in quadrupolar charge distribution is clear reflection of change in the magnetic
dipole moment (Tz). The magnetic dipole operator mathematically can be defined as T=S-
3r(r-S). The z component of T is defined as Tz=Sz—3z(x*Sx+y*Sy+z*Sz)/r?[70]. If the sample
IS in saturation and measured at high magnetic field aligned along the direction of the beam,
provides an isotropic spin related XMCD spectra. Along the x-y direction measurement the
projection of the Tz component is the half of the value measure along the z direction and will
carry the opposite sign (corresponding to the charge distribution). The different orientation
along all the directions provides the fully cancelled magnetic dipole moment along the z-
direction in a case where a uniaxial force will introduce a magnetic dipole term. On the other
hand, it can be possible that this type of uniaxial symmetry breaking can be applied by the spin
itself under the influence of the external field, in this case the spin —orbit coupling plays major
role and alter the charge distribution and will introduce the nonzero magnetic dipole term. The
elements where the spin orbit coupling is strong i.e. rare earth elements in that case on changing

the direction of the magnetic field will rotate the Tz along with it. The effective spin moment



62

(Sefr) always includes the spin orbit induced dipole term contribution (refer equation 3.2 and
3.4). This is the case in our rare earth systems, therefore the contribution of the magnetic dipole
term (Tz) needs to be eliminated. There are some simulation results published by the Teramura
and Takeo et al [60]. They have performed estimation of the Tz values for full lanthanide (La*
to Yb3*) series using atomic multiplet theory simulations but no application of spin sum rules

have been verified for the experimental and theoretical spectra.
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Figure 3.9 schematic diagram of the spin and the charge distribution providing nonzero magnetic dipole term

contribution (Tz) in spin sum rule. The figure is reproduced from the reference [70].

(i) Magnetic dipole moment for rare earth elements

As we have explained the importance of the magnetic dipole term in case of rare earth elements,
now we need to estimate the quadrupole charge distribution for the rare earth elements and the
influence of the charge distribution on the magnetic dipole term will be examined. The total

negative charge distribution of the 4f shell can be defined as [71]:

sznm(r) av

However, this distribution is isotropic and does not influence the magnetic anisotropy. To
introduce the anisotropy we defined the angle between the 4f symmetry axis and the 4f charge
so that the nas(r) = ns (r,6). The quadrupole moment is given by following equation [71].

Q, = [Ny (r)(3c0820-1) 12 -AV..ooooccoccvrrrrrccssecrrrsrccnn equation (3.8)

This quadrupole moment is responsible for the crystal field interactions [71]. The sign of the Q
decides the shape of the electronic charge distribution. If the value of Q is greater than zero

then the shape will be prolate, Q is less than zero then the shape will be oblate or Q=0 it means
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it is spherically symmetric [71]. The quadrupole moments are the specific properties of the

Hund’s rule rare earth ions due to the asymmetric charge distribution.

Gd*

4f7
Th* Dy Ho' Er Tm™ Yb* Lu**
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Figure 3.10 charge distribution of the trivalent rare earth ion. Ce®, Pr¥*, Nd**, Tb%", Dy®", and Ho®" are oblate ions
(axially pressed); Pm3*, Sm®, Er¥*, Tm3*, and Yb®" are prolate ions (axially elongated); Eu®*, Gd®*, and Lu3* are

isotropic ion (spherical).The figure is reproduced from reference [72].

From the quadrupole charge distribution definition signifies that Ce®*, Pr¥*, Nd**, Dy**, Ho®*
are oblate ions, while Pm3*, Sm®", Er¥*, Tm**, Yb®* are prolate ions. Gd** and Lu®* are isotropic
ions since the orbital moment is zero (refer Figure 3.10). The change in the magnetic dipole
term in our simulations can be completely explained by the quadrupole moment Q> (equation
8). We have performed the atomic multiplet theory simulation using Quanty, which provides

the expectation values for the magnetic dipole term (refer Table 3.3).

Figure 3.11 (a) shows the magnetic dipole term estimated by Quanty and the results are
compared with the Teramura and Takeo et al results [60] and VVanderlaan results [48]. Our
results are in good agreement with the results reported by the Takeo et al. The results explained
by Vanderlaan et al [48] are pure Hund’s rule values. Therefore the values are larger than the

atomic multiplet theory simulation results.

The magnetic dipole moment values estimated by the simulations (refer Table 3.3) are used late
on in the spin sum rule in order to eliminate the contribution of the magnetic dipole term. The
Sz estimation (refer Figure 3.11 (b). orange color -solid line + circle) from the spin sum rule
analysis is in good agreement now with the real expectation values (refer Figure 3.11 (b) red
color -solid line+circle) provided by quanty. Figure 3.12 shows the curves overlapped with the
possible corrections as mentioned above and all the values are presented in Table 3.6 (at the

end of the section 3.5). These results show that by incorporating all the possible correction one
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can estimate the spin magnetic moment using the spin sum rule on theoretical and experimental

spectra.
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Figure 3.11 (a) estimation of the expectation values magnetic dipole term via Quanty software (circle + solid line-
red color) and the results are compared with the Takeo’s paper results (circle + solid line- black color)[60] (The
light rare earth elements have different sign in Takeo’s paper due to different sign convention for L and S than our
results. In order to compare with our results sign has been changed) and from Vander laan paper (circle + solid
line- olive color) [48]. All the values plotted here are presented in Table 3.6. (b) Spin magnetic moment corrected

from the necessary correction and shown in order as presented in previous sections 3.5.2. 3.5.3 and 3.5.4.
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Figure 3.12 spin magnetic moment values estimated from the spin sum rule is compared with the previously

reported (Takeo et al [60] and VVanderlaan [48]) results and the expectation values estimated from Quanty.
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Table 3.6 atomic multiplet theory simulations provide the XAS and XMCD spectra and the expectation values of
the spin (Sz), orbital (Lz) and the magnetic dipole term (Tz). The XMCD orbital and spin sum rules have been
applied to full rare earth series spectra and the results are presented in the table. Column (3) shows the orbital
angular momentum (Lz). Column (4) Sz+3Tz effective spin (Serr). Column (5) the Set has been corrected from the
correction factor (X,/Xg) to eliminate the mixing problem. Column (6) spin moment values are estimated by

eliminating the magnetic dipole term (Tz).

Elements  Number Sum rule Sum rule analysis Sz= Sz=S-

of holes analysis Sei=<S;>+3-<T,>  Serr/Correction 3Tz

(nn) <L,> factor

Ce® 13 2.878 -3.226 -2.069 -0.361
Prét 12 4.785 -4.862 -2.785 -0.776
Nd3* 11 5.709 -4.761 -2.339 -1.211
Pm?3* 10 5.639 -3.745 -1.499 -1.595
Sm3* 9 4.261 -2.023 -0.644 -1.805
Eud 8 0.645 -0.264 -0.174 -0.652
Gd® 7 -0.073 -3.188 -3.435 -3.465
Th3* 6 -3.098 -1.928 -2.214 -2.943
Dys* 5 -5.105 -1.877 -2.032 -2.417
Ho®* 4 -6.118 -2.291 -2.325 -1.916
Er®* 3 -6.052 -2.359 -2.405 -1.467
Tm3* 2 -4.963 -2.269 -2.213 -0.990

Yh3* 1 -2.999 -1.456 -1.499 -0.5

Figure 3.12 shows the spin magnetic moment results in the following order-

Takeo et al [60] results (refer Figure 3.12 black color -solid line+circle)
Hund’s rule (refer Figure 3.12 magenta color -solid line+circle)

Quanty real expectation values (refer Figure 3.12 red color -solid line+circle)
Vanderlaan [48] results (refer Figure 3.12 cyan color -solid line+circle)

The effective spin values (refer Figure 3.12 blue color -solid line+circle)

o gk~ w N oE

The spin (S;) after correcting the mixing problem via using correction factor (refer
Figure 3.12 green color -solid line+circle).
7. Spin S; estimation (refer Figure 3.12. orange color -solid line+circle) after eliminating

the magnetic dipole term contribution.
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The complete sum rule analysis results (orbital Lz and spin Sz angular momentum) of the
simulated spectra of the full rare earth series ground state configurations are presented in table
3.6. The sum rule analysis results are also presented in Bohr magneton/atom (in red).

Table 3.7 shows the orbital moment, spin moment, their sum and ratio for all rare earth elements. Spin moment

corrected to all necessary corrections. The values in red show the magnetic moment in Bohr magneton /atom.

Elements Number L, S; L,+S; (ML +ms L./S; (mc/ms)
of holes (ms=pg/atom -ug/atom)
(n h) )

Ce® 13 2.88 -0.36(-0.72) 2.48(2.16) -7.88(-4)
Pr3 12 4.79 -0.78(-1.56) 4.01(3.23) -6.17(-3.07)
Nd* 11 571 -1.21(-2.42) 4.49(3.29) -4.72(-2.36)
Pm?3 10 5.64 -1.59(-3.18) 4.04(2.46) -3.54(-1.77)
Sm3* 9 4.26 -1.81(-3.62) 2.46(0.64) -2.36(-1.18)
Eud 8 0.65 -0.65 (-1.3) -0.01(-0.65) -0.99(-0.5)
Gd® 7 -0.07 -3.47(-6.94) -3.54(-7.01) 0.02(0.01)
Th3* 6 -3.10 -2.94(-5.88) -6.04(-8.98) 1.05(0.53)
Dy3* 5 -5.11 -2.42(-4.84) -7.52(-9.95) 2.11(1.06)
Ho®* 4 -6.12 -1.92(-3.84) -8.03(-9.96) 3.19(1.59)
Er®* 3 -6.05 -1.47(-2.94) -7.52(-8.99) 4.13(2.06)
Tm3* 2 -4.96 -0.99(-1.98) -5.95(-6.94) 5.01(2.51)
Yh3* 1 -2.99 -0.5(-1) -3.49(-3.99) 5.99(2.99)

3.6. Analysis procedure of the experimental spectra

The process of XMCD data analysis and the application of the XMCD sum rules for the rare
earth My s edge is presented in this section. To obtain the spin-averaged XAS and the XMCD,
the absorption is measured as a function of the photon energy for parallel and antiparallel
orientation of the photon spin (polarization) in total electron yield mode. The analysis of the
spectra is shown here using the absorption at the neodymium Mass edges of the rare earth-based
ferromagnet FeNd14B textured thin film as an example. The analysis of the XMCD spectra can

be done using spin sum rule. The underlying principles are explained as follows.
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1. The measured raw absorption spectra are normalized to the incoming photon flux. The
remaining linear background is fitted by a linear function in the pre-edge region and this linear
function is removed by subtraction (Figure 3.13 (a) and (b)).
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Normalized XAS (A.U.)
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E(eV)
Figure 3.13 (a) the linear fitting (blue dots) at pre-edge region of the Nd M4s XAS spectra. (b) The Nd M5 XAS

pre-edge normalized spectra

2. Thus, one obtains a pair of absorption spectra x"(E) and x (E) for parallel and
antiparallel orientation of photon spin and sample magnetization, respectively. The isotropic

XAS, often also called the “white line”, is then given by
N _ I _ .
U (E)=p (E)+u (E)+pn°(E) or u (E) =§(p (BE)+p (E)) .............. equation (3.9)
Relation for the XMCD according to the definition presented above

AU EBE)=U E)-W(E)rorrrrienrrrinrrrrnns equation (3.10)

3. The spectra contain contributions of the dipole transitions 3d—4f (resonance-like

peaks), 2p—s and to the continuum (step-like increase).

4, The continuum is approximated by a two-step function (Figure 3.14 (a) black dash-dot
curve) [24].

5. Finally, the spectra are normalized to unity, to obtain the absorption and the magnetic
information on a per-atom basis. When measured at grazing incidence or by Fluorescence Yield

(FY) the spectra are corrected for saturation effects [73, 74]
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Figure 3.14 post edge normalized XAS spectra (a) and XMCD spectra (b) the contribution of the continuum-step
function (black color- short dot-dashed line) of the respective XAS spectra. (a) Illustration of the application of
the sum rules. The XAS and XMCD spectra of Nd M4 s edge (Fe1aNd2B textured thin film specimen) is shown as
an example. (c) Normalized isotropic XAS (solid line-red color) together with the integration (short dot-dashed
line-blue color) and (d) XMCD (solid line blue) and integrals needed for the sum rule analysis (dashed lines). The

integration ranges are marked at the top of the graph.

6. For the application of the sum rules to determine spin and orbital moments, the
normalized XAS and XMCD spectra have to be integrated into the range of the considered
edges (figure 3.14 (c) and (d)). Therefore, the continuum contribution has to be subtracted from

the isotropic spectrum.

7. For experimental spectra at M4 s edges, the XMCD orbital (equation 3.3) and spin sum
rules (equation 3.4) are presented here. Defining a number of holes nnh=14-n4¢ and the integrated
areas of the XAS and XMCD are defined as follows:

INEXAS = j (%( ) Mg j dE and IntM, = j AWE)dE wherei=4,5........... equation (3.11)
M; M;

8. The example for pre edge normalization of XAS spectra is shown in Figure 3.13 (a).
The upper panel shows the XAS (Figure 3.14 (a) solid red color line), the step-function (Figure
3.14 (a) dot dashed black color line) and the integral over the XAS (after step function
subtraction Figure 3.14 (c)). The lower panel shows the XMCD (Figure 3 14 (b) solid blue color
line) and the two integrals of it as they enter into the sum rules of equations 3.3 and 3.4 (Figure
3.14 (c) and (d) dot-dashed lines in red and blue). Note that the respective scale for the integrals

is given on the right-hand side.
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9. If the initial state level is not spin-orbit split, for example at K edges, the XMCD wiill
yield only information about the orbital moment. In the orbital sum rule, the integrals are taken
only over the single edge j with the areas IntXAS of the XAS and IntM; of XMCD at the
respective edges named. By substituting the values of integrated XAS and XMCD spectra in
the equation for a spin (equations 3.4) and orbital (equations 3.3) sum rule the one can obtain

the projection of the orbital (Lz) and effective spin Sest (Sz+3TZ) along the z-direction.

10. At 300 Kelvin, neodymium provides the projected spin moment of Se =-2.25+0.2 and
orbital magnetic moment of Lz (m.) = 2.47+0.02. The orbital to spin moment ratio (Lz/Sz) is -
1.09+0.2 and their sum (Lz+Sz) is 0.22+0.01.

11. During the XMCD simulations above (section 3.6), it was suggested that the spin sum
rule of equation 3.4 is invalid for rare earth Ms,s XMCD spectra and cannot be used to deduce
the spin contribution to the 4f moment, while the orbital sum rule of Eq. equation 3.3 is still
applicable. The reason for the non-applicability of the spin sum rule is explained in detail
(section 3.5). For neodymium, the correction factor is 2.019 (X,/Xg ratio- section 3.6.3) and
after correction, the effective spin moment Ses is Sz+3Tz =-1.114+0.2.

Seft (Sz+3Tz) =-2.25£0.2, correction factor =2.02 (Table 3.6 and 3.7), Sz =-2.25/2.02=-
1.114+0.2.

12.  On the other hand, in the case of the magnetism of 4f electrons which possess more or
less a localized nature, the magnitude of magnetic dipole term <Tz>, which cannot be
experimentally determined, is expected to be comparable to that of <Sz>. One drawback here
is that <Tz> can be only estimated via theory. The Quanty simulations results provide the
expectation value for the <Tz> also, but this is applicable when magnetic moment is in
saturation condition. Therefore, eliminating the <Tz> is a problematic part form the

experimental data.

13.  One can eliminate <Tz> (For Nd**=-0.376) without knowing its real value by just
knowing the reduction between the experimental effective spin magnetic moment value (from
experiment Serr=-2.25+0.2) and the effective spin moment from the simulated spectra (from
theory Se=-4.761 refer Table 3.6).

Reduction=-4.761/-2.25 =2.10,

Sz= (Sz+3Tz)exp —((3*Tz)/reduction) = -1.114+0.2-(3*(-0.376))/2.10 = -0.58
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The spin magnetic moment came out to be Sz =-0.58+0.2.
14.  The magnetization M of the sample is obtained from the spin magnetic moment ms (in
Bohr magneton), the orbital magnetic moment m. (in Bohr magneton), and the atom density n.

M=n(mg+m )==n(2:(S;)+ (L, ) gorrrrrrrrrrrrrreeiiiiia equation(3.12)

15.  From equation 7.4 one can estimate the orbital and spin magnetic moment in Bohr
magneton/atom. The results are as follows: my = 2.47+0.02, ms = -1.15+0.02, m.+ms =
1.32+0.02 and m./ms = -2.14+0.02.

16.  One can notice from the Tz dependencies of the estimated magnetic moments that the
assumption of Tz= 0 brings about a serious overestimation or underestimation of ms (depends
on the sign of Tz), resulting in the resulting reduced total magnetic moment (m_+ms) and the
ratio (m./ms). After incorporating the necessary corrections one can obtain the orbital to spin

ratio comparable to the Hund’s rule (section 3.2-Table 3.1).
3.7. Discussion

The atomic multiplet theory simulations have been performed for full lanthanide series using
Quanty software by the parameters provided in the previously reported results [37]. The sum
rule analysis of the simulated spectra shows the deviation in the spin sum rule for rare earth
elements. The meticulous study on the deviation from the spin sum rule (Sz) in case of trivalent
rare earth elements (from cerium to ytterbium) at M4 s edges is performed in order to make the
spin sum rule useful for the application. To estimate the deviation left (X)) and right (Xg) part
of the spin sum rule is compared to unity. The deviation from the unity exhibit the deviation in
the spin sum rule. It has been observed that for less than half filled shell the deviation is larger
and increases from 60% (cerium) to the 230% (samarium), while for the half-filled f shell
(gadolinium) and more than half-filled f shells (dysprosium, terbium, and holmium) it is less
than 10%. These results show that the corrections must be made in order to apply the spin sum
rule especially for the light rare earth elements (less than half filled f shells). The reason for the
deviation can be explained by the 3d-4f exchange interaction, the electronic charge distribution
of the electrons in ground state configuration. This mixing phenomenon is strongly influenced
by the electron distribution among the orbitals in f shell. It has been also observed that the spin
sum rule has also a strong influence from the magnetic dipole term Tz (quadrupole spin
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distribution), therefore in order to estimate the pure spin contribution of the term Tz also need
to eliminate. Briefly, our investigation explains that the spin sum rule can be applied for the
Mg s edges if all the necessary correction have been incorporated systematically.
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4.  X-ray absorption (XAS) and x-ray magnetic circular dichroism
(XMCD) investigation of CeFe11 Ti magnets

4.1. Introduction

Many interesting physical properties of cerium compounds derived from the localized 4f shell
with an electron occupancy close to unity are discussed in this chapter. Ce Mas XAS and
XMCD provide direct and local access to the 4f states and its electronic and magnetic properties.
As mentioned in chapter 3 in section 3.3 the earliest reports of rare earth Mas x-ray absorption
spectra were dated back to 1931 [46]. The investigation of first Ce Mas spectra with
monochromatized bremsstrahlung was reported in 1970 [75]. Following the progress, in 1983,
Gunnarsson and Schonhammer (GS) proposed the GS theory [25, 26]. It allowed addressing
the signatures of the f-level occupation in the spectra and clarified the issue of the Ce valence
In the framework of the GS theory, contributions from different 4f occupancies are expected in
the Ce Mags spectra of mixed-valent Ce compounds. Assuming that the 4f-4f Coulomb
interaction reduces configurations with more than two 4f electrons in the ground state,
contributions from the 3d'%4f°—3d%f!, 3d*%4f'—3d%f? and 3d°4f2—-3d%f transitions can
appear in the spectrum[18]. Fuggle et al demonstrated the application of GS theory to Ce Mas
XAS. He successfully identified and quantified the contributions from the f°—f! and f'—f
transitions to the spectrum [76]. Shortly after their publication, the interpretation of Fuggle et
al. was reassured in similar studies by Kaindl et al [77] and is accepted for the Ce Mas spectra
investigation addressing the issue of valence for different Cerium compounds [18, 37, 78-81].
As a progress in the computational investigation, Thole et al. introduced the well-established
concepts of atomic physics to their computer code on the basis of a program written by Cowan
to calculate atomic spectra [54]. Since the initial publication, Thole-code has extensively used
to interpret experimental data and for further calculations [55]. The Ce M4, 5 spectra of materials
that can be described in the atomic limit of a single localized 4f electron are well represented
by full multiplet calculations considering only the Hund’s rule ground state.[18] In 2008,
Hansmann et al. showed that a combination of temperature-dependent x-ray natural linear
dichroism (XNLD) measurements and full multiplet calculations under consideration of the
crystal field allows quantitative clarification of the ground state and the crystal field scheme of
Cerium compounds [82]. This had been a long-standing issue, especially in cases where the
crystal field mixes the states in the J = 5/2 multiplet.

In the original model calculations by Gunnarsson and Schénhammer, only the relative weights
of the f°— f! and f'— 2 contributions to Ce M4, 5 XAS were analyzed [25, 26]. It can be
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calculated in full multiplet theory and can be used to study crystal field effects for systems with
small hybridization [83] (refer thesis by Christian Michael Praetorius [18] see section 6.1.1).
The systematic studies of experimental spectra for different degrees of hybridization that are
known were performed by Kaindl [52, 77], Van der Laan [79], Schillé [80] and Finazzi et al
[81].

In these investigations, Van der Laan [8] for the first time attempt to explain hybridization
induced line shape changes. They argued that local character of the atomic 4f level to band-like
character with a finite width. This shows, if the bandwidth approaches the 3d shell spin-orbit
splitting, J is not a good quantum number anymore and the J = 5/2 and J = 7/2 states are
mixed[18]. In summary, Van der Laan et al[79] underline the importance of an interference
term, which causes the mixed spectra to differ from simple weighted sums of the pure J = 5/2
and J = 7/2 spectra. Such calculations were first published in 1988 by Jo and Kotani[84]. Schillé
et al [80]. They published XAS and XMCD spectra of three different Cerium compounds with
varying degree of hybridization: CeCuSi, CeRh3B. and CeFe2[80]. The data are of higher
quality than in the previous works and confirm the observed line shape changes. Apparently,
these authors tried to simulate their spectra with full multiplet calculations referring to the study
of Van der Laan et al[79].

Okane et al [63] simulate their data by simple weighted sums of pure J =5/2 and J = 7/2 spectra
without an interference term. They simply generated pure J =5/2 and J = 7/2 spectra and mixed
and tried different ratios. Furthermore, they did not consider that the presence of a crystal field
influences the Ce M4 s spectral shape (see section 6.1.2). Finazzi et al [81] have explained the
Cerium line shape variation and reduction in the magnetic moment by charge transfer effects.
However, experimental studies that quantitatively include the crystal field in the analysis of Ce
Ms4s XMCD are not known.

In this direction, the present thesis addresses the issue of J = 7/2 admixture to the ground state,
effects of crystal field in the shape of XMCD spectra and the charge transfer effects are also
discussed for Ce Ma,s XAS in section 4.6 (b).

In the following chapter, a review of the current state of research is given as well as a summary
of the procedures that were developed in the present work to evaluate and simulate Ce Mas
XAS and XMCD spectra. These considerations provide a thoughtful background to produce
theoretical and experimental results. Such results are presented and discussed in this chapter.
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4.2. Studies on Ce-Fe compounds

Alloys and intermetallic compounds obtained by combining rare-earth (RE) metals with 3d
metals have attracted tremendous interest due to their application in electronics. Their
application became possible as a result of their hard magnetic properties [2]. In general, the
sub-lattice is responsible for high values of magnetization and magnetic ordering temperature,
while the 4f sub-lattice provides the magnetic anisotropy. The discovery of Nd-Fe-B type of
compounds initiated a search for other novel materials and in this direction, the magnetic
properties of iron-rich rare-earth intermetallic compounds with uniaxial crystal structures have

been extensively studied[85].

In this respect, the ternary alloys of composition REFe11M (RE=rare earth, M =titanium ,
molybdenum) are of the great interest in research because they exhibit strong uniaxial
anisotropy with reasonably high Curie temperature (T.=487K) and magnetic moment is 15
Bohr magneton/formula unit (~1 Tesla), which can be suitable for application as permanent
magnet [86]. Hence, the magnetic properties of the pseudo-binary compounds with formula
REFeM (M=Ti, Cr, V, Al) mostly fulfilled requirements for the technological applications [86,
87].

The controlled annealing of alloys crystallizes them in tetragonal phase with ThMni, type
structure with the rare earth (RE) elements such as cerium(Ce), yttrium(Y), praseodymium (Pr)
and neodymium[88]. The crystal structure obtained from the neutron diffraction experiment is
shown in Figure 4.1. The titanium (Ti) sites are exclusively located in the 8i site of the structure
while the 8j and 8f positions are taken by the iron (Fe) and the 2a position by cerium. The
position of cerium, iron, and titanium is shown in Figure 4.1. [86].These materials are known
for their nitriding and hydriding properties, which can increase curie temperature (T¢) up to
700K, saturation magnetization (Ms=22 Bohr magneton/formula unit) and influence the
magnetic anisotropy[89]. The hard magnetic properties of Nd-Fei2.xMox melt spun ribbons are
also studied. It is found that the nitriding improves the coercivity by 0.4kOe, while by changing
the quenching rates (vs=10, 12.5, 15, 17.5,30 m/s) and 6kOe increase in coercivity (Hc)
observed[90]. Cerium is the abundant available and it is cheapest among all the other rare earth
elements i.e. neodymium, praseodymium and dysprosium elements. This makes its use

economically viable in magnetic materials.

The investigation on melt-spun ribbons of the composition CeFe105Mo015 exhibits coercivity
of (H¢)= 0.6KOe with maximum energy product (BH)max=0.121 MGOe [91]. However, cerium

exhibits transitional valency and has a tendency to give up the 4f electron resulting in Ce**
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valency[92]. This itinerant nature of cerium lowers the Curie temperature (T¢) and saturation
magnetization (Ms), therefore the partial substitution of cobalt (Co) is an effective way to deal
with this problem[93].As cobalt has a smaller ionic diameter than Fe, the substitution of cobalt
results in lattice contraction. Recently Fe11xCoxTiCe compound has been studied and observed
the anisotropy constant of K1=2.25 MJ/m? and a saturation polarization of Js=1.27 Tesla were
observed at 473 Kelvin (200°C)[94]. The Fe11xTiCe alloys have been successfully prepared
[95] by melt spinning with enhanced T.=963 Kelvin (690°C) on introducing Cobalt[93].

Pseudo-binary alloys are heavily investigated for magnetic and structural properties. [76][9-11]
However, still there is a lack of spectroscopic investigations for understanding the contribution
of cerium and iron to the magnetic behavior of the Ce-Fe-Ti compounds. The first neutron
diffraction investigation showed that the total magnetic moment of cerium is -0.5 Bohr
magneton (pg) but they were unable to isolate the separate contribution obtained from 4f and
5d electrons [96]. The effect of hydrogen (H2) absorption on the cerium electronic state in the
CeFe11 Ti compound has been examined by XAS and XMCD spectroscopic investigations [97].
The neutron diffraction [96] and XMCD results [97] confirm the strong correlation between the
structural and magnetic changes associated with the modification of the hybridization between
the iron -3d and cerium-5d bands, the 4f localized electrons do not contribute considerably [97].
The x-ray magnetic circular dichroism experiments at the M4, 5 absorption edges of cerium in
the intermetallic compounds CeCuSi, CeRh3B2, and CeFe, show that 4f orbital contribution is
significantly higher than the one predicted from spin-resolved band-structure calculations and
confirms the extreme sensitivity of the orbital contribution to the degree of localization of the
4f electrons[80]. For the Cerium Ma, 5 absorption edges in CexFe1-x(x=0.19 or 0.27) amorphous
alloys and Ce (10A)/Fe (30A) multilayers x-ray magnetic circular dichroism results described
that the dichroism signal in these systems is very sensitive to the degree of hybridization of the
4f electrons with the valence band[81]. The ground state of cerium in the more strongly
hybridized system results in a mixing of atomic J=5/2 and J=7/2 states[98]. The Ce/Fe
multilayer specimen investigation gives evidence of hybridization of cerium-4f electrons with
valence band [81].The investigation on cerium-doped yttrium iron garnet (Y sFesO12) thin films
also have been performed. The results show that the cerium doping activates the selective
charge transfer from cerium to iron tetrahedral sites. This causes the changes in electronic and
magnetic properties of the parent compound and reduces the exchange coupling between the

Cerium and Iron magnetic moments[99].

In this work, as the part of the rare earth, lean magnetic materials we investigated CeFe11Ti

single phase specimen. [100]. The main objective of this work is to develop a microscopic
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understanding of the cerium-based intermetallic compound and to discern the magnetic
contribution of cerium and iron, further investigations related to the magnetic and structural
properties have been performed using characterization techniques like superconducting
quantum interference device (SQUID) magnetometer (Quantum design-MPMS3) and x-ray

diffraction (XRD) and scanning electron microscopy (SEM) respectively.

Cerium

8i (Titanium or Iron)

8f (Irom)

Figure 4.1 a conventional unit cell model of the ThMn1,. Large dark blue spheres represent rare earth atoms,
cerium. The three different Wyckoff positions 8i (Ti, Fe), 8j (Fe) and 8f (Fe) occupied by transition metal atoms

are represented by medium spheres in red, light blue and green. Reproduced from the reference[101].

4.3. Structural Investigations

4.3.1. Inductive coupled plasma spectroscopy (ICP —OES) and SEM microscopy:

We have prepared three CeFe11Ti specimens by conventional solid state sintering process [94].
In order to precisely compare the total sample magnetization with the element specific XMCD
results, the chemical compositions of the sintered magnets have been analyzed by inductive
coupled plasma spectroscopy (ICP-OES) (Spectro-Ciros). The stoichiometry turned out to be
Ce1oFe1oTi, Ce1ssFe11sTiand Ce1gFe1rsTi for the three received specimens respectively. The
ICP-OES spectroscopic analysis shows that there is the only negligible presence of impurities
like Si at 0.005 %, Mg at 0.001 % and Cu at 0.007 %.
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900 micron-

Figure 4.2 scanning electron microscopy (SEM) images of- Cei2Fe12Ti. Where A is hard magnetic-phase
(CeFe11Ti), B is Ti carbonitride, C is CeFey, and Fe,Ti[100].

The scanning electron microscope images of Ce12Fe12Ti is shown in Figure 4.2. Line scans at
different positions on the sample have been performed for elemental analysis (Position A, B,
and C). The larger grains of hard magnetic-phase (CeFe11Ti) are labeled as A in Figure 4.2)
and the smaller grains labeled B and C in Figure 4.2 represents Ti carbonitride and CeFey,
Fe>Ti[100]. The spectroscopic analysis shows the presence of 82.5+5% iron, 8.3+2% cerium
and 8.1+2 % titanium. As all the line scan results are analogous to each other, therefore only
one scan with error bars has been presented here. It has been found that all three different
investigated samples exhibit hard magnetic phase A (CeFe11Ti) as the major phase. The co-
existence of multiple binary phases B- Ti carbonitride, soft magnetic phase C-CeFe», and Fe,Ti
(Figure 4.2) respectively in the vicinity of the stoichiometry have been identified[100]. The
CeFe; and Fe2Ti give the same contrast in Figure 4.2.

The hard magnetic phase CeFe11Ti and (Fe, Ti)17Ce: is found to be 75-80 % and CeFez is 15-
20% with remaining fractions of oxide. (Figure 4.2 A-hard magnetic-phase CeFe11Ti, B- Ti
carbonitride, C-CeFez and Fe,Ti)[100].

4.3.2. X-ray diffraction investigation (XRD)

The x-ray powder diffraction patterns recorded using Co-Ko radiation (1.78896 A) on the
CeioFe1nTi CerssFe118Ti and CeireFerrsTi specimens are shown in Figure 4.3, in black
(Ce12Fe1Ti), red (CeirssFe118Ti) and blue (CeieFei1rsTi). The different CeFe1wiTi alloy
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samples are grinded in an agate mortar in fine powder form. Later the powder is suspended in
isopropanol and sedimented onto (510)-cut silicon wafers. Diffraction patterns were recorded
on an analytical/ X’Pert Multi-purpose diffractometer (MPD) working in e-e geometry
equipped with a cobalt tube as an x-ray source, a graphite monochromator and X’Celerator
detector in the diffracted beam.

Table 4.1 phase analysis results of Ce12Fe12Ti, Ce1ssFe11sTi and CeagFer1sTi specimens presented in weight %
and saturation magnetization (Ms) in T per Fe atom and ps/ (F.U.).

Specimen CeFeu1Ti CeFe; Ms
wt. % wt. % _HB
( 0) ( 0) (Fe atom')
CeioFernTi 98.5+2 1.5+0.2 1.54+0.1
CeiasFeqrsTi 88+2 12+1 1.46+0.1
CeigFensTi 83+2 1741 1.41+0.1
20000 4 T T I T T T T
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Figure 4.3 x-ray diffraction spectra of Ce12Fe1, Ti (black) Ce13sFe11.8Ti (Red) and Ce1sFe11sTi (Blue) specimens.
The peaks correspond to CeFe11Ti and CeFe, phase are indicated by black and magenta dots respectively.

The diffraction data were evaluated using the TOPAS software (Bruker) by means of multi-
phase Rietveld refinement without considering effects of micro-absorption. The possible
occurrence of tetragonal ThMn1.-type CeFe11Ti phase with 14/mmm symmetry, cubic CeFe>
laves phase with Fd3m symmetry, CeO, with Fm3m symmetry and Ce,Os with P3m1

symmetry has been considered. The x-ray diffraction peaks correspond to CeFe11Ti and CeFe>
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phase is indicated by black and magenta dots in Figure 4.3. The unit cell parameters like atomic
distances for the analysis are referred from the database[102]. The refinement results provide
the relative amount of the main phases in weight percent and the results are summarized in
Table 4.1. All the specimens confirmed the presence of the desired ThMn 1. type of phase, with
tetragonal structure. In the diffraction patterns of Ce-Fe-Ti alloys, the CeFe11Ti phase is seen
predominant and a minor fraction of the CeFe, phase was detected. Additionally, very tiny
reflections related to CeO2 or Ce203 were found which are not considered in this study. The
quantitative phase analysis from x-ray diffraction Rietveld refinement confirmed that
Ce12Fe12Ti specimen has the highest content (98.5%) of desired magnetic phase CeFe11Ti
relative to the other specimens (Refer Figure 4.3 and Table 4.1). For the x-ray magnetic circular
dichroism investigation, only the Ce12Fe12Ti specimen with the highest content is considered.

4.4. Magnetic investigation-SQUID magnetometry

Figure 4.4 (a) shows the magnetization curves for the three different isotropic specimens of the
stoichiometry, Ce12Fe12Ti Ce1ssFe118Ti, and Ce1sFe115Ti obtained at room temperature. All
the three specimens are ferromagnetically ordered at room temperature. The hysteresis
(magnetization vs magnetic field) behavior is found similar for all, while all the three samples
are saturated at about 2 Tesla (20KOe) and show significant compositional dependence. At the
highest field of 6.5 Tesla and 300 Kelvin, the maximum magnetization of 18 Bohr
magneton/formula unit: J («oMs) =1 Tesla (at 80 Kelvin is 21.7 Bohr magneton /formula unit:
J (uoMs) =1.2 Tesla) (refer Figure 4.4 (b)) is recorded for Ce12Fe1>Ti. The results are similar
to the experimental results reported in the literature [86, 103]. Figure 4.4 (b) shows the
magnetization curves for the Ce12Fe1>Ti specimen at two different temperatures (300 Kelvin
and 80 Kelvin). We observed 17 % increase in magnetization at low temperature. The recorded
remanence is the 0.3% of the saturation magnetization and the coercivity is merely 6 Oersted
at 300 Kelvin. The total magnetization of specimens decreases with the increase in CeFe>
content in Ce13sFe11.8Tiand Ce1sFe115Ti specimen. The formation of CeFe, phase causes 10%
reduction in total magnetization of the specimen which is in good agreement to the x-ray
diffraction phase ratios presented in Table 4.2. The specimen Ce12Fe12Ti with the maximum
content of CeFe11Ti phase shows the highest magnetization compared to the other two
specimens. Therefore, from the x-ray diffraction and magnetic investigation results we consider

the Ce12Fe1oTi specimen only for x-ray magnetic circular dichroism study.
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Figure 4.4 (a) SQUID Hysteresis loops of Ce1.2Fe12Ti (black) Ce1.ssFe11.8Ti (red) and CeisFe11sTi (blue) specimens
measured with magnetic field 6.5 Tesla (out of plane) at room temperature. (b) Comparison of hysteresis loops of
specimen Cei2Fe12Ti measured at 300 Kelvin (black) and 80 Kelvin (red).

Figure 4.5 represents the temperature dependence of magnetization (J=uoMs) at a magnetic
field of 0.1 Tesla. The compound exhibits ferromagnetic behavior with an estimated Curie
temperature (T¢) ~490 Kelvin for the CeFe11Ti phase[86] and 231 K for the CeFe2 phase, which
IS in good agreement with the earlier reported results[104].
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Figure 4.5 Magnetization (M=uoJ) vs Temperature curve (temperature range-5 Kelvin to 700 Kelvin) of the

Ce12Fe12Ti specimen along the plane perpendicular (out of plane) at 0.1 Tesla magnetic field in SQUID.
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4.5. Spectroscopic XAS and XMCD investigations
45.1. XAS and XMCD spectra of Iron and Titanium Lz, 3 edges:

In order to discern the influence of each element in the alloy and to reveal the presence or
absence of orbital magnetic moment in iron, XMCD measurements (see chapter 2 experimental
techniques) have been performed in-situ at Fe L, 3, Ti L2, 3 and Ce M4, 5 edges (at 300K and
80K) in the presence of 6.5 Tesla magnetic field . The surface of the specimen has been cleaned
via scrapping in-situ to remove the oxidized surface layers. The XAS (measured at positive and
negative helicity) and XMCD (difference of positive and negative helicity XAS spectra) spectra
of the Ti L2, 3 edges are shown in Figure 4.6 (b). No significant XMCD signal has been observed
at the Ti L-edges.
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Figure 4.6 (a) XMCD element specific magnetization curves of the Fe L3 edge (red) with SQUID hysteresis loops
of Ce12Fe1Ti (blue) specimen recorded at room temperature. (b) Ti Lo, 3 edge XAS (measured at left and right
circular polarization) and XMCD spectra (difference of left and right circular polarized XAS spectra) recorded at

the 6.5 Tesla magnetic field and 300 Kelvin.

The XMCD to XAS white line intensity ratio of an element at given site is proportional to the
average magnetic moment in that site [25]. Thus, the element specific hysteresis curves have
been recorded by measuring the peak height of the cerium M4, Ms and Fe L3 absorption edges
as a function of the applied magnetic field on specimen Cei2Fe12Ti. The magnetic field
dependence of the XMCD peak at the Fe L3 edge of the Ce1.Fe12Ti specimen at 300 Kelvin
along with the SQUID results are shown in Figure 4.6 (a) (normalized to unity magnetization
curves). The Fe L3 edge magnetization curve is analogous to the SQUID hysteresis and exhibits

the same coercivity (80ersted) and remanence (0.5%). There is no magnetic hysteresis behavior
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observed at the Titanium L2 3 edges (refer Figure 4.6 (b)) and at the M4 and Ms edge of the
cerium atom (see Figure 4.8 (a) and (b)) due to a very small XMCD effect.

Figure 4.7(a) and (b) show the XAS and XMCD spectra of Fe L3 edges at 300 and 80 Kelvin
respectively. The corresponding sum rule analysis results are presented in Table 4.2. The 3d
number of holes used for sum rule analysis is 3.38 for pure metallic iron[24] and 3.4 for the
rare earth-transition metal magnet which is similar to pure metallic configuration[105]. The
shape of XAS and XMCD spectra of Fe L,z edges is analogous to the typical metallic iron

configuration [24] and there are no signs of oxidation[106].
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Figure 4.7 (a) Edge normalized XAS (measured at left and right circular polarization) and XMCD (difference of
both left and right circular polarized XAS spectra) spectra at the Fe L, 3 edges of the Ce1,Fe1oTi specimen (at
6.5T magnetic field) recorded at 300 Kelvin (left) and (b) 80 Kelvin (right).

Table 4.2 The results of the projected magnetic moment values (spin (ms), orbital (m_), total magnetic moment
(ms+m_) and the ratio of the orbital and spin moment (ms/m)) estimated from the XMCD sum rules analysis of

Ce12Feq1,Ti specimen at the Fe L, 3 edges and a comparison with the literature values[24].

Temperature Orbital Spin (ms)  Total (mL+ms) Ratio
(K) (mv) (us / atom) (us / atom) (mvc/ms)
(us / atom)
300 0.06+0.01 1.37+0.2 1.43+0.2 0.04+0.01
80 0.07+0.01 1.70+0.2 1.77+0.2 0.04+0.01

Literature [24] pure Fe metal ~ 0.085+0.01 1.98+0.2 2.07+0.2 0.043+0.01
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At 300 Kelvin, iron provides the projected spin moment of ms =1.37+£0.2 Bohr magneton/atom
and an orbital magnetic moment of m_ = 0.06£0.01 Bohr magneton/atom. The orbital to spin
moment ratio (mc/ms) is 0.04£0.01 and their sum (mL+ms) is 1.43+0.2 Bohr magneton/atom
(refer Table 4.2). In our case, the iron XAS and XMCD spectra are similar to pure metallic
spectra. Therefore, our XMCD sum rule analysis results can be compared with pure metallic
iron. The spin magnetic moment of iron at 300K is smaller to that of the pure iron as reported
previously by Chen et al [24]. At low temperature (80 Kelvin), the iron magnetic moment is
increased and it is relatively close to the literature value of 2 Bohr magneton/atom[24]. At 80
Kelvin, the projected spin moment is ms =1.70+0.2 Bohr magneton/atom and the orbital
magnetic moment of m_ = 0.07£0.01 Bohr magneton/atom. The orbital to spin moment ratio at
room temperature (my¢/ms) is 0.04+0.01 and their sum (m¢+ms) is 1.77£0.2 Bohr
magneton/atom. At low temperature, there is 17 % increase in the total magnetic moment as

compared to the value at room temperature which is well consistent with the SQUID results.

4.5.2. XAS and XMCD spectra of Cerium My, s edges: Line shape analysis
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Figure 4.8 (a) Edge normalized XAS (measured at positive and negative helicity) and XMCD (difference of
positive and negative helicity XAS spectra) spectra at of Ce Mss edge of CeioFe1,Ti specimen (at the 6.5T
magnetic field) recorded at room temperature (left) and (b) at 80K (right).

Figure 4.8(a) and (b) show the XAS and XMCD spectra of Ce Ma, s edges
(3d1%4f "—3d%f "™ transition) at 300 and 80 Kelvin respectively (in the presence of 6.5 T
magnetic field). The line shape of the XAS spectrum is in good agreement with the earlier
reported Ce3* experimental results [37, 79]. In order to compare with the experimental spectra,
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the cerium XAS and XMCD spectra at the Ma4s edges have been simulated by atomic multiplet
theory calculations (Further details presented in chapter 3). The starting point for the full
multiplet calculations at Ce M4, 5 XAS spectrum is the pure Hund’s rule atomic ground state J
=5/2 (*Fs12) with a single 4f electron (see Figure 4.9 (b)).
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Figure 4.9 (a) Representative edge normalized Ce M4, 5 XAS and XMCD experimental spectra measured at 300K
in presence of 6.5 T magnetic field, discrete subfeatures are alphabetically labelled. The contribution from
transitions 3d*°4f1—3d%f? is labelled[18]. (b) Ground state J=5/2 spectra simulated by atomic multiplet theory
calculations (Figure 3.5 (c)). The features, which are different in Figure 9 (a) and Figure 9 (b) are represented by

the black box in pure ground state spectra.

For comparison of the experimental spectra with the theoretical spectra (Figure 4.9 (b)), the
distinct features in the substructure of the XAS and XMCD experimental spectra (Figure 4.9

(a)) are alphabetically labelled from A-K and L-S respectively for imminent reference.

There are prominent differences visible in the peak positions C, D, E and J in both spectra
(Figure 4.9 (a) and (b)).

1. The satellite peaks E and J are not present in theoretical XAS Figure 4.9 (b) (J=5/2)

2. The ratios of the peak height at C and D in the experimental XAS spectrum- (Figure
4.9a) is different than the theoretical XAS spectrum J=5/2 (Figure 4.9(b)) ground state.

3. The peak M is not visible in the experimental spectrum and the negative peak O in the
experimental XMCD (Figure 4.9 (a)) spectra is large compared to the J=5/2 XMCD
spectrum (Figure 4.9 (b)).

It signifies that the Ce M4, 5 edges XAS and XMCD experimental spectra are not pure

Hund’s rule ground state and the simulated XAS and XMCD spectra of pure ground state

J=5/2 XAS and XMCD spectra cannot completely explain all the features in Figure 4.9(a).
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The cerium compound does not give an XAS spectrum corresponding to pure 3d°4f* and 3d°4f°
ground state configurations [18, 37, 63]. Our experimental spectrum results show similar
behavior, where satellites peaks E and J are visible at both M4 and Ms edges of the experimental
XAS spectra (Figure 4.9(a)). These satellite peaks originated from the 4f° configuration which
is referred as “f° satellite”[63]. These peaks appear generally at the higher energy side of the
leading XAS peak[37]. It is considered that, as the fsatellite peak becomes stronger, the cerium
4f electrons decrease from 1 which indicates that the Ce 4f electrons become more delocalized.
The separation of the 4f° and 4f! multiplets for the experimental spectra is~5eV [37, 76]. In
figure 9(a) the energy difference between 4f! peak (D) and 4f° satellite peak (E) is~4.7eV and
the difference between H and J is~5.19¢V which confirms that the peaks (E and J) visible in
experimental XAS spectra (Figure 9(a)) are originate from the 4f° contribution. On the other
hand, the line shape of the Ce M4, 5 XMCD spectra is understood as multiplet structures which

are arising mostly form the 4f* configuration, since the 4f° does not contribute to the magnetism.

Hund’s rule is used to estimate the ground state. According to Hund"s rule cerium has 1 electron
in the f shell so the L and S will be 3 and %. The parallel and antiparallel combination of L and
S could provide us two different J states (5/2 and 7/2). The ground state is J= 5/2 and the next
parallel coupled spin-orbit state of higher energy is J=7/2. The presence of negative peak M
and O in the XMCD signal (Figure 4.9(a) bottom panel) and the difference in the ratios of the
peak heights at C and D in XAS experimental spectrum (Figure 4.9(a) top panel) at the Ms edge
can be interpreted in terms of a contribution from the J=7/2 state in the ground state spectrum
J=5/2 due to hybridization between the 4f level and the conduction states [63, 79, 81]. It has
been discussed in the introduction (section 4.1) in detail. To explain this, we simulate the XAS
and XMCD spectra for the spin-orbit coupled J states for cerium 4f! configuration via the
CTMA4XAS software and by an admixture of J=5/2 and 7/2 states.

4.5.2.1 Admixture of Ce spin orbit coupled state

In order to clarify this issue in the CeFe11Ti specimen, the CeMs, s XAS and XMCD spectra for
J=5/2 and J =7/2 (Figure 4.10 (a), (b)) were simulated. The results obtained from Quanty and
CTMA4XAS software’s are analogous. Therefore, we have used the CTM4XAS program for
simulations, based on Hartree-Fock calculations[107] to determine the atomic initial-state and

final-state wave functions and energies. The well-known estimates in atomic multiplet theory
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[37] the slater integrals Fk and Gk which are empirically scaled values are used here. The values

used were all reduced to 80% of the free Ce®**ion Hartree-Fock values[37].
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Figure 4.10 simulated Ce M4, 5 XAS and XMCD spectra (a) for Hund’s rule ground state J=5/2 and (b) the next
higher energy spin-orbit parallel coupled state J=7/2. The decomposition of the spectra into the contributions from
the three possible values of AJ =0 (zero polarized-Z blue color), AJ =+1(left polarized-L black color) and AJ =-
1(right polarized-R green color) of both states (J=5/2 and 7/2) is shown.
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Figure 4.11 calculated isotropic Ce M4, s fl— /2 XAS: Left figure (a) XAS and (b) XMCD (right figure) spectra.
The spectra (B-F) are incoherent sum of pure spectra J=5/2 and 7/2states. (A) J=5/2 pure ground state (A )
5/2=88% and 7/2=12% (overlay black dash- dot curve is an experimental spectrum measured at 300K showing
well resemblance with the spectrum),(C) 5/2=60%and 7/2=40%,(D) 5/2=50%and 7/2=50%,(E) 5/2=40% and
7/2=60%,(F) 5/2=20% and 7/2=80% and (G) J=7/2 state.

The simulated spectra are fitting very well with experimental spectra using these values. The

relevant slater integral parameters for the ground state (Xe) 3d'%f! are F2s= F*s = F®% =0 and
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for the excited state are i_F?4=12.628, i_F*x =7.940, i_F% =5.717, i_F24=7.486, i_F*4=3.384,
i G4=5.073, i_GS34=2.986, i G°y=2.048[107]. The spin-orbit interaction parameter for
ground state is Z4=0.087 and for the excited state are i_Z4=0.087 and i_Z34=7.446[81, 107].
All spectra were convoluted with a 0.3 eV Gaussian. In order to achieve a magnetized sample
a virtual 25 meV exchange field have also been applied to break the spin symmetry. The Ms
(M4) edge was convoluted with a 0.2 eV (0.4 eV) FWHM Lorentzian. We showed the
decomposition of the spectra into the contributions from the three possible values of AJ =0
(zero polarized-Z blue color), AJ =+1(left polarized-L black color) and AJ =-1(right polarized-
R green color) of both states (J=5/2 and 7/2) [68]. The resultant simulated XAS (=left +right
+zero) and XMCD (=left-right) spectra for J=5/2 (see Figure 4.10 (a)) and J=7/2 (see Figure
4.10 (b)) states resemble well with the previously reported results [81, 98].

Table 4.3 the Values of orbital moment (myy, spin moment (ms), total magnetic moment (m_+ms), and the ratio
(mL/ms) of magnetic moment of simulated XAS and XMCD spectra of J=5/2, J=7/2 states and their ratio
(88%:12%) in units of Bohr magneton (ug)/atom presented here. The values have been estimated from the XMCD

sum-rule analysis by incorporating all the necessary corrections (presented in chapter 2).

J state Orbital (mvL) Spin (ms) Total (mL+ms) Ratio
(us / atom) (us / atom) (us / atom) (mvL/ms)
J=5/2 2.86%0.2 -0.75+0.1 2.11+0.2 -3.82+0.2
J=7/2 -2.9740.2 -1.00+0.1 -3.98+0.2 2.97+0.2
Ratio-5/2:7/2(88%:12%) 2.160.2 -0.78+0.1 1.3840.2 -2.77£0.2

The both J =5/2 and J=7/2 spectra have been incoherently added up by changing the relative
contributions to reproduce the experimental spectral shape as shown in Figure 4.11(a) , (b). The
XAS and XMCD line shape (see Figure 4.11 (a) , (b)) significantly varies with increasing J=7/2
ratio in the ground state. As the weight of the J=7/2 increases in ground state, the M4 XAS peak
becomes stronger relative to Ms. The multiplet structure is smeared out at M4 edge to some

extent.

The most noticeable qualitative changes that are introduced to the XMCD line shape by
admixture of J=7/2 are visible at Ms edge. The small negative feature at Ms edge (at L and M
see Figure 4.9(a)) is gradually reduced and replaced by a positive feature. On contrary the

negative peak at Ms edge on higher energy side (at O see Figure 4.9(a)) is transformed into a
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further negative feature. The Ms multiplet is consistent with our experimental results till the
12% admixture of J=7/2 (see Figure 4.11(a) and (b) spectrum B), It allowed us the estimation
that the weight of J=7/2 is not larger than 10-15 %. In summary, introducing 7/2 character to
the simulated Cerium Mgys edge ground state J=5/2 spectrum explains clearly the line shape

variations in the experimental spectrum.

The sum rule analysis[20, 35] has been performed on the theoretical XAS and XMCD
integrated spectra of J=5/2, J=7/2 state, and their ratio by using the correction factor and
eliminating the magnetic dipole term-Tz (chapter 3 section 3.4). Table 4.3 summarizes the
values of mi, ms, sum (m+ms) and their ratio (m/ms) of cerium 4f electrons of the Ce®** ion
at the edges My at 0 Kelvin. There is only 1 electron present in the 4f shell of cerium, therefore
the number of holes (nn) used here is13[63]. The correction factor for the cerium is 1.56 (chapter
3 section 3.3)[60]. The expectation value of the magnetic dipole moment used for J=5/2 and
7/2 states are -0.569[60] and -0.333 respectively (Note- spectra generated by Quanty software
also presented in chapter 3 J=5/2 spectra from Quanty and CTM4XAS are analogous. The
Quanty software is important and needs to mention several times because we are using
expectation value of the magnetic dipole term in order to apply sum rules. CTM4XAS does not
provide the expectation values). It should be noted that the correction terms of the pure ground
state have been used. As the 7/2 contribution is 10-15%, we neglect the possible error for the

possibility of the different correction factors and magnetic dipole term (Tz).

4.5.2.2 Sum rule analysis results of experimental Ce M4 edge XMCD spectra

One can estimate the orbital and spin magnetic moment in Bohr magneton/atom of cerium 4f
electrons by applying XMCD spin and orbital sum rules (see chapter 3 equation 3.1 and 3.3) on
experimental XAS and XMCD spectra[20, 35]. There is only 1 electron present in the 4f shell
of cerium, therefore the number of holes (nn) used here are 13[63]. The contribution of fO is

very small therefore it is neglected here (refer section 4.5.2).

At room temperature, the XMCD sum rule analysis of cerium spectra provides the projected
effective spin of S; +3T; (Serr) =-0.043+0.01 and orbital magnetic moment of mp (L;)
=0.02+0.01 Bohr magneton/atom. At low temperature (80K), the XMCD spectrum is 3 times
larger than the room temperature (300K) spectrum and the projected orbital m (L;) =0.07+0.01

Bohr magneton/atom and effective spin is S; +3T; (Serf) =-0.11%0.01 are respectively (see table
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4). The increase at a lower temperature in cerium magnetic moment shows that cerium and iron

are not very well coupled with each other.

The atomic multiplet theory simulations results showed in chapter 3 that the deviation in the
spin sum rule is 60 % in the case of cerium[60] and increases with the increasing number of 4f
electrons in light rare earth elements, therefore the spin sum rule cannot be used directly to
estimate the magnetic moment value of spin (Sz) for cerium Mys edges. The magnetic dipole
term Tz is also comparable to the spin moment and affects the experimental spin magnetic
moment. We have perceived a method with which we can estimate spin magnetic moment by
using a correction factor to avoid the mixing problem and eliminating the Tz term by theoretical
estimation (the method is also shown in section-3.7). The complete process of correcting the
effective spin value is explained stepwise in chapter 3 and the corresponding sum rule analysis

results (in Bohr magneton/atom) are presented in Table 4.4

Table 4.4 the results of the projected magnetic moment values (spin (ms), orbital (m_), total magnetic moment
(ms+my) and the ratio of the orbital and spin moment (ms/m_)) estimated from the XMCD sum rules analysis of
Cei12Fe12Ti specimen at Ce M5 edges. The results are compared with the sum rule analysis results of the
theoretical simulated spectra (XMCD sum rules have been applied to the spectrum generated by the ratio of the
88% of the J=5/2 state and 12 % of the J=5/2 state) and Hund’s rule.

T (Temperature) Orbital (mvL) Spin (ms) Total (mL+ms) Ratio
(K) (us / atom) (us / atom) (us / atom) (-mL/ms)
300 0.02+0.01 -0.01+0.002 0.01+0.002 2.23+0.2
80 0.07+0.01 -0.03.£0.002 0.05+0.01 2.841+0.2
Ratio 5/2:7/2 (88%:12%) 2.160.2 -0.78+0.1 1.3840.2 2.77+0.2
Hund’s rule 3 1 2 3

At 300K, the maximum magnetization of 18 Bohr magneton/formula unit (1.2 T) is recorded
for Ce12Fe12Ti and at 80K is 21.7 Bohr magneton/formula unit (1.4 T) (section 4.3). At room
temperature, the total magnetic moment from the element specific results is 17.15 Bohr
magneton/formula unit (Ce12Fe12Ti =0.011*1.2+12*1.43) and is 21.2 Bohr magneton/formula
unit (Ce12Fe12Ti =0.045*1.2+12*1.77) for 80 Kelvin. The total magnetic moment evaluated
from the sum rule analysis by the elimination of T, and by correcting the mixing problem is in
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good agreement with the SQUID magnetization result. On the other hand, the total magnetic
moments for cerium is even negligible compared to the theoretical simulation results of ratio
5/2:7/2 (88%:12%) (Refer table 4) and the Hund’s rule moments (ms = -1 Bohr magneton/atom
and m_=3 Bohr magneton/ atom). The estimation of iron and cerium magnetic moment by
XMCD and comparing with the SQUID investigation, it is observed that the contribution of the
cerium must be small as it is estimated by incorporating all the possible corrections.

The line shape variations of the XAS and XMCD spectra can be completely explained by
introducing the contribution of J=7/2 state to the pure ground state J=5/2 (refer figure 4.10).
However, the sum rule analysis results show very small magnetic moment at the cerium site.
There is 34% reduction of the total magnetic moment of cerium pure ground state J=5/2
observed on mixing 7/2 state to the pure ground J=5/2 state spectrum. In experimental spectra,
the XMCD effect at cerium Mas edge is only 1% and compared to ground state results the
magnetic moment is completely negligible. What is causing such a strong reduction in the
magnetic moment of cerium ?. As the reduction in cerium magnetic moment cannot be
explained by the admixture of 5/2 and 7/2 state, this creates a need for searching an alternative

model.

4.6. Theoretical modeling

When we leave the atomic picture and consider the cerium atom in the certain compound, the
4f electron cloud could be affected by the crystalline environment even if it is well
localized[63]. The crystal field[108, 109] and charge transfer[81] both can mix the J=7/2 states
in ground state and can reduce the magnetic moment. The inclusion of the crystal field and the
charge transfer effects in pure atomic simulations of XAS and XMCD spectra at Cerium Mss
edges could play important role in explaining the reduction in XMCD effect and the magnetic
moment of cerium atom. For the further explanation, we have used the crystal field multiplet
model and charge transfer multiplet model in the following chapters.

4.6.1. Crystal field multiplet model

The presence of crystal field can influence the spectral shape [18, 82]. Full multiplet calculation
under consideration of the crystal field allows the quantitative clarification of the ground state.
The spherical symmetry of a cerium ion is usually lifted when it is embedded into a solid crystal.

As a consequence, the 4f electron has to adapt to the symmetry of the environment, which leads
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to the formation of a new ground state. The Hund’s rule ground state of the 4f electron in a Ce®*
ion is characterized by J = 5/2. The six-fold degeneracy of the J=5/2 states is lifted by the crystal
field [14]. The determination of the crystal filed scheme is the basic part of the description of
the cerium compounds because the new ground state affects the electronic and magnetic
properties of the material. In most of the cerium compounds, energy splitting is not larger than
AE=20...200 meV [18, 108]. The CTM4XAS program [107, 110] has been used for crystal
field multiple calculations. The simulation parameters like Slater integrals, spin-orbit
parameters are same as mentioned in section 4.5.2.1. For the simplification, the cubic symmetry
(C4) has been considered for the simulations in CTM4XAS software[107].
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Figure 4.12 the crystal field splitting energy levels of a Ce®* ion. The graph is based on the actual energies that
come from the ORA-file. On the left: only the atomic 4f spin-orbit coupling, splitting the 4f! states into J=5/2 and
J=7/2. The crystal field splits J=5/2 into 2-dimensional E, and 4-dimensional G states and the crystal field splits
J=7/2 into 2-dimensional E1, 4-dimensional G, and 2-dimensional E. states. The molecular field splits the 2-

dimensional states in two and the 4-dimensional states in four.

Figure 4.12 shows the crystal field splitting energy levels of a Ce®* ion. The graph is based on
the actual energies that originate from the ORA-file (output file in CTM4XAS, which lists the
energy levels for the determined diagonalized states). In Figure 4.12, on the left-hand side-only
the atomic 4f spin-orbit coupling, splitting the 4f! states into J=5/2 and J=7/2 is presented which
is the most dominant energy splitting of energy 0.305 eV. The crystal field and the molecular
field splits the energy levels into 2-dimensional (E12 and Esr) and the 4-dimensional states

(Gsr2). The energies of the 4f* ground state are as follows -
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Q) The 6 J=5/2 states at negative energies split by crystal field into a group of 2-
dimensional Es (-0.19 eV) states and a group of 4- dimensional Gz/; (-0.16 eV) states, further
split by exchange field.

(i)  The 8J=7/2 states at negative energies split by crystal field into a group of 2 dimensional
E12 (0.10 eV) states, a group of 4 dimensional Gz, (0.13 eV) states and a group of 2
dimensional Esp, (0.15 eV) states and further split by exchange field.
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Figure 4.13 simulations of (a)XAS and (b)XMCD spectra of cubic crystal field effects for Ce®* ion via CTM4XAS
sodtware. The variations in the spectra with increasing 10Dq parameter from 0 meV (no crystal field) to 1eV are
shown. In figure (a) region between 800 eV to 883 eV is presented at proper resolution to observe change at Ms
edge.

In Figure 4.13 (a) and (b) calculations of XAS and XMCD spectra with increasing crystal field
strength (10Dg) in cubic symmetry are shown for the Ce3* atom. The broadening has been
adjusted according to the experiment. The crystalline field barely changes the line shape of the
XAS and XMCD spectra even on the application of 100 meV, only change in the XAS and
XMCD signal intensity is observed (see Figure 4.13 (a) and (b)). The main trend observed from
the isolated atom (10Dq =0 no crystal filed) to the crystal field influenced one with the
10Dg=100meV is a reduction of the peak at 882.16 eV, while at 880.7 eV it increases at Ma
edge. In absence of crystal field, the XMCD effect at M4 edge is 50% and the XMCD signal is
dramatically reduced from about 50% (10D4=0) to 19% (10D4=100meV) in the presence of
crystal field. For large values of the crystal field i.e. 1 eV (too large for 4f systems), the changes
in XAS and XMCD spectral shape are observed. As the 1 eV crystal field energy is too large,

results of the 1eV crystal field are not presented here. From the crystal field model, it is clear
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that the even small amount of crystal field is influencing the XMCD effect without changing

the line shape.

In summary, there is a significant change in XMCD effect was observed on varying crystal field
from 0 eV to 100 meV. Even in the presence of small crystal field in cerium one modifies the
ground state spectra for Cerium and effectively lowers the MCD, by keeping the same line
shape. There is still 19% XMCD effect present in presence of practical 50meV crystal field. In
our experimental spectra, XMCD effect is only 1%, it shows that only crystal field is not
responsible for the reduction in cerium magnetic moment. Therefore, another model needs to
be examined for the further reduction in the Ce 4f magnetic moment. As it is mentioned earlier
in section 4.5.2.2 that in case of cerium there could be two possible reasons for the reduction in
magnetic moment crystal field[18, 108, 111] and charge transfer effects[81]. The crystal field
cannot be large (generally lower than 50 meV) so if one needs additional reduction of the

XMCD effect it is expected to be charge transfer effects.

4.6.2. Charge transfer multiplet model (CTM)

4f L Anti-bonding 3&°4#2 +34°4AL
3dP41L
A=05eV
4f1
Initial state 3dAf
-------------------------------- Fmal Statﬂ:
Initial state

New charge transfer ground state

Figure 4.14 schematic representation of the cerium 4f charge transfer ground state. The charge transfer calculations
for Ce®* My s edge mixes the 4f.+4f°L in initial state and 3d°4f2+3d%fL in final state. There is an anti-bonding

combination in the final state, and that is the f° satellite peak. Hybridization energy used was 0.5 eV.

The cerium has a transitional valence and iterant nature which strongly depends on the
environment [15]. When ligand to metal charge transfer effects are included, two configuration
model is used to describe the ground state and the excited state. The charge transfer calculations
were performed following the previous report of Frank et al[81]. In this model, the ground state

wavefunction becomes the linear combination of the 2 possible states combinations. The
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schematic representation of the charge transfer effect is presented in Figure 4.14. In the case of
cerium, model mixes 4f! with 4L in the ground state and 3d°4f? with 3d%f!L in the final state
(refer Figure 4.14). The ground and final state mixing are controlled by the energy separations
and the hybridization. The charge-transfer energy delta, A is defined as the energy difference
between the lowest states of the 4f'and the L4 configurations. If the hybridization is set equal
to zero, both configurations do not mix and the eigenstates will be equal to the 4f%. By turning
on the hybridization it can be observed that the energy of the lowest configuration is even
further lowered. If the hybridization shows increase then the L4f° contribution to the spectra
will also increase. It has been shown that the charge transfer can lead to new type of ground
state as it is very well known in the case of CeO2[112-114] and for cerium-based specimens
also i.e. CeCuSi and Ce/Fe multilayer[81].
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Figure 4.15 series of XAS (a) and XMCD (b) simulated by charge transfer multiplet calculations for Ce®* My s
edges. The ground state is mixture of 4f.+4f°L initial state and 3d°4f2+3d°4fL final state. Hybridization energy

used was 0.5 eV and exchange field of 25 meV. Their crystal field energy is turned off here.

In this model for calculations, spin-orbit coupling and slater integral parameters are same as in
the ground state as mentioned in the above calculations for spin-orbit coupled states (section
4.5.2.1) and crystal field model (section 4.6.1). The hybridization energy used was 0.5 eV[81].
The CTM calculation was performed at first without adding any crystal field. By the variation
of charge transfer energy (A=-5 to +5) XAS and XMCD spectra have been simulated and are
shown in the Figure 4.15 (a) and (b). The A=+5 essentially has pure ground state character (98%
= configuration 4f') and A=-5 has 4f° configuration. If we decrease the value from +5 to -5 than

an admixture of two states occurs and at A=0 is 50% mixture of both configuration. The
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experimental XAS and XMCD line shapes are qualitatively well described by A=1.5 eV energy
spectrum (refer Figure 4.15). The CTM model states that at A=1.5 eV experimental spectrum
is an admixture of 5.3% of 4f° and 94.7% of 4f* states.

As presented in the crystal field calculations (section 4.6.1), the small crystal field deteriorates
the XMCD effect from 50% to 19% in case of cerium. We also applied the crystal field from
10meV to 100 meV in charge transfer calculation to the spectrum of A=1.5 eV which is
analogous to our experimental results. By the variation of crystal field (10meV to 100meV)
series of XAS and XMCD spectra have been simulated and are shown in the Figure 4.16 (a),
(b). It is consistent with the previous results that even in the presence of small crystal field in
rare earth one modifies the ground state and effectively lowers the MCD (from 47% to 17%),

by keeping the same line shape.
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Figure 4.16 (a) XAS and (b) XMCD spectra for Ce f+f! simulated using parameters- Ef!, Gf'=+1.5, X-mix =0.5ev,
10D4=00 meV, 10meV, 25meV and 100meV, Exchange Field = 25 meV

The reduction in cerium magnetic moment via charge transfer multiplet model is still not
comparable with the experimental results. The charge transfer multiplet model also can not
completely explain our experimental results. All the models proposed can give the good
explanation about the line shape of the XAS and XMCD spectra but cannot explain the strong
reduction in the magnetic moment. Therefore, from the experimental results, it can be
concluded that the cerium and iron are not very well coupled with each other (see in section

4.5.2 cerium XMCD results). The magnetic moment of cerium are frozen and not saturated.



96

4.7. Discussion

In this work, we investigated the magnetic properties of CeFe11Ti phase. As the part of the rare
earth, lean magnetic materials project[34], the main objective of this work is to develop a
microscopic understanding of the Cerium based intermetallic and to discern the magnetic
contribution of Cerium and Iron. Further investigations related to the magnetic and structural
properties have been performed using characterization techniques like superconducting
guantum interference device (SQUID) magnetometer (Quantum design-MPMS3), x-ray
diffraction (XRD) and scanning electron microscopy (SEM). From the microscopic images
along with hard magnetic phase CeFe11Ti, existence of multiple binary phases Ti carbonitride,
soft magnetic phase CeFe», and Fe>Ti in the vicinity of the stoichiometry have been identified
in the specimen. From x-ray diffraction investigation occurrence of tetragonal ThMn-type
CeFe11Ti phase with 14/mmm symmetry, cubic CeFe, Laves phase with Fd3m symmetry
observed (Section 4.3.2 table 1). The quantitative estimation shows the Ce12Fe12Ti specimen
has the 98.5% presence of main magnetic CeFe11Ti phase and exhibit the magnetization of 18
Bohr magneton/formula unit at room temperature (21 Bohr magneton/formula unit at 80 kelvin
temperature) (Section 4.4).

In order to discern the contribution in the magnetization of each element in the alloy, XMCD
measurements (see chapter 2 experimental techniques) have been performed in-situ at Fe L, 3,
Ti L2, 3 and Ce My, 5 edges (at 300K and 80K) in the presence of 6.5 Tesla magnetic field no
significant XMCD signal has been observed at Ti L-edge. The shape of XAS and XMCD
spectra of Fe Lo, 3 edges is analogous to the typical metallic Fe** configuration. But slightly
reduced (31%) magnetic moment has been observed than pure metallic magnetic moment. The
difference in line shape of experimental XAS and XMCD spectra of trivalent Ce M4s edges
from the simulated ground state (J=5/2) spectra of the Ce Mas edges has been observed. At
cerium edge very weak ferromagnetism has been observed due to the presence of only 1%
XMCD effect at cerium Mss edges. In order to understand the line shape and the reduced
magnetic moment several models have been proposed i.e. Admixture of J=7/2 state in the
ground state J=5/2 spectra (section 4.5.2), crystal field multiplet model (section 4.6.a) and
charge transfer multiplet model (section 4.6.b).

Those variations in the XAS line shape can be explained by the idea of the increase in the ratio
of J=7/2 state compare to that of the J=5/2 states in the ground state spectra. It turned out that
the weight of J=7/2 is not larger than 10-15 % (section 4.5.1 Fig 11a and b). The crystal field

multiplet model explains that there is a significant change in XMCD effect observed on varying
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crystal field from 0 eV to 100 meV (section 4.6.a Fig 13a and b). Even in the presence of small
crystal field in cerium one modifies the ground state spectra for cerium and effectively lowers
the MCD, by keeping the same line shape. According to charge transfer multiplet model, the
experimental XAS and XMCD line shapes of cerium are qualitatively well described by charge
transfer energy A=1.5 eV energy (section 4.6.b Fig 14a and b) spectrum. The CTM model states
that at A= 1.5 eV experimental spectrum is an admixture of 5.3 % of 4f®and 94.7% of 4f! state
without applying any crystal field. The reduction in cerium magnetic moment via charge
transfer multiplet model is still not comparable with the experimental results. The charge
transfer multiplet model also can not completely explain our experimental results. All the
models proposed can give the good explanation about the line shape of the XAS and XMCD
spectra but cannot explain the strong reduction in the magnetic moment.

Therefore, from the experimental results it can be concluded that the cerium and iron are not
very well coupled with each other (see in section 4.4.2 Cerium XMCD results) and the magnetic
moment at the cerium edge in Cei2Fe12Ti specimen are not saturated. Cerium magnetic
moment appears to freeze at room temperature in the disordered state due to the strong
interaction with the lattice. The interaction is much stronger than the exchange coupling
between iron 3d and the cerium 4f electrons. Therefore even at the low temperature no ordering

in the cerium magnetic moment is taking place.
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5.  XMCD Investigation on Rare Earth Garnets
5.1. Introduction - Rare earth Garnets (RIGSs)

As magnetic insulators, rare-earth iron garnets (RsFesO12) or RIG are an important class of
materials, which are promising candidates for technological applications such as magnetic
recording devices with giant magnetostriction [115], spin seebeck insulators for thermoelectric
generation[116], microwave devices based on current-induced spin torque resonance[117], and
faraday rotators in optical telecommunications [118, 119]. These systems are very well
identified to have two different types of iron ion contributions, experiencing a tetrahedral (Tq4)
and octahedral (On) coordination environment (Figure 5.1). The general chemical formula for
the rare earth garnets is AsB2C3012. Where “A” represents the ions on dodecahedral, “B”
octahedral and “C” on tetrahedral coordinated sub lattices. Each oxygen ion is surrounded by
either A, B or C-sites. The schematic of sub lattices represented in Figure 5.1. The unit cell is
cubic and consists of 160 atoms, 24 A, 16 B, 24 C and 96 O-sites and belongs to the space group
of On —la3d [120]. A detailed description of the crystal structure is given in the reference[119]

and presented in Figure 5.1.

(a) (b) Rare earth

Figure 5.1 crystal structure of rare earth iron garnets. (a) Cubic unit cell. (b) Local environment experienced by Fe

and R ions from their neighboring oxygen ions. The Figure is reproduced from reference[119].

Rare-earth iron garnets(RIGs) are described to possess magnetic moments of iron that are
partially cancelling each other and have different magnitudes, which make the RIGs
ferrimagnetic in nature [118, 121]. In the garnet structure the magnetic properties are directly
affected by the type of ions which occupy a certain sub-lattice. The strongest interaction is
present between the octahedral and the tetrahedral iron sites and the lattices couple with each
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other antiferromagnetically. Oxygen ions are responsible for this kind of interaction between
Fe3* ions.

In order to understand the complex behavior of the ferrimagnetism, rare earth garnets is the
standard example to consider [14, 16, 122]. These ferrimagnetic materials exhibit the
compensation points and the compensation point was first predicted by Neel’s theory of
ferrimagnetism in 1948 [123]. The magnetic behavior of the rare earth (Gd-Lu) iron garnets
was first time experimentally reported by Pauthenet et al. [124]. Pauthenet determined the first
compensation point in gadolinium iron garnet (GdIG), which is the simplest among all the
garnets. For a long time the compensation point was not considered as a point of phase
transition, even though several inconsistencies were found around it [125]. The classical theory
of the isotropic ferrimagnetics [126] in external fields was the first to recognize a phase
transition of second order at Tcomp and connect it with the development of canted magnetic
structures in an external magnetic field. The magnetic structure in all rare earth garnets are
collinear, with a domination of rare earth sub-lattice in the region of T<T comp , and a domination
of iron sub lattice for T>Tcomp. Specific canted magnetic structures observed in the vicinity of
the Tcomp. Which are investigated in the gadolinium garnet using magneto optical methods. The
temperature dependence of the magnetization M(T) in rare earth garnets has been often
measured [124]. Since 1958, it has been used for the determination of the molecular field
coefficients and the exchange integrals. Several reviews on these results have been published
[127, 128]. Around 1963, the detail investigation of the dependence of magnetization on
temperature was studied by Geller et al. for all the rare earth elements (including light rare earth
elements)[129, 130]. In this research work no compensation temperature was observed for light
rare earth elements[129].

The Y3FesO12 is one of the most studied rare earth garnet [119, 121, 131]. It is observed that
the magnetization as a function of temperature shows a compensation point i.e. a temperature
at which the spontaneous magnetization reaches almost zero [121, 132]. At this compensation
temperature (Tcomp), the total iron sub lattice magnetization becomes equal to the inverse sub
lattice magnetization of the RE®* ions and due to antiparallel coupling the spontaneous
magnetization of the garnet reaches to zero. The weakest interaction exists between the
dodecahedral (RE®") and the octahedral sites (Fe). Thus, the magnetic moments of the
dodecahedral rare earth ions align parallel with the ones at the iron octahedral sites and
antiparallel to the tetrahedral Fe ions. [119, 121]. The magnetic state of rare earth iron garnet is
a function of the external magnetic field, temperature, pressure and composition. Due to the

relative weak coupling of the RE ions, the RE sub-lattice magnetization has a different
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temperature dependence, resulting in an increase in the magnetic moment of the rare earth
elements to lower temperatures [119, 121].

It is important to precisely determine such sub-lattice magnetizations and the magnetic
moments of the individual elements [119]. The higher contribution from the magnetic moment
of rare earth elements to the total magnetization in these garnets rise to lower temperatures. For
our investigation, these garnets are interesting as a reference specimen, where we can confirm
the applicability of the XMCD orbital and spin sum rule for the rare earth elements on the
experimental spectra measured below the compensation temperature. Due to the non-
applicability of the spin sum rule for M4 s edges, no quantitative XMCD studies on rare earth
elements of garnets at Mss edge reported until present. Most of the investigations has been
performed at L3 edges of rare earth elements [133]. Some studies have been performed on
Gd** [134] and Ho®'[135] at Ma4s edges however no sum rule analysis have been performed.
Gadolinium (Gd") ion has a spherically symmetric electron distribution, negligible orbital
moment and no contribution from the magnetic dipole term. In this chapter, the applicability of
the spin sum rule for rare earth elements Sm**, Gd®* and Dy®* is confirmed.

5.2.  Magnetization and Compensation temperature (T¢) of rare earth garnets

The magnetization of iron garnets can be written as sum of
Ms(T) =Ma(T)+Mg(T) +Mc(T).oeeeeviiieienneen..o......equation (5.1)

Where T = temperature; Ma, Mg and M. are the magnetizations of the octahedral, tetrahedral
and dodecahedral sub lattices respectively and the M¢(T)= Mc(0)Bj(T), Bj(T) is Brillouin
function , which depends on the temperature [121, 136]. Here, the M¢ (0) =3NgcJcus. Where
J= effective angular momentum and g=gyromagnetic factor of the rare earth ions in the crystal
[121].

The magnetization vector M is antiparallel to Mg, while Mc is parallel to Mq for light rare earth
ions (R= cerium, neodymium, samarium), as long as L is larger than S and parallel to the heavy
rare earth ions (R= dysprosium, gadolinium). In general, the direction of magnetization is
considered with respect to the direction of magnetic field. In this case, if Ms is parallel to Mg
then we used the positive sign and if Ms is antiparallel to Mg then we used the negative sign.
[136]. For the trivalent light rare earth elements lighter than Gd3*, the 4f spin and orbital
moments are antiparallel (J=L-S). There is influence of lattice interaction on the orbital moment.
Such contribution occurs in most of the light rare earth elements. The Sm3* is exception in this

case. The rare earth ions where L>2S are expected that it contribute additively to the iron system
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[121]. The magnetic moment (m), compensation temperature (Tcomp) and the curie temperatures
(Tc) of the garnets are presented in the table 5.1. The magnetic moment of the rare earth
elements in Bohr magneton/formula unit estimated by the magnetization versus temperature

curves at the lower temperatures.

=
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Figure 5.2 temperature dependence of the rare earth garnets ResFesOi12 (R=Gd, Th, Ho, Er, Yb, Y). The
spontaneous magnetization is reaching zero twice as shown in figure. At the low temperatures, when the magnetic
moment of Fe** T4 and Oy, sites are completely compensating each other and magnetic moment is zero. Then it is
called as compensation temperature (Tcomp). At higher temperature when the total magnetic moment vanishes due
to disordered magnetic moment it is known as Curie temperature (T¢). The curve is reproduced from Kittel’s
book[122]. The magnetic moment values shown in the box are taken from the Hund’s rule values shown in chapter
3[14].

At compensation temperature (Tcomp), the value of M (Tcomp) =0 (refer Figure 5.2) in Gd** and
heavy rare earth elements. In this thesis, the low temperature measurements (below the
compensation temperatures) are predominantly interesting and we will reproduce the
magnetization vs temperature (M vs T) curves for the Gd**, Sm®* and Dy*". However,
discussion about the Curie temperature [121] is out of the scope of this thesis. The exchange
interaction between the rare earth ion and the iron is smaller compared to the Fe**-Fe®*. If one
need to perform the estimation of the magnetic moment of rare earth ions than the magnetization
of the Yttrium garnet (Y3FesO12) can be subtracted from the rare earth garnet RsFes012[138].
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This can provide a good estimation about the rare earth magnetic moments contribution at the
low temperature and can be compared with element specific results. Here, we systematically
investigated the magnetic moment of the rare earth elements using XMCD sum rule analysis
(in Bohr magneton per rare earth ion) and compared with the magnetization results obtained

from SQUID magnetometer.

Table 5.1 curie temperature, Compensation temperature and magnetic moment of the rare earth garnets
(R3Fes012)[137]. At the lower temperatures, the magnetic moment of the rare earth elements in Bohr

magneton/formula unit estimated by the magnetization versus temperature curves[137].

Garnets Curie temperature Compensation temperature Magnetic moment
(T¢) in Kelvin (Teomp) in Kelvin (m) ps/F.U.

Nd 567 - 7.16 (at 100K)
Sm 578 - 5.43

Eu 566 - 2.78

Gd 564 286 16.0

Th 568 246 18.2

Dy 563 226 16.9

Ho 567 137 15.2

Er 556 83 10.2

Tm 549 - 1.2

Yb 548 0 -

Lu 549 - 5.07

Y 559 - 5.01

5.3.  Reported XMCD studies at M4 s edges on the rare earth garnets

In order to understand the behavior of iron and rare earth elements in rare earth garnets, element
specific studies have been performed in the hard x-ray range at iron K-edge[139] and at the L3
edge of the rare earth elements also in HozFesOi1. [140] and DysFesO12[141]. Some
investigations were also performed in soft x-ray range at rare earth M4 s edge[142]. The first
time angular dependent investigations have been performed at the Ms edge in the
ThaFes012[143].
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Using the x-ray magnetic circular dichroism the quantitative investigation of sub-lattice
magnetization of iron and rare earth elements was performed. The basis of this work is to
overcome the lack of the data in the XMCD study at the rare earth M4 s edges on rare earth
garnets. There are reports of element specific studies at the rare earth’s Mas edges except
gadolinium and holmium garnets. This is due to the non-applicability of the XMCD spin sum
rule. In order to understand the magnetic behavior of the rare earth elements and their coupling
with iron sub lattice three different garnets have been considered i.e. DysFes012, GdsFes012
and SmsFesO12. We performed the XAS and XMCD studies on the iron at Lo,3 edges and the
rare earth elements at M4s edges on three garnets specifically, DysFesO12, GdsFesO12 and
SmsFesO12 present in powder-form and the estimation of the individual orbital and spin
moment was done using XMCD spin and orbital sum rules by applying all the necessary
corrections [20, 21, 35]. The complete analysis procedure at rare earth’s Mas edges for the
experimental spectra is described in detail in chapter 3. Samarium is a light rare earth element
where the f orbitals are less than half-filled, gadolinium where the f orbitals are half-filled and
the dysprosium where the f orbitals are more than half filled. Due to parallel (Gd, Dy) and
antiparallel (Sm) coupling between spin and orbital moment the overall coupling with the iron

sub-lattice is also different.

By discussing the coupling between iron and rare earth elements, confirming the applicability
of the spin sum rule and learning in detail about the XMCD sum rules for the M4 s edges, will
also develops the better understanding in the case of complex rare earth elements based
permanent magnets. Therefore, the rare earth garnets can be good reference samples. The
further structural and the element specific XMCD investigations will be discussed in the next

sections.

5.4. Structural investigations

In order to confirm the phase analysis of the rare earth garnets powder x-ray diffraction
measurements are performed using cobalt-K, radiation (1.78896 A). Figure 5.3 shows the x-
ray diffraction pattern for (a) samarium, (b) dysprosium and (c) gadolinium garnets. The
measurement and analysis procedure via Rietveld refinement is performed in similar manner as
discussed in the chapter 4 section 4.3.2. For analysis the possible occurrence of the SmsFesO 12,
DysFes012 and GdsFesO12 phase is considered, the lattice parameters for samarium,
dysprosium and gadolinium garnets are observed as mentioned in reference [144]. Most of the

reflections arise from the expected phases (labelled as red squares). In order to precisely
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compare the total sample magnetization with the element specific XMCD results, the chemical
compositions of the sintered magnets is analyzed by inductive coupled plasma spectroscopy
(ICP-OES) (Spectro- Ciros).
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Figure 5.3 x-ray diffractions pattern of the rare earth garnets (a) SmsFes012 (b) DysFesO1, (c) GdsFesO12. The
peaks corresponding to the respective garnet phases are labelled by red squares. All the diffraction patterns are in

100% agreement with the reference patterns from ICDD.

The spectroscopic analysis results are presented in Table 5.2. The negligible amount of
impurities like cobalt (Co), magnesium (Mg), manganese (Mn), chromium (Cr) and copper (Cu)
is identified. The Stoichiometry for all the three specimens are turned out to be Dy3zFes012,
GdsFesO12 and SmsFesO12 respectively. The ICP data consistent with the x-ray diffraction
results. The magnetic properties of all the garnets with the magnetometry will be discussed in

the next section.
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Table 5.2 elemental composition of DysFes012, GdsFesO12 and SmsFesO1, garnets is measured by inductive
coupled plasma optical emission spectroscopy (ICP-OES). The results of the iron, oxygen and the rare earth
elements presented here in weight percentage (weight %). The presence of some impurities like cobalt (Co),

magnesium (Mg), manganese (Mn), chromium (Cr) and copper (Cu) also identified.

Specimen  Rare earths Iron Oxygen Impurities (Co, Empirical
(wt. %) (wt. %) (wt. %) Cu, Mn, Cr, Mg) formula
DysFes012 49.1+0.5  29.6%0.3 19.92+0.2 ca.0.02 DysFesO12
GdsFes012 49.8+0.5  29.0+0.3 19.5+0.2 ca.0.01 GdsFes012
SmsFesO,  48.8+0.5  30.4+0.3  20.74%0.2 ca.0.01 SmsFes012

5.5. Magnetic investigation - SQUID results

Magnetic measurements were performed over the temperature range of the 1.7-350 Kelvin with
a superconducting quantum interference device (SQUID) magnetometer up to field of 6.5 T
magnetic field on rare earth garnets powder (DysFesO12, GdsFesO12 and SmsFesO12). The
measurements are performed tapping powder inside the specially designed quartz tube and the
lid of the tube is fixed in such a manner that the powder does not move during measurements.
Magnetic hysteresis of the rare earth iron garnets for gadolinium (except at room temperature),
samarium and dysprosium are apparently magnetically saturated at moderate fields (~1 to 2
Tesla) at temperatures near 1.7 Kelvin (refer Figure 5.4 (a) to (c)). The compensation points
(Tcomp) Obtained by the magnetometer are found to be in good agreement with the previously
reported results[124, 130] (refer Figure 5.4 (e) and (f)). General chemical formula for the rare
earth garnets is REsFe2FezO12. In these two different types of iron ions contribution, a

tetrahedral (Tq) and octahedral (On) iron sites antiparallel to each other.

The rare earth ions (RE®*") are weakly anti-ferromagnetic coupled to the iron magnetization.
According to Hund’s rule each iron magnetic moment should be at around 5 Bohr magneton
Jatom (3* Tq Fe3*-2* On Fe3*) in iron garnets. In order to estimate experimentally the total iron
sub-lattice magnetization, the yttrium iron garnets (Y1G) can be considered as a good reference,
because yttrium is diamagnetic and the total magnetization is just based on the averaged iron
sub-lattice magnetization. From the yttrium iron garnet (Y1G) magnetization vs temperature
curves, the resulting total magnetic moment for iron sub lattice per formula unit is 4.4 Bohr

magneton per formula unit (0.88 Bohr magneton /Fe3*ion)[130]. The contribution of the rare
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earth ions can be separated from the magnetization vs temperature curves by simple subtraction
of the YIG contribution. Figure 5.5 (g) to (I) shows the magnetic moment of the rare earth

elements per formula unit.
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Figure 5.4 SQUID hysteresis loops of (a) SmsFesO12, (b). GdsFesO12 and (c) DysFesO12 garnets measured at
room temperature and low temperatures, Magnetization (M=u0J) vs Temperature curve (temperature range-1.7
Kelvin to 350 Kelvin) of the (d) SmsFesO12, (€) GdsFesO12 and (f) DysFesO12 garnets at 6.5 T Tesla magnetic
field.

The estimation of the rare earth magnetization can be performed via magnetization versus

temperature curves in following ways -

()] At room temperature, Fe** ions are dominating the total magnetization. In presence of
magnetic field, the average Fe** magnetic moment is aligned parallel and the RE®* moments
are antiparallel to the magnetic field (refer figure 5.6). With the decreasing temperature rare
earth sub-lattice magnetization is increasing and due to antiferromagnetic coupling with the
iron sub lattice total magnetization is decreasing. At a compensation temperature (Tcomp) (refer
figure 5.6 (e) and (f)) the total magnetization vanishes in some of the heavy rare earth garnets.

Therefore, for the heavy rare earth elements such as Dy, Th and completely half- filled shell
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Gd which exhibits compensation temperature, at the temperature T<Tcomp magnetization at the

rare earth site can be estimated as follows.
MRre=Mtotal (REIG=SQUID) - Motal (Y1G=reference)
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Figure 5.5 magnetic moment of the all the garnets ((g), (j) SmsFesO12 (h),(k) GdsFesO12, (i),(I) DysFesO12) in
Bohr magneton per formula unit vs temperature (in red color). All the curves are overlapped with the YIG
magnetization vs temperature curve (in blue color). Estimation of the average magnetic moment of rare earth ions
using YIG magnetization verses temperature curve. The flip in the magnetization of the rare earth elements takes
place above and below the compensation temperature. Therefore, estimation of the magnetic moment of the rare
earth ions needs to be done in different ways above and below the compensation temperature for the dysprosium
and gadolinium garnets. The rare earths magnetic moment/formula unit is shown in two different curves (Black-
T<Tcomp and red T>Tcomp) for Dy and Gd. The resultant curve for the Gd and Dy magnetic moment is shown by
green curve. This only provides the average contributions of the rare earth magnetic moment so the sign for the
rare elements is not considered from here above the compensation temperature. Although Samarium magnetic
moment remains negative because the iron moment does not change the sign in case of light rare earth elements,
therefore the estimation of samarium magnetic moment cannot be done in similar way by simply subtraction of

the Y1G total magnetization. The samarium garnet M vs T curve has been presented in the right figure (j).

(1)  Below the compensation temperature the flip in the direction of magnetization takes

place in the iron and the heavy rare earth ions. The rare earth ion dominates the total
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magnetization below the compensation temperature and is parallel to the external magnetic
field. While the resulting iron moments are antiparallel (refer figure 5.6). For heavy rare earths
such as Dy, Tb and completely half-filled shell Gd T>T comp
MRe= Miotal (Y 1G= reference) - Motal (DyIG=SQUID)
(1) Light rare earth elements (Sm, Nd) do not possess any compensation temperature.
Therefore
Miotal (REIG=SQUID)- Motal (Y IG=reference)

The resultant curve for the Gd and Dy magnetic moment is shown by green curve in Figure 5.5
(k) and (). It provides merely the average contributions of the rare earth magnetic moment.
Above the compensation temperature, the sign of the magnetization direction for the rare
elements is not correct from the Figure 5.5 (k) and (I). The flipping of the magnetization has
been observed above and below the compensation temperature in the reported results via
XMCD investigation for iron and even for heavy rare earth ions and gadolinium [135, 142]. It
is also visible in the M vs T curve and we also discuss these XMCD results in detail in the

proceeding sections.

Geller et al[129] and Pauthenet[124] reported magnetization versus temperature data on
samarium iron garnet (SmIG) and their investigation is in good agreement with our obtained
results. Geller has shown that magnetization versus temperature data on polycrystalline
samarium iron garnet at fields of 4.8, 9.6, and 14.24 kOe. The M vs T curve behavior is
analogous to the reported results [129]. Below 35 kelvin a dip in the magnetization vs
temperature curve is due to Sm®*" ions [129]. The moment of SmIG is 4.7 Bohr
magneton/Formula unit (refer Figure 5.5 (j)) at the temperature of 4 Kelvin implying a
contribution of 0.09 bohr magneton / Sm®* ions (refer Figure 5.5 (j)), which is close to the
results reported by Geller et al[129]. The magnetic moment and the slope of the M vs T curve
in case of samarium is larger than the YI1G (refer Figure 5.5 (g)). Both the curves are crossing
at temperature of 167 Kelvin. The spin (S) moment of Sm®* ion is antiparallel to the orbital (L)
moment, therefore the Sm** ion magnetization is always antiparallel of the iron sub-lattice
magnetization, even at the lower temperatures. Therefore, there is no compensation temperature
is observed. Due to this reason, the estimation of the samarium magnetization (in Bohr /formula
unit) cannot simply estimated by the subtraction with the YIG total magnetization. As there is
no flip in the magnetization in samarium has been observed due to antiparallel coupling of the
orbital and spin moment (Hund’s rule-Sm3* m_ =5, ms=5, m; =m_-ms=0). Therefore, simply

the M vs T curve is presented in the Figure 5.5 (j)
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Figure 5.6 schematic representation of coupling between rare earth ions and the ion below and above the

compensation temperature (Tcomp) in heavy rare earth elements.

The gadolinium and dysprosium garnets magnetically saturate between 1.4 and 12 Kelvin at
1.2T [130]. At temperatures above 22 Kelvin the saturation cannot be attained for gadolinium
iron garnets (GdIG) and dysprosium iron garnets (DylG). Gadolinium and dysprosium garnet
appears close to the saturation in our experimental results of 16 and 17 Bohr magneton/ formula
at 4 Kelvin in presence of 6.5T magnetic field respectively. These obtained results are well
matched with the results obtained by Geller [130]. The total magnetic moment estimated for
the gadolinium and dysprosium are 20 and 22 Bohr magneton/formula unit (Figure 5.5 (h) and
(i) at the temperature of 4 Kelvin implying a contribution of 6.7 Bohr magneton/Gd®* ions and
7.3 Bohr magneton/Dy*" ions (Figure 5.5 (k) and (1)), which are close to results reported by
Geller et al by the extrapolation [129] and expected from the Hund’s rule (Gd** m_=7, ms =0,
m; = m_-ms=7 and Dy** m.=5, ms =5, m; = m_-ms=10 ). The total spin alignment of the
dysprosium garnet should be 10 Bohr magneton / Dy atom (3*5 m Dy-1*5 m Fe), however the
SQUID results for the dysprosium garnet are still significantly smaller than the values which
are estimated from the Hund’s rule [130]. If the dysprosium spin is aligned completely
antiparallel to the iron spin without any canting then the spin magnetic moment should be 5
Bohr magneton /atom. This shows the alignment or the orientation of the J, L and S in case of
dysprosium plays a significant role. In order to check the orientation of J and S, XMCD studies
have been performed in this thesis to clarify the situation and to test the new 4f sum rules derived
here.
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5.6. Spectroscopic investigation-XAS and XMCD results

In order to discern the influence of each element in the alloy, XMCD measurements (Refer
chapter 2 experimental techniques) have been performed in-situ at Fe L23, Gd Mas, Sm Mas
and Dy Ma;s edges for all the garnets (at room temperature and low temperature-below 30
kelvin) in the presence of 6.5 Tesla magnetic field in powder form and the element specific
hysteresis also have been performed at the iron L3 edge. The disadvantage of using powder form
is the charging that occurs at low temperature due to isolating grains. At low temperature the
charging of the insulating grains can be prevented by the use of very thin layer of the powdered
garnets deposited on colloidal graphite (Aqua dac), used for proper electrical contact. Charging
could be futher reduced also by the lowered synchroton light intensities. The iron and rare earth
magnetic moment values are corrected for the degree of circular polarizations. All the measured
spectra were background subtracted and pre- and postedge normalized. The measurements

procedure is similar as reported in reference[135].

5.6.1. XAS and XMCD -Fe L23 edges:

() XAS and XMCD line shape analysis

Figure 5.7 shows the Fe L»3 edges XAS and XMCD spectra at room and low temperatures
(below 30 Kelvin) for all the rare earth garnets ((a and d) SmzFes012, (b and ) GdzFesO12 and
(c and f) DysFesO1.. For the specimen SmsFesO12, no low temperature measurements were
performed at iron edge as the iron sub-lattice magnetization is always positive (refer Figure 5.7
(@) ,(d) SmsFes012). The shape of the XAS and XMCD spectra at the iron L2 3 edges are similar
for all the rare earth garnets and are analogous to the iron oxide spectra [99, 145-147]. Above
and below the compensation temperature the changes in the iron sub-lattice magnetization is
directly visible in case of DylG and GdIG. At the low temperature, XMCD signal direction
changed, refer Figure 5.7 (b), (c), (e) and (f) as it is in agreement with the reported results for
the holmium garnet (HOIG) [135]. These systems are very well recognized to have two
different types of iron ion contribution, experiencing a tetrahedral (Tq4) and octahedral (On)
coordination environment (Figure 5.1). For the proper shape analysis of the experimental XAS
and XMCD spectra of the iron and to discern the features of T4 and Oy site, we have simulated
XAS and XMCD spectra for the Fe L»;3 edges using the CTM4XAS 5.5 program, which is
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based on the crystal field multiplet calculations, including the crystal field parameters (crystal
field symmetry and the exchange field) and spin orbit coupling parameters [42]. The simulation

parameters used here are analogous to the reference [99].
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Figure 5.7 edge normalized XAS and XMCD: (difference in left and right polarized XAS spectra) spectra of rare
earth’s (RE= Gd, Dy, Sm) at Fe L,3 edge for garnets (a and d) GdsFesO12 (b and ) DysFesO1, and (c and f)
SmsFes012 at 6.5T magnetic field) recorded at low temperature (in red color-solid line) and at room temperature

(in black color-dash dot line) are presented here.

For the atomic multiplet calculations, final Slater integrals Fpq and Gpg of 77% and 74%,
respectively were chosen for both the Fe (octahedral-On and tetrahedral-Tq) sites[99]. The
Slater integral values of Fqq for On Fe (68%) and T4 Fe (60%) sites are varied. The values used
here are all reduced to 80% of the Hartree-Fock values. In the C4 crystal symmetry, 10Dq values
of 1.6 and —0.8 eV were used for the On and Ty sites respectively [99]. The exchange field for
the symmetry breaking for the Oy Fe site (—12 meV) was chosen to be opposite to the Tq Fe
sites (18 meV), as the spins of iron ions at Tq sites and On sites are antiparallel to each other.
All the spectra were further broadened by a Lorentzian half width of 0.2 eV and 0.4 eV. The
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instrumental broadening was also accounted for by considering a Gaussian broadening of 0.2

eV. The individual difference is that the contribution of the Fe?* is not considered.
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Figure 5.8 simulated XMCD spectra of a; and a; On-Fe* (in green color), T4-Fe®* (in cyan color) and their sum
(In black color-fitted spectra- On 35%: T4 65%) contributions overlapped with the experimental spectra
(GdsFesO12 at Fe Loz edge measured at 30 Kelvin). Alone one representative XMCD spectra at Fe L2 3 edge is
shown for fitting because the spectral shape of Fe L,3 edge for other garnets is same, except for the change in
XMCD intensity and the relative orientation. The octahedral (Or-35%) and tetrahedral (T4.65%) site of Fe3* spectra

are antiparallel coupled to each other.

We attempt to reproduce the experimental Fe in order to generate a fit, by mixing the O, Feand
Tq Fespectrain an appropriate ratio. As all the iron spectra exhibit similar XMCD shape, merely
one spectrum (XMCD of GdIG Fe L3 at 30 Kelvin Figure 5.7 (e) red curve) is considered for
fitting here. The theoretical spectra for the On Fe** and T4 Fe®" are well match to the previous
reported simulation results [145, 147]. As observed from the fitting that the L3 edge of XMCD
spectrum of iron is a combination of two negative peaks (labeled as a: and a2 in Figure 5.8)
and one large positive peak (labeled as d in Figure 5.8). The a1 and a; is caused by the O Fe*
contributionand d peak is from T4 Fe®* contribution respectively [99, 145]. There is possibility
that very small amount of Fe?* is present. But in particular, no strong characteristic features of
Fe?* in the octahedral sites (as in Fes04) are found, such as a shoulder at the onset of the L3
and L, XAS spectra [148, 149]. The spins of On Fe*" ions are coupled anti-ferromagnetically
with the spins of T4 Fe®* B ions by the super exchange interaction acting via the intervening 0%
ions [135, 148]. Spins of On Fe** ions are oriented in a direction parallel to the external magnetic
field at low temperatures in garnets and antiparallel to room temperatures (refer Figure 5.8)

[135]. As a result of this fitting, at low temperature in these garnets the Tq Fe3*site exhibits the
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maximum (65%) contribution in the spectra and the rest (35%) is On Fe** site and vice versa at
the room temperature. The fitting at L> edge is not very good, however can reproduce all the
structures of the experimental spectra very well. The elements specific hysteresis curves are
also measured at Fe Lz edge. The SQUID hysteresis are completely reproduced by the Fe L3
edge element specific magnetization curves for all the garnets, however not discussed in detail

in this chapter.

(i)  XMCD sum rule analysis at Fe L23 edge

Table 5.3 sum rule analysis results of experimental XMCD spectra of Fe L3 edge for all garnets. The values of
orbital moment (my,, spin moment (ms), total magnetic moment (m_+ms), and the orbital to spin ratio (m./ms))

in units of Bohr magneton (ug)/atom presented in table.

T Orbital Spin Total Ratio
(Kelvin) (ue / atom) (ue / atom) (ue / atom)
Gd3Fe5012 at Fe |_2,3 edge
300 0.04+0.01 0.30+0.02 0.34+0.02 0.12+0.02
30 0.04+0.01 -0.46+0.02 -0.42+0.02 -0.09+0.01

DysFesolz at Fe L2,3 edge
300 0.026+0.01 0.30+0.02 0.33+0.02 0.08+0.01

13 0.034+0.01 -0.48+0.02 -0.45+0.02 -0.07+0.01

SmsFes0O1; at Fe Lo edge
300 0.084+0.01 0.33+0.02 0.41+0.02 0.25+0.02

Evidence for the flip in the magnetization comes from the sum rule analysis of the iron XMCD
spectrum, therefore by using sum rules for L2 3 edges [24] quantitative estimation of the spin
and orbital sum rule is performed. The number of holes (nn) is taken 5 for the Fe3* 3d° shell
[135]. The values of <Sz> were determined by assuming that the <Tz> is negligible because
the measured specimens are in the powder form, therefore the average contribution of the <Tz>
is negligible. Figure 5.8 shows the XAS and XMCD spectra of Fe L2 3 edges for all garnets at
300 and 80 Kelvin respectively and the corresponding sum rule analysis results are presented
in Table 5.3.
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The yttrium garnet has been investigated among all the rare earth garnets in the past [99, 130].
The Y** is diamagnetic, the contribution in the total magnetization is from the iron. Yttrium
iron garnet can be considered as a good reference for the iron magnetic moment. The ratio of
Sz moment between room temperature and 80 Kelvin for yttrium iron garnet is (4.7/3.56=) 1.34
as reported [150]. The ratio between low temperature and room temperature Sz moment values
for the GdsFesO12 and DysFesO12 are -1.54+0.2 and -1.6+0.2 respectively, which is close to
the YIG value [150] and HolG [135]. The Fe spin magnetic moment values for all the garnets
are almost similar (Table 5.3). For the SmzFesO12 specimen no low temperature measurements
are performed because of the lack of time. The samarium magnetic moment is always negative
(does not change the sign) and it does not exhibit any compensation temperature due to
antiparallel coupling with spin and orbital moment. It was the least important to perform the
measurements and during the measurements, we were struggling with the charging problem

also at the low temperature.

A change in the direction of the iron sub-lattice magnetization is observed below compensation
temperature (Tcomp) for GdIG and DyIG (refer Figure 5.8 and 5.7(e) and (f)). The iron sub-
lattice magnetization is dominated by the Tq Fe®* (65 % contribution) lattice site (Figure 5.8)
as it is visible in the fitting results. At room temperature the total Fe magnetic moment is
positive and due to change in direction of the iron sub-lattice magnetization below Tcomp, the
total magnetic moment of iron switches to negative (refer Figure 5.8). The sign of the XMCD
signal is a clear indication of the orientation of the iron magnetic moment with respect to the
magnetic field. The orbital moment in case of iron is almost negligible. According to Hund’s
rule the total Fe sub-lattice magnetic moment is around 5 Bohr magneton /F.U. (3* m Tq4 Fe3*-
2* m On Fe*) for iron and from the Y1G magnetization vs temperature curves, the resulting
total magnetic moment per formula unit is 4.4 Bohr magneton per formula unit (0.88 Bohr
magneton /Fe*ion) [130]. The YIG results are not the XMCD results, it is estimation from the

magnetization vs Temperature curve.

The total magnetic moment of the iron for the GdsFesO12 (at 30 Kelvin) and DyzFesO12 (at 13
Kelvin) are -0.42+0.2 and -0.45+0.2 Bohr magneton/atom respectively. The result for iron is
half of the reported result from the YIG [99] and 25% increase compared to the reported results
on HolG [135]. It has been considered from sometime that the reduction in the projected
magnetic moment of the iron compared to the YIG results can be explained by the Fe®* ions
hybridization with oxygen (O%) ions [135]. This explanation is not the reason for the reduction

in the magnetic moment here. The major cause for the reduction in the iron magnetic moment
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is that there is a less magnetic iron shell around each grain. The XMCD effect is also almost
double in the height in our experimental results at low temperatures compared to the iron
XMCD effect reported for the HolG specimen. The ratio of the spin magnetic moment at low
temperature (ms)Lt and room temperature (ms)rr of iron for garnets (GdsFesO12, DysFesO12)
is compared with the reported results of the HosFesO12 garnet[135] in Table 5.4. The ratio
(ms)Lt/(ms)rr is close to the HozFesO12 garnet[135] in case of GdsFesO12, however increased
8 % in case of DysFesO12 garnet.

Our main purpose is to perform the XMCD investigation at the rare earth sites to check the
applicability of the spin rum rule at the M4 s edges. Similar measurements have been performed
at the M4 edges of the rare earth elements. In the consecutive section, the XMCD results will

be discussed for rare earth elements.

Table 5.4 spin (ms) sum rule analysis results of experimental XMCD spectra of Fe Ly3 edge for garnets
(GdsFes012, DysFes012) in units of Bohr magneton (ug)/atom at room temperature and low temperature
(measured below compensation temperature) presented in table. The ratio of the spin magnetic moment at low
temperature (ms) .t and room temperature (ms)rr of iron for garnets (GdsFes012, DysFesO12) is compared with

the reported results of the HoszFesO1, garnet[135].

Specimen Spin-room temperature- Spin-low temperature Ratio
(ms)RT (,uB [ atom ) (ms)LT (/lB /atom) (ms)LT/(ms)RT

GdsFes01, 0.30+0.01 -0.46+0.02 -1.53+0.02

DysFesO1, 0.30+0.01 -0.48+0.02 -1.6+0.02

Literature values[135]

HosFesO1; 0.23+0.01 -0.34+0.02 -1.48+0.02

5.6.2. XAS and XMCD -rare earth elements —Ma;5 edges and sum rule analysis

Figure 5.9 (g to I) shows the rare earth M4 s XAS and XMCD spectra at room temperature and
low temperatures (below 30 Kelvin) for all the rare earth garnets (GdsFes012 and DyzFes012).
For the (a) SmzFesO12 specimen no low temperature measurements have been performed due
to charging problem during the measurements. In order to compare with the experimental
spectra, the XAS and XMCD spectra at the Mas edges of the Gd, Sm and Dy have been

simulated by atomic multiplet theory calculations (refer chapter 3.4.4). The spectral shape of
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the Gd Mss Sm Mas and DyMas edge is well match to the theoretical ground state spectrum
reported in chapter 3.4.4 and are in good agreement with the previously reported results [33,
37]. The experimental Gd, Sm and Dy M5 edge XMCD and the nonmagnetic XAS spectra are
overlapped with the theoretically simulated Hund’s rule ground state spectra of the Gd, Sm and
Dy in Figure 5.10 (m to r). As rare earth elements are localized the spectral shape does not vary
too much and do not overlap significantly with the oxygen p electrons [135]. But here in the
case of experimental samarium XMCD and nonmagnetic XAS spectra clear difference has been
observed in comparison with the theoretically simulated Hund’s rule ground state spectra Figure
5.10 (m and r). In case of dysprosium and gadolinium the difference is not much prominent as

compared to samarium.
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Figure 5.9 edge normalized XAS: left (measured at left and right polarized light) and XMCD: right (difference in
left and right polarized XAS spectra) spectra of rare earth’s (RE= Gd, Dy, Sm) at M4s edge for garnets
(GdsFes012, DysFes0O12 and SmsFesO1, at 6.5T magnetic field) recorded at low temperature (red color-solid

line) and room temperature (black color-dash dot line).

In case of rare earth element, also flip in the magnetization direction is clearly visible in the
XMCD spectra of the gadolinium and heavy rare earth (dysprosium) below compensation

temperature (Tcomp). Similar in case of iron (section 5.5.1 (a)), the sign of the MCD signal is
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related to the relative orientation of the magnetic moment of Gd and Dy by simple atomic model
for the states [68]. The positive MCD signal at the Ms edge confirms a residual anti-
ferromagnetic coupling between the rare earth ions and the iron. At low temperature, increase
in the XMCD signal intensity is clearly visible, is the increase in XMCD is 3 times larger in

case of gadolinium and dysprosium compared to their room temperature analogs.
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Figure 5.10 edge normalized experimental (red color-solid line) non-magnetic XAS spectra (sum of left and right
polarized spectra) of rare earth’s (RE= Gd, Dy, Sm) at Mas edge for garnets (GdsFesO12, DysFesO12 and
SmsFes012 measured at 6.5T magnetic field) overlapped with the theoretical (black color-dash dot) non-magnetic
XAS spectra (sum of zero, left and right polarized spectra) and XMCD spectra of the ground state configuration.
The arrow represents the scale of the curves. In order to compare the experimental and the theoretical curves for
the experimental spectra scaling is on the left side of the y-axis and for the theoretical spectra in the right side of

the y axis. The simulated spectra (black dash dot) of Dy, Sm and Gd are discussed in detail in chapter 3.

The sum rule analysis was performed at the rare earth Mss edges using all the possible
corrections for spin magnetic moment (refer chapter 3) and presented in Table 5.5. Here the
number of holes (nny used for Sm, Gd and Dy are 9, 7 and 5 respectively. The magnetic dipole
term (Tz) used for the sum rule analysis for Sm, Gd and Dy are 0.386, 0.010 and 0.128
respectively (refer chapter 3). The sign of the magnetic dipole term varies according to the

direction of the spin. The gadolinium sum rule results at low temperature are not consistent with
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the Hund’s rule values (m.=0, and ms=7) and the sum rule analysis results on simulated spectra

(m.=0.07, ms=6.49), because we are not in the saturation condition of the magnetization.

Table 5.5 sum rule analysis results of experimental XMCD spectra of rare earth’s (RE= Gd, Dy, Sm) at M45s edge
for all garnets presented. The values of orbital moment (my), spin moment (ms), total magnetic moment (m_+ms),
and the orbital to spin ratio (m_/ms) in units of Bohr magneton (ug)/atom is shown. The sum rule results have
been estimated by incorporating all the necessary correction for the spin sum rule presented in chapter 3. The
reduction on the experimental spin magnetic moment compared to the theoretical spin magnetic moment is
presented in the last column. The sum rule results of the simulated spectra are also presented here. All the

simulation details are presented in chapter 3.

T Orbital m_ Spin ms Total (m+ms) Ratio Reduction in

(Kelvin) (us [ atom) (us [ atom) (us / atom) (myi/ms)  spin compared

to theory
GdsFes012 at Gd Mys
edge
300 -0.02+0.01 -0.46+0.02 -0.45+0.02 0.04+0.01 15.6
30 0.08+0.01 5.06+0.2 5.15+0.2 0.02+0.01 1.4
Simulations -0.07 -6.94 -7.01 0.01 -
(chapter 3)
DysFesolz at Dy M4,5
edge
300 -0.13+0.02 -0.16+0.02 -0.29+0.02 0.81+0.1 29.6
13 2.56+0.2 2.88+0.2 5.44+0.2 0.88+0.1 1.6
Simulations -5.11 -4.84 -9.95 1.06 -
(chapter 3)
SmsFesOi1z at Sm Mys
edge
300 0.26+0.02 -0.37+0.02 -0.11+0.2 -0.71+0.1 9.8
Simualtions 4.29 -3.62 0.64 -1.18 -
(chapter 3)

The saturation in the Gd garnet is around 3 to 4 Kelvin (refer Figure 5.4(e)). Our experimental
setup has limitation of measurements up to 10 kelvin. Due to some technical problems we were
not able to stabilize the temperature, therefore at 30 kelvin measurements have been performed.
In case of dysprosium the orbital and spin moment almost half of the expected values (Hund’s
rule m =5, ms=5 and the sum rule analysis results Quanty- m_.=5.11, ms=4.84) even at 15

Kelvin. In case of dysprosium also, it is not at the saturation condition of the dysprosium
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moment (1.5 Kelvin). The XMCD results should be compared with the SQUID results, at the
temperatures (15K- DylG and 30K GdIG) where the XMCD measurements have been
performed. The comparison of the rare earth magnetic moment obtained using XMCD with the

SQUID results at appropriate temperatures will be discussed in the next section.

5.6.3. Comparison of SQUID results with sum rule analysis results

The average magnetic moment contribution of the rare earths (RE= Gd, Dy, Sm) in all the
garnets (GdsFesO12, DysFesO12 and SmsFesO12 measured at 6.5T magnetic field) in Bohr
magneton/atom have been estimated from the SQUID results (refer Figure 5.5 (k) and (i)). The
qualitative estimation of the magnetic moment of rare earth elements also performed from the
M vs T curve (SQUID results). The average contribution of the rare earth element are presented

in the Figure 5.11 and the results are compared with the XMCD results in Table 5.6.
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Figure 5.11 average magnetic moment contribution of the rare earths (RE= Gd, Dy, Sm) in all the garnets

(GdsFes012, DysFes0O12 and SmsFes01, measured at 6.5T magnetic field) in Bohr magneton/atom have been

estimated from the SQUID results (M vs T curve- refer Figure 5.5)

In order to compare the XMCD results with the SQUID results, all the values of the total
magnetic moment of rare earth elements have been incorporated in the empirical formula
m(RE)*3+5*m(Fe). At room temperature, the total magnetic moment from the XMCD sum
rule analysis is 0.35 Bohr magneton/formula unit (GdsFes012=-0.45*3+0.34*5) and for 30
Kelvin is 13.35 Bohr magneton/formula unit (GdsFes012=5.15*3-0.42*5). The results are in
good agreement with the SQUID results mentioned in section 5.5. From the SQUID results the

total magnetization in Bohr magneton / formula unit is 13.72 (at 30K) in the GdIG (refer Figure
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5.4 (e)). The XMCD sum rule analysis results are in good agreement with the SQUID results
for the gadolinium garnet. Similarly, the analysis is performed for the dysprosium. The total
magnetization in case of DyIG at 15 Kelvin temperature is 16.9 Bohr magneton / formula unit
and the XMCD results are 14.07. In case of dysprosium at 15 Kelvin the total magnetic moment

is reduced by 18% in the XMCD measurements.

Table 5.6 total magnetic moment of the iron and rare earth elements. As well of the rare earth (RE= Gd, Dy, Sm)
present in all the garnets (GdsFes012, DysFesO12 and SmsFesO1, measured at 6.5T magnetic field) is compared
with the SQUID results in Bohr magneton/ Formula Unit for the room temperature and the low temperature. An
estimation for the rare earth elements in Bohr magneton /atom also performed from the SQUID results by

subtracting the iron contribution, which is estimated from the YIG M vs T curve (further detail in the section 5.5).

T SQUID (mwt) SQUID (mre) XMCD (mre) XMCD (mre) XMCD (Mot)
(Kelvin) (us/F.U.) (#s/RE atom)  (us/Fe atom) (us/RE atom) (us/ F.U)

Gds:FesOp at6.5 T
300 0.3 1.08 0.34+0.02 -0.45+0.02 0.35+0.02

30 13.72 6.18 -0.42+0.02 5.15+0.2 13.35+0.2

DysFesOp at6.5T

300 1.53 0.65 0.33+£0.02 -0.29+0.02 0.78+0.02

15 16.9 7.0 -0.45+0.02 5.44+0.2 14.07+0.2
SmsFesOpat6.5T

300 3.2 -0.08 0.41+0.02 -0.11+0.2 1.72+0.02

The orbital Lz to spin Sz (ms/2) ratio for the dysprosium is 1.76, which is reduced compared to
the Hund’s rule (2) and the theoretical simulation results (2.11) refer table 5.7. It shows that in
case of dysprosium, that the spin (S) of the dysprosium and iron are coupled in such a way that
the dysprosium spin is not oriented along the direction of the magnetic field. The dysprosium
spin is canted (with respect to field direction) due to the exchange coupling between iron and
dysprosium causing reduction in the orbital to spin ratio. The quantitative estimation of the
canting angles beyond the scope of the thesis. Similarly, reduction (1.42) in the orbital to spin
ratio has been observed in case of samarium also compared to the Hund’s rule (2) and the

theoretical simulation results (2.11) refer table 5.7. In case of samarium the reduction in orbital
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to spin ratio is almost 30%. It is visible in the XAS and XMCD spectra of the Dy, Sm and Gd
that the XAS and XMCD spectral shape is not completely analogous to the ground state
simulated spectra (Figure 5.10). Due to the change in the spectral shape from the ground state
simulated spectra reflected in the projected orbital to spin ratio. The maximum deviation in the
XAS and XMCD spectral shape compared to the simulated ground state spectra is visible in

samarium, therefore the largest reduction (30%) in the spin to orbital ratio is observed.

In case of dysprosium the reduction in the orbital to spin ratio compared to the ground state
simulation results is 14 %. The sum rule analysis results in the garnets are the clear evidence of
the applicability of the XMCD sum rules in case of the rare earth elements at the M4 s edges by
incorporating all the necessary corrections. As the contribution of the magnetic dipole term in
case of the rare earth garnets in the powdered form is almost negligible because the average
contribution of the magnetic dipole term will nullify due to the complete rotation of the grains
in the powder. Therefore, the sum rule analysis is more reliable in case of these garnets

compared to the other sintered and the thin film specimens.

Table 5.7 the orbital (Lz =m_) to spin (ms=2*S;) ratio of all the rare earth elements experimental spectra in the

garnets are compared with the simulation results in the table.

Elements Ratio (Lz/Sz) Ratio (Lz/Sz)
Simulations  Experiments

Sm -2.36 -1.42

Gd 0.02 0.04

Dy 2.11 1.76

5.7. Discussion

The rare earth garnets ferrimagnets are known to exhibit the compensation temperature where
the total magnetization of the specimen is zero at the lower temperatures. Due to the relative
weak coupling of the RE ions, the RE sub-lattice magnetization has a different temperature
dependence, resulting in an increase in the magnetic moment down to lower temperatures. We
confirmed the applicability of the XMCD orbital and spin sum rule for the rare earth elements
on the experimental spectra measured below the compensation temperature. The contribution
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of the magnetic dipole term to the spin moment is negligible in case of powdered samples due
to the complete rotation with the grains, therefore the sum rule analysis is more reliable in case
of these garnets compared to the other sintered and the thin film specimen.

The XAS and XMCD investigations are performed at the Fe L2 3 edges. These systems are very
well recognized to have two different types of iron ion contribution, experiencing a tetrahedral
(Tq) and octahedral (On) coordination environment. For the proper shape analysis of the
experimental XAS and XMCD spectra of the iron and to discern the features of T4 and Oy site,
we have simulated XAS and XMCD spectra for the Fe L23 edges and reproduced the
experimental spectra by the combination of the 65% Fe3* T4 site and 35% Fe®" Oy, site. The iron
sub-lattice magnetization is dominated by the T4 Fe3* (65 % contribution) lattice site. The sum
rule analysis results for iron is half of the estimated magnetic moment from the YIG
magnetization vs temperature curve. The major cause for the reduction in the iron magnetic

moment is a less magnetic iron shell around each grain.

From the XMCD sum rule analysis, the reduced magnetic moment and the orbital to spin ratio
IS observed at the rare earth site (dysprosium and samarium) in these garnets compared to the
Hund’s rule and theoretical investigation results. It shows that in case of dysprosium, that the
spin (S) of the dysprosium and iron are coupled in such a way that the dysprosium spin is not
oriented along the direction of the magnetic field. The dysprosium spin is canted (with respect
to field direction) due to the exchange coupling between iron and dysprosium causing reduction
in the orbital to spin ratio. The difference in the XAS and XMCD spectral shape from the ground
state simulated spectra reflected in the projected orbital to spin ratio. Dysprosium and samarium
shown 17% and 30% reduction respectively, in the orbital to spin ratio. This is in comparison

to the Hund’s rule and the simulated spectra sum rule analysis results.
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6. XAS and XMCD investigations at Nd Ma;s edge in Nd-based
permanent magnets

6.1. Introduction

High-performance permanent magnets are one of the essential materials that support modern
technologies in which electric energy is transformed to motions, or vice versa, with the possibly
highest efficiency. Examples of applications of high-performance permanent magnets include
disc drives for information-storage devices, hybrid and electric vehicles (HEV and EV)[151].
In the 1960s, a hexagonal SmCos compound with a CaCus - type structure appeared as the first
rare-earth high-performance magnet [152]. The compound has all the suitable magnetic
properties high uniaxial magnetocrystalline anisotropy (uoHa~200KOe), relatively high
magnetization (Js~1.14T) and a high Curie temperature (T.=720°C) [151, 152]. The main
disadvantage of these materials is their comparatively high cost of constituents such as
samarium and cobalt, therefore research initiated to focus on trying to find an iron-based
magnetic materials, with similar properties. This eventually directed to the development of
magnets based on the tetragonal Nd2Fe14B phase [153]. Croat et al [154] prepared using melt-
spinning, and Sagawa et al [155] using powder metallurgy techniques. The magnetic
characteristics of the new Nd2Fe14B phase were Js = 1.61 T, uoHa =73KOe and T =312 °C
[153]. Due to their better magnetic properties and low-cost, the Nd—Fe—B magnets had replaced
SmCo magnets. [156] In this phase, 3d electrons in transition metals with orbital moments that
are quenched due to crystal field coexist with the localized rare earth 4f electrons of the large
orbital moment. However, for the energy-related technologies magnets should operate at the
temperatures up to 200 degree Celsius, at this high operating temperature the coercivity of Nd-
Fe-B based permanent magnets is decreasing (<0.5T). Therefore, the current approach involves
partial substitution of heavy rare earth (HRE) elements such as dysprosium (Dy) and terbium
(Tb) of 4% content within overall rare earth content in order to increase the coercivity and
magnetocrystalline anisotropy of the main phase Nd2FewsB and to suppress the
demagnetization at an operating temperature of ~470 K [2, 157]. For obtaining high heat
resistance, a room temperature coercivity of around 2.4 MAm (3 Tesla) is needed in Nd—Fe—
B sintered magnets. To meet this requirement, addition of a relatively large amount of
dysprosium is started in Nd—Fe—B magnets. Though, the magnetic moment of dysprosium is

coupled antiparallel to that of iron in R2Fe1sB compounds (R-rare earth), which leads to a
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decrease in their energy product. In addition, the natural abundance of dysprosium is quite low
and dysprosium producing countries are limited. Therefore, the development of dysprosium-
free or dysprosium-lean Nd-Fe—B sintered magnets with a high coercivity is in the demand
[151, 158].

Since the coercivity and the magnetization of the specimens are related to the microstructure of
the system [159]. Ample investigations had been performed to control the microstructure of the
Nd-Fe-B based phase [7, 160, 161]. Rare earth permanent magnet (REPM) films can be used
as model case for sintered magnets because the microstructure of the films can be more easily
controlled than that of sintered magnets. [162, 163] As reported studies by other authors e.g.
textured samples could be produced by heating the sapphire substrate upto 895K on sputtering.
Especially, the magnetic recording industry is looking for new materials with higher coercivity
and crystalline anisotropy perpendicular to the film plane in order to reduce the bit size [164].
The magnetic properties and microstructures of Nd—Fe—B thick films with different neodymium
contents were investigated and coercivity of 2.7 T was achieved with the higher neodymium
content at room temperature without the addition of heavy rare earth elements [165]. The thin
films are also useful for clarifying the fundamental interests, such as coercivity mechanism.
Uehara et al [166] reported an increase in energy products (364 KJ/m®) in Nd—Fe—B films. They
prepared 200 nm thick multilayers of cobalt-free or cobalt-doped Nd—Fe—-B with 10 nm thick
tantalum by sputtering on heated glass substrates. The perpendicularly textured Nd.Fe1sB

grains evolved in multilayers with sizes nearly controlled by the thickness of the unit layer.

In the last few years, magnetic multilayered films have been the subject of much attention
because of their feasibility of showing novel magnetic properties, such as controlled inter-
diffusion at the interfaces, giant magnetoresistance, surface anisotropies, exchange interactions
between neighboring magnetic layers, etc. Many studies on rare-earth (RE)/transition-metal
(TM) multilayers have been performed for reasons of scientific interest, application to magneto-
optical recording [167-170]. As it is mentioned earlier the Nd2Fe14B phase exhibit important
magnetic properties that are related to the magneto-crystalline anisotropy and coupling between
iron and neodymium. The rare-earth iron multilayers are a representation of the crystalline
structure of Nd2Fe14B permanent magnet which has a layer of neodymium and iron and can be
used to understand the origin of this anisotropy as well coupling between the neodymium and
iron [169, 171]. Iron neodymium multilayers in the form of thin films can be used as a good
reference for understanding the mechanism of these complex neodymium-based permanent

magnets. In order to understand the behavior of neodymium in Fe-Nd- B phase and the different
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systems like thin film, multilayer and in sintered magnets element specific study will be

discussed in the further sections.

6.2. Reported XAS and XMCD studies at Nd edges (L, M) in Nd-based magnets

The earliest reports of neodymium (Nd) M4 x-ray absorption spectra dates back in 1931[46].
In 1984, for the first time Kaindl et al and coworkers performed the x-ray absorption
spectroscopy at the M4 edges in multivalent rare earth systems [77]. They have shown that the
XAS experiment spectra at the Nd Mas edge in Nd2O3 oxide and neodymium XAS spectra
have 100 % resemblance with the pure Nd** spectra. In 1985, Thole et al. published
experimental and simulated XAS spectra at Mas for the ground-states of complete rare-earth
series including different valences by atomic multiplet theory simulations [37]. In progress, a
comprehensive information regarding XAS and XMCD spectra at M4 s edges for the whole rare
earth series was given by Goedkoop et al. in 1988 [33]. In 1992, for the first time the
experimental hard XMCD investigation at Nd L» edge have been performed in the temperature
range of 77K to 300K on Nd-Fe multilayer system to compare the results with the bulk
magnetization results and the magnetization mechanism at the interface of the multilayers also
have been addressed [172]. Later the same year, another group [29] have performed the x-ray
resonance exchange scattering at Nd L3 edges and demonstrated the sensitivity of the
asymmetry ratio (define by the intensity of the Bragg’s reflection for the magnetization parallel
and antiparallel to the wave vectors of the incident and the scattered beams) to the magnitude

and the direction of the local magnetic moments of the particular site [173].

In the Nd2FewsB phase magnet, at higher temperatures, iron, and neodymium magneto-
crystalline anisotropies are uniaxial and the magnetization points at the [001] direction (along
with the c-axis). However, the magneto-crystalline anisotropy of neodymium moments is more
complex. At the lower temperatures, the crystal field at the neodymium sites forces the rotation
of the total magnetization (at the spin reorientation temperature Tsr=135 kelvin) from the [001]
direction to the [110] axis, reaching the tilting angle of about 30.6° at 4.2 Kelvin [174, 175].
Until 2000, there was no systematic study performed on Nd2Fe14B phase [176]. Gracia et al
[177] performed the soft x-ray MCD on the Nd2Fe14B single crystal at Fe L2z and Nd Mas
edges as a function of temperature through the spin reorientation transition temperature. They
observed the strong instability of the orbital moment at the iron sub-Ilattice around the spin
reorientation temperature (Tsr) [178], while there is no anomalous behavior observed at the

spin magnetic moment. It is also observed that XMCD spectra at Nd M4,5 edges remain constant
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over the whole temperature range. However, there is no quantitative estimation of the orbital

and spin moment performed at the neodymium site [177].

The Fe-Nd-B system consists of fine crystal grains of the Nd>Fe14B phase, Nd-rich phases at
the triple junction [7, 159-161] and thin intergranular grain boundary phase [6, 160, 161]. This
thin intergranular grain boundary phase is considered to play an important role in the exchange
coupling between the ferromagnetic Nd2FesB grains. It has been assumed that this grain
boundary phase is paramagnetic based on assumption that the composition is similar to the
neodymium rich grain boundary phase but very small amount of iron is present in it. But this is
until the results presented by the Murakami et al, they estimated the magnetism at the grain
boundary phase around 1 Tesla using electron holography [179]. Later Nakamura et al
performed the XMCD investigation on Fe-Nd-B magnets with the composition of
Nd14.0Fe797Cuo1Bs2 [180]. They have performed quantitative estimation of the temperature
dependence of the iron magnetic moments at the grain boundary phase by taking advantage of
the surface sensitivity of the soft x-ray XMCD measurements and the sum rule analysis. The
temperature dependence curve shows that the Curie temperature (Tc) of the grain boundary
phase is lower (less than 250 °C) than the main Nd2Fe14B phase [180]. The same group also
performed the effect of annealing on the magnetic properties of iron, neodymium and the grain
boundary phases in the sintered magnet (Nd14.0Fe79.7Cuo.1Be.2) using XMCD [181]. They have
also observed that the neodymium XMCD spectra in the annealed samples is slightly larger
than the ones, those are not annealed. It is due to a higher concentration of the neodymium in
the grain boundary phase as compare to that in main phase Nd2Fe14B. They also did not perform
any quantitative estimation of the magnetic moment at the rare earth (Nd) site. Therefore, in
this chapter we will discuss XAS and XMCD investigations of all the neodymium based
different systems and perform the quantitative estimation of the orbital and the spin magnetic

moment of neodymium.

6.3. Specimen details

In this thesis, the XAS and XMCD investigations are performed on 5 different samples:

1 Soft magnetic reference samples Fe/Nd multilayer (3.6A Fe/3.6 A Nd)
2 Nd2Fe14B single phase specimen

3. Nd.Fe14B textured film (340 nm).
4

Fe14(Nd, Dy)2B sintered permanent magnet
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We will begin discussion with the structural properties of the specimens and the
characterization of the specimens with the basic soft magnetic specimens (multilayer and thin
film) and will attempt to describe the complex sintered hard magnets. The magnetic
characterization of all the specimens were performed with the SQUID magnetometer via
magnetic hysteresis curves and magnetization versus temperature curves. The structural
characterization and phase analysis were performed with the x-ray diffraction spectrometry. In
order to precisely compare the total sample magnetization with the element specific XMCD
results and to find out the contaminations inside the specimens, the chemical compositions of
the sintered magnets and textured thick film were analyzed by inductive coupled plasma

spectroscopy (ICP-OES) (spectro-ciros).

6.3.1. Fe/Nd multilayer

The Fe/Nd multilayer of 3.6 A (0.36 nm) thickness of iron (dre) and neodymium (dng) layers
(60 bilayers) prepared on the silica substrate by the ion beam sputtering technique and to
prevent the oxidation capping layer of 2 nm is also deposited on the film Figure 6.1 (left). The
thickness ratio (dre /dng=1) of the rare earth element neodymium and the iron layer is unity and
the total film thickness is approximately 432 A (43.2 nm). Although the layers of the film are
very thin, still we attempt to verify the structure of the multilayer by the x-ray diffraction. Figure
6.1 (right) shows the x-ray diffraction pattern of the multilayer. There are no reflections visible
in XRD pattern and the film appears amorphous. It is reported that the layer thickness of iron
smaller than dre <10-15 A will exhibit amorphous structure [171, 182, 183]. The film thickness
smaller than 20 A exhibits a mesh pattern, in which crystal grains are not visible [171]. The
similar type of structure has been observed for the Fe/Gd and Fe/Pr multilayers [171]. As the
Fe layer thickness becomes less than about 2 atomic diameters, significant mixing of the
neodymium into the iron layer occurs. Thus, a well-defined Nd/Fe interface is lost. In general
when the individual layer thickness gets below 15-20 A, than the resulting structure in the film
plane is amorphous and if the iron layer thickness is more than 15-20 A then the films tends to
be crystalline [168].



128

——3.6AFe/3.6 A Nd |

300

X-ray Diffraction

N

o

o
1

100 A

Intensity (AU)

60 Bilayer

20 (degree)

Figure 6.1 schematic representation of the Fe/Nd multilayer film shows the thickness of the layers (3.6A Fe/3.6A
Nd-60bilayers) and the length of the arrows represent the relative magnitudes of the magnetic moment for
respective iron and neodymium layers. Direction of the arrows represents the direction of the spin (parallel or
antiparallel) of the respective layer. Right- x-ray diffraction pattern of the Fe (3.6A)/Nd(3.6 A) multilayer.

The magnetization versus temperature curve is presented in the Figure 6.2. There is very small
contribution imminent from neodymium at room temperature as the total magnetic moment at
the room temperature is almost equivalent to the pure iron magnetic moment (2.2 Bohr
magneton/atom). At low temperature, the neodymium moments contribution is visible in
magnetization vs temperature curves as the total magnetization is twice of the room temperature

(refer Figure 6.2).
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Figure 6.2 magnetization vs temperature (5-350 Kelvin) curve of the Fe (3.6A)/Nd (3.6 A) multilayer in presence
of 1 Tesla magnetic field.
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Figure 6.3 magnetic hysteresis curves of (a) Fe/Nd multilayer film, (b) Fe12Nd. B singles phase (sintered bulk
specimen) specimen, (¢) Fe1sNd2B textured thin film and (d) Feis(Nd,Dy).B hard magnet (sintered bulk
specimen) at room temperature and low temperature (10 to 80 Kelvin temperature range). Anisotropic (Out of
plane, 60 degrees, and in-plane) magnetic hysteresis curves (e) Fe/Nd multilayer film, (f) Fe1aNd2 B singles phase
(sintered bulk specimen) specimen, (g) Fe1aNd» B textured thin film and (h) Fe14(Nd,Dy).B hard magnet (sintered

bulk specimen) at room temperature.
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The magnetization curves of the multilayer are presented in Figure 6.3 (a) and (e) recorded at
the room temperature and low temperature. The multilayer possesses the narrow (soft magnetic)
hysteresis loops and low values of coercivity and remanence of the order of 100 Oersted. The
film appears to be in-plane magnetized (refer Figure 6.3 (e)). The magnetization of the
multilayer (single layer of iron and neodymium) at room temperature (10 Kelvin) and in
presence of 1 Tesla field is 2.1 Bohr magneton /formula unit: 54 emu/gram (4.3 Bohr magneton
/formula unit: 120 emu/gram) (refer Figure 6.3 (a)). It appears that at room temperature the total
magnetic moment is close to the bulk iron magnetic moment (2.2 Bohr magneton /atom). The
emu/gram to Bohr magneton conversion thickness of the single layer of neodymium and iron
is considered. There is possibility that the due to the thickness the conversion in Bohr magneton
will have error of maximum 5%. The magnetization results are in good agreement with the

previously reported experimental results [168].

This sample is a representative model of coupling between iron and neodymium and hence can
be useful in understanding the interaction of rare earth elements and the multifaceted behavior
of the neodymium in Fe14sNd2B magnets. In order to discern the contribution of iron and
neodymium then further XAS and XMCD investigations will be discussed to get the

complementary and element specific magnetic information.

6.3.2. Fe1sNd:2B single phase

As part of the rare earth lean magnetic materials project [100], our project’s main interest is in
neodymium-based permanent magnets, the recognized neodymium-based FeisNd2B hard
magnetic tetragonal phase. In order to develop better understanding here we discussed first
Fe1sNd2B single phase specimen. The single phase material has been provided by our
collaborators [100]. In order to confirm the phase analysis of the specimen x-ray powder
diffraction measurements have been performed using Co-K, radiation (1.78896 A). The
measurement and analysis procedure via Rietveld refinement is performed in similar manner as
discussed in chapter 4. For the analysis Fe14Nd2B phase is considered, a and c are the lattice
parameters of Nd2Fe14B as observed in the Rietveld refinement procedure are analogous to the
reference [184]. Figure 6.4 shows the x-ray diffraction pattern of the Fe14Nd2B single phase
labeled with the peak position of the Fe14Nd2B phase. It is visible that, the only phase which is
noticeable the expected one (Fe1sNd2B). The x-ray diffraction pattern in Figure 6.4 is in good

agreement with the ICDD (International center of diffraction data) patterns. If there are any
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other phases drowned in the statistic of the background, there amount is so small that will create

problem in their identification.
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Figure 6.4 x-ray diffraction pattern of the Fe14Nd2B single phase specimen. The experimental x-ray diffraction

pattern is in good agreement with all the peak position of the Fe14Nd2B phase and is indicated by red squares.
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Figure 6.5 magnetization versus temperature (5-350 Kelvin) curves of the Fe1sNd,B single phase specimen in
presence of 500 Oersted magnetic field presented. The onset temperature (152 Kelvin) of the spin reorientation

phenomenon is discernable in the figure.

Figure 6.5 shows the magnetization versus temperature curve for the Fe1sNd2B single phase
material at 500 Oersted magnetic field. There is an abrupt increase in magnetization at 152
Kelvin temperature, this indicates the onset of the spin reorientation and the easy direction of
magnetization is now canted from the c axis (refer section 6.2) [178]. The spin reorientation
temperature is in good agreement with the reported results [178]. The magnetization curves of
the single-phase specimen is presented in Figure 6.3 (b) and (f) recorded at the room

temperature and 10 Kelvin respectively. The sample is isotropic (hysteresis loops are analogous
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in the plane and out of plane therefore not presented here) and soft magnetic (coercivity and
remanence order of 1000e). The magnetization of the Fe14Nd2B single phase specimen at room
temperature (10 Kelvin) at 7 Tesla magnetic field is 32 Bohr magneton/formula unit (34 Bohr
magneton /formula unit) (refer Figure 6.3 (b)). The total magnetic moment of the specimen is
comparable to the literature value (30 Bohr magneton /formula unit ) [178]. There is no drastic
change (5%) is observed in the magnetization (refer Figure 6.3 (b)) at the low temperature,
therefore the element specific studies have been performed only at the room temperature.

6.3.3. Fe1sNd2B textured thin film (340nm)

As the microstructure of a specimen can be controlled by preparing a film, the Nd>Fe14B phase
film is prepared by using the ion beam sputtering technique. The base pressure is 5-10® mbar
and sputtering was carried out at an argon gas pressure of 10* mbar. Sapphire (Al.03) is used
as a substrate. The textured samples could be produced by heating the substrate upto ~920K
while sputtering [185, 186]. Crystallization takes place during sputtering at the rate of 1.5 A/s
corresponding to a sputtering time of 110 min for a 1 um film. Chromium (1600 nm) is used as
a buffer layer between the substrate and the film. Aluminum is used as a top layer to avoid the

oxidation of the main phase film.
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Figure 6.6 schematic representation (left) of the Fe14Nd2B textured thin film (340nm) (2nm capping layer /main
phase /Chromium buffer layer/ sapphire substrate). Magnetization versus temperature (right) (5-350 Kelvin)
curves of the Fe14sNd2B thick film specimen in presence of 1 Tesla magnetic field. The onset temperature (~130

Kelvin) of the spin reorientation phenomenon.
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Figure 6.7 x-ray diffraction patterns of the Nd,Fe1sB film in out of plane geometry (with angles = 0° and ¢=0°).
The reflections from NdFe1sB phase are labeled by red squares and the reflections from chromium buffer layer

(black squares) are also visible.

Schematic representation of the film is shown in Figure 6.6 (left). Without the chromium buffer
layer, no good hard magnetic properties and texture could be achieved. The texture of the
Nd2Fe14B films is c-axis in presenc of chromium buffer layer [187]. The growth of Nd2Fe14B
films on chromium buffer is rough which acts as pinning sites for the domain wall at the grain
boundaries. Roughness is a strong factor in the coercivity enhancement [187]. As the
microstructure of the films can be controlled, therefore Nd2Fe14B film can be useful in better

understanding of the complex sintered hard magnets.

In order to confirm the phase analysis of the specimen x-ray diffraction measurements have
been performed using cobalt-K, radiation (1.78896 A). Figure 6.7 shows the x-ray diffraction
pattern for the out of plane geometry of the film. The measurement and Rietveld refinement
analysis procedure is performed in similar manner as discussed in chapter 4 section 4.3.2. For
the analysis the possible occurrence of the Fe14Nd2B phase is considered, a and c are the lattice
parameters of Nd.Fe14B as observed as mentioned in reference [184]. Most of the reflections
arise from the Fe14Nd2B phase (labelled as red squares) and one peak from the chromium buffer
layer (labelled as black squares) is also visible at 26=45 ° angle. The intensity of the substrate
peaks is too low compared to the film intensity, which is 4 orders of magnitude higher (observed
from the XRD diffraction pattern). The buffer layer and the film are sufficiently thick, so there

is no signal observed from the substrate.
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Figure 6.8 shows the pole figure of the Fe1sNd2B film in 2.5 dimensions ((a) and (b)) and 2
dimensions ((c) and (d)). A pole is a two-dimensional stereographic projection in which the
positions and intensities of specific crystallographic orientations are plotted in the relation to
specimen geometry in such a manner that the angular relationship between the planes and

different directions in the crystal can be easily recited.
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Figure 6.8 pole diagram for the textured thick film in 2.5 dimensions ((a) and (b) top figures) and 2 ((c) and (d) -
bottom figures). The pole figure (a) and (c) corresponds to the substrate and (b) and (d) corresponds to the main
film thickness. All the poles correspond to reflections from Fe14Nd>B the main phase film 00l plane (26=52.1°)
are labeled in 2.5 dimension pol figure (b) the pole figure measurements have been performed at 260=52.1° ([006]
plane) with varying ¢=0°-360° (step 3°) and x=0°-90° (step 1°) using Cobalt-K, radiation.
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The Fe14Nd2B phase has tetragonal crystal structure and film is supposed to be textured along
00l plane on chromium buffer layer. Therefore, the pole figure measurements have been
performed at 26=52.1° (peak corresponds to one of the 00l plane-[006]) with varying ¢=0°-360°
(step 3°) and x=0°-90° (step 1°) using cobalt-K, radiation. All the poles originated here in pole
figure is from the 00l plane. It is visible that film is highly textured (but not the fiber textured)
and exhibits certain orientation of the crystallites along the 00l plane. The poles correspond to
the main phase layer are labeled (Figure 6.8 (b)). There are only 4 major poles visible. The
positions of the corresponding poles are (1) y=38.3°, ¢=26.7°, (2) y=22.7°, ¢=176.3° (3)
v=46.7°, ¢=292.7° and (4) y=75.7°, ¢=134° respectively. So the most of the 00l planes are
visible at these angles mentioned above. Due to main phase and chromium buffer layer
thickness (1600 nm), the substrate (Al203) shows no contribution in the pole figure.

Figure 6.8 (right curve) shows the magnetization vs temperature (M vs T) curve for the
Fe1sNd2B textured thick film in presence of 1 Tesla magnetic field. There is an increase in
magnetization at 130 Kelvin temperature, it is an onset of the spin reorientation (refer section
6.2) [178] and is analogous to the Fe1sNd2B single phase specimen M vs T curve. The
hysteresis curves of the textured film specimen have been also presented in the Figure 6.3 (c)
and (g) recorded at the room temperature and 80 Kelvin along the in and out of plane orientation
of the film. The thick film is highly anisotropic, indicating strong out of plane texture from the
hysteresis loop Figure 6.3 (c). It exhibits a coercivity of 1 Tesla and remanence is 50% of the
total magnetization (without elimination of demagnetizing field) along the out of plane
orientation. The film is texture along c-axis in pole figure and SQUID results show texture
along the out of plane orientation, which shows that the SQUID hysteresis results (refer figure
6.3 (c)) are in good agreement with the pole figure results (Figure 6.8). The magnetization of
the Fe14Nd2B single phase specimen at room temperature (80 Kelvin) in presence of 7 Tesla
magnetic field is 26.05 Bohr magneton/formula unit 1.45 Tesla (33 Bohr magneton /formula
unit: 1.84 Tesla) (Figure 6.3 (c)) along the out of plane orientation. There is a 19% reduction in
the total magnetization value of the film compared to the single phase specimen [178] at the
room temperature due to the presence of other grain boundary phases, which reduces the total
magnetization and acts as decoupling region for higher coercive behavior [165].

In order to precisely compare the total sample magnetization with the element specific XMCD
results, the chemical compositions of the sintered magnets have been analyzed by inductive
coupled plasma spectroscopy (ICP-OES) (spectro-ciros). The 69.9+3 weight % iron, 29.3+1
weight % neodymium and 1.1+0.2 weight % boron is detected. There is no strong
contamination found. The stoichiometry turned out to be Nd>Fe14B for the specimen.
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6.3.4. Feis(Nd, Dy)2B hard magnet
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Figure 6.9 x-ray diffraction pattern of the Fe14(Nd,Dy),B hard magnetic specimen. The experimental x-ray
diffraction pattern in is in good agreement with all the peak position of the Fe1aNd,B phase. The peaks correspond
to Fe14Nd2B phase are indicated by red squares. There are some impurities also have been present (marked with
black squares.

To perform the phase analysis of the specimen x-ray powder diffraction measurements are
performed using Co-K, radiation (1.78896 A). The measurement and analysis procedure via
Rietveld refinement is performed in similar manner as discussed in the chapter 4 (in XRD
section 4.3.2). Figure 6.9 shows the x-ray diffraction pattern of the Fei14(Nd, Dy)2B hard
magnet. The possible occurrence of the Nd2Fe14B tetragonal phase with symmetry P42/mnm is
considered. The crystallinity of the specimen is not good, there is not much scattering. The
corresponding refined lattice parameters are a-8.81066 A, b- 8.81066 A and c- 12.2086 A
belong to the space group of P42/mnm [184, 188]. The large majority of the Bragg reflections
can be explained from the tetragonal Nd2Fe14B phase. Some of the peaks are still difficult to
identify labeled as black squares. If there are any other phases present in the statistic of the
background, their amount is so small that creates a general problem in their identification. Some

of these undetectable peaks could be a contribution from the dysprosium.

Figure 6.10 shows the magnetization versus temperature curve for the Fei4(Nd, Dy).B hard
magnetic specimen in presence of 1 Tesla magnetic field. The M vs T curve is analogous to the
Nd2Fe14B textured film curve and previously reported results[189]. The spin reorientation is
the fundamental characteristics of the Nd2>Fe14B tetragonal phase and also observed here in the
bulk specimen, although here the onset of spin reorientation is lower (100 Kelvin) than the
textured film. The magnetization becomes nonlinear below 100 Kelvin. The spin reorientation
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and the accompanying enhancement of magnetization of Nd2FeisB are presumably due to the
interplay between the crystal field interactions and exchange interactions acting on the

neodymium ions [189].
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Figure 6.10 magnetization versus temperature (5-350 Kelvin) curves of the Fe14(Nd, Dy).B hard magnet specimen

in presence of 1 Tesla magnetic field.

The magnetization curves of the Fe14(Nd, Dy).B magnetic specimen has been also presented
in the Figure 6.3 (d) and (h) recorded at the room temperature (in and out of plane orientation
of the sintered magnet). The sintered magnet is highly anisotropic, indicating strong out of plane
texture from the hysteresis loop Figure 6.3 (d). It exhibits a coercivity of 3.2 Tesla and
remanence is 87% of the total magnetization (without elimination of demagnetizing field). The
magnetization of the Fe14(Nd, Dy)2B specimen at room temperature in presence of 7 Tesla
magnetic field is 26.2 Bohr magneton/formula unit 1.35 Tesla ((Figure 6.3 (d)).The
magnetization per formula unit is similar to the total magnetization value of the film [178] at
the room temperature but the coercivity is high (Figure 6.3 (d)).

In order to see the grains and the grain boundary region transmission electron microscopy was
performed on the specimen. The sample preparation is performed by the typical cross section
method. Figure 6.11(a to d) shows the transmission electron microscopy (TEM) images of the
Fe14(Nd, Dy)2B hard magnet specimen in different resolutions (). The average grain size is
around 500 nm, therefore in the sample preparation for TEM only 3 grains are visible. The
sample is inhomogeneous and the grains have different orientations and appear to have
dislocations (Figure 6.11(c)). The morphology of the specimen is well match to that of the

reported studies [190]. Figure 6.11(d) shows the grain boundary junction of the sintered magnet.
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The elemental analysis using electron energy loss spectroscopy (EELS) has been performed in
the grain boundary region (a region in red solid line) of Figure 6.11 (d). The results show the
presence of Nd2O3z phase and dysprosium. The neodymium peak corresponds to the N4 (120.5
eV) and Ns (120.5 eV) edge (Figure 6.12). The detection of grain boundary phase needs a very
deep analysis. We have performed here a qualitative investigation in order to confirm the
similarity of the specimen with the conventional Nd>Fe14B sintered magnet specimen. The
further characterization of the all the specimen has been performed via XAS and XMCD
investigation to get the element specific information and will be discussed in the upcoming

section.

Figure 6.11 transmission electron microscopic images of Feis(Nd,Dy).B sintered hard magnet in different
resolutions. Figure (d) shows the grain boundary junction of the sintered magnet (in red solid line). The elemental
analysis using electron energy loss spectroscopy (EELS) has been performed in this region and the presence of

Nd2O3; phase and dysprosium has been observed.
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The Fe-Nd-B systems are consists of fine crystal grains of the Nd2Fe14B phase, Nd-rich phases
at the triple junction [7, 159-161] and thin intergranular grain boundary phase [6, 160, 161].
This thin intergranular grain boundary phase is considered to play an important role in the
exchange coupling between the ferromagnetic Nd>Fe1sB grains. The morphology of the
specimen exhibit the characteristic Nd2Fe14B sintered magnet microstructure. In order to
precisely compare the total sample magnetization with the element specific XMCD results, the
chemical compositions of the sintered magnets are analyzed by inductive coupled plasma
spectroscopy (ICP-OES) (spectro-ciros). The 62.8+1 weight % iron, 22.1+0.2 weight %
neodymium, 8.37+0.02 weight % dysprosium and 0.93+0.2 weight % boron have been detected.
The spectroscopic analysis shows the traces of impurities like terbium, cobalt, and copper. The
Stoichiometry turned out to be Fei1sDyNd2B for the specimen. There is slightly less iron

detected by ICP. Iron contribution is 7% less as it is expected on in average in the specimen.

Figure 6.12 elemental analysis using electron energy loss spectroscopy has been performed in grain boundary
junction region and the presence of Nd,O3 phase and dysprosium has been observed. The EELS result is presented
here. The neodymium peak corresponds to the N4 (120.5 eV) and Ns (120.5 eV) edge.

6.4. Spectroscopy results: XAS and XMCD investigation

XMCD measurements (refer chapter 2 experimental techniques) have been performed in situ at
Fe Lo, 3, and Nd Mg, s edges (at 300Kelvin and 80 Kelvin) in the presence of 6.5 Tesla magnetic

field in all neodymium-based specimens. The sintered magnets are very sensitive to the
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oxidation at the surface, via scrapping oxidation layer can be removed before the measurements.
Even inside the ultra-high vacuum chamber, the surface of the sintered specimens (Fe1a(Nd,
Dy)2B hard magnet and Fe14Nd2B single phase) have been scrapped [24] and there are no signs
of oxidation [106] in all sintered specimens. In case of textured film and multilayer to prevent

the oxidation, 2 nm capping layer was deposited on the surface while sputtering the film.

6.4.1. XAS and XMCD spectra of iron Lz, 3 edges

Figure 6.13 (a) and (h) shows the XAS and XMCD spectra of Fe L3 edges measured at 300
Kelvin and low temperature (15 Kelvin or 80 Kelvin) in the presence of 6.5 Tesla magnetic
field along the easy magnetization axis (out of plane orientation) of all the neodymium-based
magnets. The line shapes of XAS and XMCD spectra of iron L2 3 edges are analogous to the
typical metallic iron configuration [24] and is free from oxidation [106]. The iron edge is in
good agreement with the previously reported results of the Fe L»3 edges in Fe1sNd2B single
crystal [177].

The orbital and spin sum rules analysis [24] have been performed for the all specimens and
results are presented in Table 6.1. The number of 3d electrons at iron sites for the Fe1aNd2B
phase is 6.67 (estimated by the ab-initio calculations) [191, 192]. For the reference specimens
like Fe/Nd multilayer (d) number of 3d electrons in iron are similar to the metallic iron
configuration. However, in case of Fe14(Nd, Dy)2B sintered magnet and Fe14Nd2B thin film,
not only main phase (Fe14Nd2B) present but the other phases at the grain boundaries were also
reported (morphology of both specimens have been discussed in the section 6.2) [6, 160, 161].
The iron electron occupancy for Fe14Nd2B phase estimated through the density of states (DOS)
calculations varies from 6.5 to 6.6, which is similar to pure metallic configuration [105]. Since
XAS and XMCD spectra for Fe14(Nd, Dy)2B sintered magnets and Fe14Nd2B thin film at Fe
L3 edges are identical to the spectral shape reported by Garcia et al [177] on Fe1aNd2B single
crystal. They have used 6.45+0.05, which is close to the DOS results. The number of 3d
electrons (nsq) used here for the sum rule analysis for all the specimen are also around 6.67. It
has been estimated by making the assumption that the nzq are similar for the grain boundary
phase and main Fe14Nd2B phase. The similar assumption has been done by the Nakamura et al
[180].
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Figure 6.13 edge normalized XAS —left side (average of left and right polarized spectra) and right side -XMCD-
(difference of left and right polarized spectra) spectra at Fe L2 3 edges of all the neodymium-based specimens (a
and e) Fe14Nd2B single phase, (b and f) Fe14(Nd,Dy).B hard magnet, (c and g) Fe14Nd2B textured thin film and

(d and h) Fe/Nd multilayer measured at 300 Kelvin and low temperature are presented here.
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Figure 6.14 element specific hysteresis at Fe L3 edges have been compared with the SQUID results for all the
neodymium-based specimen (i) Fe1sNd2B single phase (j) Fe1a(Nd, Dy).B hard magnet (k) Fe1aNd,B textured
thin film and (I) Fe/Nd multilayer.
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Table 6.1 values of the orbital magnetic moment m, the spin magnetic moment ms, the total magnetic moment
My, and the ratio m/ ms of Fe 3d electrons for all the neodymium-based specimens Fe1sNd»B single phase,
Fe14(Nd,Dy)2B hard magnet, Fe14Nd2B textured thin film and Fe/Nd multilayer in units of Bohr magneton /atom,

estimated from the sum-rule analysis of the Fe L, 3 XMCD results.

T Orbital (mv) Spin (ms) Total (ms Ratio
(Kelvin) (us / atom) (us | atom) +ms) (ms /ms)
(us / atom)

Fe14Nd2B single phase
300 0.06+0.01 1.41+0.2 1.47+0.2 0.04+0.01

Fe14(Nd, Dy),B hard magnet
300 0.05+0.01 1.5+0.2 1.55+0.2 0.03+0.01

80 0.06+0.01 1.75+0.2 1.81+0.2 0.03+0.01

F614NdzB thin film
300 0.06+0.01 1.68+0.2 1.74+0.2 0.04+0.01

80 0.07+0.01 1.89+0.2 1.96+0.2 0.04+0.01

Fe/Nd multilayer
300 0.07+0.01 1.67+0.2 1.74+0.2 0.04+0.01

15 0.07+0.01 2.04+0.2 2.11+0.2 0.03+0.01

Pure metallic FeL 3 edges

Literature [24] 0.09 1.98 2.07 0.043

The XMCD sum rule analysis total magnetic moment values of the iron for all the specimens
does not agrees satisfactorily with the values determined by the other techniques like polarized
neutron diffraction (2.20 Bohr magneton/atom) [193], Md&ssbauer spectroscopy (2.0 Bohr
magneton/atom) [194], band structure calculations (2.35 Bohr magneton/atom) [195]. In our
results, the iron provides the projected orbital magnetic moment (mc) of 0.06 to 0.07 Bohr
magneton/atom at room temperature and at low temperature in all specimens, which is less than
0.1 Bohr magneton/atom. The total magnetic moment is close to the metallic iron configuration
especially in case of multilayer and thin film [24]. It is observed in the SQUID results in case
of multilayer system (section 6.3.1 (a)) that at the room temperature very small contribution is
visible from neodymium site. The total magnetic moment is originated from iron. At room

temperature the iron magnetic moment is 1.74 Bohr magneton /iron atom, which is close to the
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metallic iron (2 Bohr magneton/ atom). The XMCD results for the multilayer system are in

good agreement with the SQUID results at room temperature (Figure 6.2)).

In the case of sintered magnets (single phase and hard magnet) the total magnetic moment of
iron is 30% reduced (refer Table 6.1) than the pure metallic (2 Bohr magneton/ atom).
configuration moment [24]. In FeisNd2B phase magnets, especially these sintered magnets
consist of fine crystal grains of the Fe14Nd2B phase, Nd-rich phase [6, 159, 196, 197] and thin
intergranular grain boundary phase [6, 197]. The Fe14Nd2B main-phase grains have the average
diameter of about 5 um. Since we scrap the specimen in-situ to prevent oxidation at the surface,
the ferromagnetic grain boundary phase is exposed to the fractured surface. The soft x-ray MCD
measurement using a total electron yield (TEY) method is a surface-sensitive magnetic probe
which has the probing depth of about 1 nm from the surface. Due to the surface sensitivity of
the technique, we are in principle measuring the iron spectrum from the grain boundary phase.
Spin scanning electron microscopy results have reported that fractured surface contains the
ferromagnetic grain boundary phase in these type of sintered specimen [198]. However, the
ferromagnetism is weak in comparison to the main Fe1sNd2B phase. The estimation of the
magnetic moment for the thickness of 3 nm grain boundary phase is approximately 1.4 Bohr
magneto/atom, which is too large for paramagnetic phase [180]. In our specimen, it is visible
from the TEM image (Figure 6.11 (d)) that the grain boundary is larger than 3 nm. With a
varying thickness of grain boundary phase, the magnetic moment is ranging from 1.4 Bohr
magneto/atom to 1.6 Bohr magneto/atom[180]. Therefore, the magnetic moment of the Iron is

reduced 30% from the total magnetic moment (2 Bohr magneto/atom) of pure metallic Iron.

The element specific hysteresis curves are also recorded by measuring the peak height of the
Fe L3 absorption edges as a function of the applied magnetic field on all the neodymium-based
specimen. The magnetic field dependence of the XAS peak at Fe Lz edge for all specimen at
300 Kelvin along with the SQUID results are shown in Figure 6.14 (i to I) (magnetization curves
normalized to unity). The Fe L3 edge magnetization curve is analogous to the SQUID hysteresis
for multilayer (b), single phase specimen (a) and for textured thick film (c) however in case of
sintered hard magnet Fe14(Nd, Dy)2B (d), the hysteresis loops of XMCD and SQUID exhibit
the coercivity of 0.7 Tesla and 3 Tesla respectively. The coercivity is reduced in case of the
hard magnetic specimen Figure 6.14 (d). The XMCD is surface sensitivity technique and in
SQUID the magnetization signal originate from the whole thickness. Therefore the difference

in coercivity can be explained by the surface sensitivity of the XMCD measurements.
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6.4.2. XAS and XMCD spectra of Neodymium Ma, 5 edges: Line shape analysis

) Line shape analysis

Figure 6.15 (a) and (h) shows the XAS and XMCD spectra of Nd M4 s edges
(3d1%4f "—3d%f "1 transition) at 300 Kelvin and low temperatures (80 Kelvin and 15 Kelvin)
in the presence of 6.5 Tesla magnetic field along the easy magnetization axis (out of plane
orientation). In order to compare the experimental spectra with theory, the neodymium XAS
and XMCD spectra at the Mas edges have been simulated by atomic multiplet theory
calculations (Further details presented in chapter 3), not only for the ground state configuration

but also for the spin-orbit coupled states of the neodymium.

There are no reported results on spin-orbit coupled states of neodymium. The simulation
parameters are analogous to the results reported in chapter 3. According to Hund’s rule,
neodymium has 3 electrons in f shell so the L and S will be 6 and 3/2. The starting point for the
full multiplet calculations at Nd M4, s XAS spectrum is the pure Hund’s rule atomic ground
state J =9/2 (*l912) with a three 4f electrons (refer Figure 6.16)). The parallel and antiparallel
combination of L and S could provide 4 different J states (9/2, 11/2, 13/2 and 15/2). The ground
state is J= 9/2 and next higher energy spin-orbit coupled states are J=11/2, 13/2 and 15/2 [199].
Figure 6.16 (a) and (b) shows the XAS and XMCD simulated spectra respectively.

The line shape of all the neodymium experimental XAS (Figure 6.17 (k) to (h)) and XMCD
(Figure 6.17 (0) to (r)) spectra are in good agreement with the earlier reported Nd**
experimental results [33, 37, 180] and analogous to the simulated J= 9/2 ground state
configuration spectra (Figure 6.16 (a) and (b)). However the change in the Ms and M4 XAS and
XMCD intensity ratio is visible in Figure 6.17 compared to the simulated J= 9/2 ground state
configuration spectra. Which clearly shows that the different crystal structure, the lattice sites
and the nearby environment affecting the shape of the XAS and XMCD spectra. Therefore |
order to estimate quantitatively estimation of the spin and orbital moment performed by the

XMCD sum rule analysis.



145

| (e) Fe,Nd,B Single phase

Ll (f) Fe,,(Nd,Dy),B Hard magnet

XMCD (A.U.)

&

- (9) Fe,,Nd,B Textured film

(d) Fe/Nd multilayer

A

+ (h) Fe/Nd multilayer

8}
L L L L L L 1 1 Il Il Il Il Il Il Il Il
970 975 980 985 990 995 1000 1005 1010 1015 970 975 980 985 990 995 1000 1005 1010 1015

E(eV) E(eV)

Figure 6.15 edge normalized XAS —left side figures (left and right polarized spectra) and (B) right side figures -
XMCD- (the difference of left and right polarized spectra) spectra at Nd M4 s edges of all the neodymium-based
specimens (a and e) Fe1aNd2B single phase, (b and f) Fe14(Nd,Dy)2B hard magnet, (c and g) Fe14Nd»B textured
thin film and (d and h) Fe/Nd multilayer measured at 300 Kelvin (dot dash black color curve) and low temperature
(red solid color curve)
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Figure 6.16 Atomic multiplet theory simulated Nd M4 s (i) XAS (average spectra of left, right and linearly

polarized spectra) and (j) XMCD: (difference in left and right polarized spectra) spectra for Hund’s rule ground

state J=9/2: spin and orbital antiparallel coupled (black color) and the subsequent higher energy J=11/2 (red color),

J=13/2 (green color) and J=15/2 (blue color). The ground state spectra J=9/2 (black color), which is analogous to

the experimental spectra is represented by more darkened in the color.
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Figure 6.17 edge normalized XAS —left figures (average of left and right polarized spectra) and right figures -
XMCD- (the difference of left and right polarized spectra) spectra at Nd M4 s edges of all the neodymium-based
specimens (a) Fe12Nd2B single phase (b) Fe1s(Nd,Dy).B hard magnet (c) Fe1aNd2B textured thin film and (d)
Fe/Nd multilayer measured at low temperature overlapped with the theoretical ground state (J=9/2) spectra of the
neodymium Mgs5 edges. The left hand side scale is for the experimental spectra and the right hand side scale is

for theoretical spectra.

(1) Sum rule analysis

On continuing the discussion from the previous section 6.4.2 that in all neodymium-based
specimens’ neodymium Ma s edges line shape can be explained by the pure J=9/2 ground state
spectrum. Now sum rule analysis [20, 35] have been performed on the integrated XAS and
XMCD spectra of J=9/2 theoretical spectra and all the neodymium experimental spectra for all
the specimens by using the correction factor and eliminating the magnetic dipole term (Tz) (As
performed in chapter-3 for theoretical spectrum and experimental spectrum). Table 6.2
summarizes the values of m, ms, sum (mc+ms) and their ratio (m./ms) of 4f electrons for the
Nd Mss edges at 300 Kelvin and low temperatures along with the theoretical spectra sum rule
analysis results. There are 3 electrons present in the 4f shell of neodymium, therefore the

number of holes (nn) used are 11. The neodymium electron occupancy for Fe1aNd2B phase
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through the density of states calculations varies from 3.4 to 3.16, which is close to trivalent

neodymium configuration [105].

Table 6.2 orbital magnetic moment my, the spin magnetic moment ms, the total magnetic moment my, and the
ratio m./ ms of Nd 4f electrons of all the neodymium-based specimens (a) FeisNd2B single phase (b)
Fe14(Nd,Dy)2B hard magnet (c) Fe14Nd2B textured thin film and (d) Fe/Nd multilayer in units of Bohr magneton
/atom presented and all the magnetic moment values have been estimated from the sum-rule analysis of the Nd
Mas edge XAS and XMCD data.

T Orbital (mvL) Spin (ms)  Total (ms +mL) Ratio Reduction in ms
(Kelvin)  (us / atom) (us / atom) (us / atom) (mv /ms) from theory
Fe14Nd2B single phase

300 0.92+0.1 -0.43+0.1 0.49+0.1 -1.9+0.2 5.67

Fe14(Nd, Dy)2B hard magnet
300 0.62+0.1 -0.31+0.1 0.3240.1 -2.04+0.2 7.89

80 1.39+0.2 -0.63+0.1 0.77+0.1 -2.22%0.2 3.85

Fe14Nd2B thin film

300 1.38+0.2 -0.73+0.1 0.65+0.1 -1.89+0.2 3.33

80 2.52+0.2 -1.17+0.2 1.34+0.2 -2.15+0.2 2.07

Fe/Nd multilayer

300 1.19+0.2 -0.58+0.1 0.62+0.1 -2.07+0.2 4.21

15 2.86+0.2 -1.42+0.2 1.44+0.2 -2.01+0.2 1.71

Nd Mas edge J=9/2 ground state

J=9/2 5.71+0.2 -2.42+0.2 3.29+0.2 -2.36x0.2 -

In chapter 3, it has been discussed that there is a large deviation in the spin sum rule in case of
light rare earth elements. In order to estimate the spin moment the correction factor for the
neodymium (2.019-mentioned in chapter 3) should be used to eliminate 3ds;-3ds2 mixing
problem [60]. The complete process of correcting effective spin value is explained stepwise in
chapter 3 for the experimental spectra. In the similar way the analysis have been performed.
The expectation value of the magnetic dipole term used for the J=9/2 ground state is -0.376
[60].

At room temperature, the XMCD sum rule analysis of neodymium spectra provides the
projected effective spin of ms =-0.58+0.1 Bohr magneton/atom and orbital magnetic moment
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of mp (Lz) =1.19£0.2 Bohr magneton/atom for Fe/Nd multilayer. At low temperature (15K) the
XMCD spectrum is 2 times larger than room temperature (300K) spectrum and the projected
orbital m_ (L;) =2.86+0.2 Bohr magneton/atom and effective spin is ms =1.42+0.2 are
respectively (refer Table 6.2). The magnetic moment of the neodymium has been reported by
the polarized neutron diffraction (2.30 Bohr magneton/atom at 4.2 Kelvin) [193] and Mdssbauer
spectroscopy (2.3 Bohr magneton/atom) [194]. For multilayer system the highest magentic
moment values have been observed compared to other specimens. However the total magnetic
moment (at 15 Kelvin -1.44 Bohr magneton/atom) is still 37% reduced than the reported results
[193] and 56% than the theoretical simulation results. For other neodymium-based specimens
like sintered magnets is much smaller (70%) compared to multilayer and thick film. The XMCD
effect is almost 81 % for the neodymium simulated spectra, However it is reduced to 44% for
multilayer, 36% for textured thick film, 21% for hard magnet and 10% for single phase
specimen respectively. The reduction in the neodymium magnetic moment is consistent as the
coercivity increases in the specimen, only single phase specimen is the exception and the
coercivity is correlated with grain boundary phase. The reduction in the XMCD effect at the

neodymium edge has strong correlation with the grain boundary phases.

At low temperature, in all the specimens (multilayer, textured film and hard magnets) a trend
is observed that the total magnetic moment is twice of the room temperature magnetic moment.
The M versus T curves for all the specimens (Figure 6.2, 6.5, 6.6 and 6.10) also show that at
low temperature increase in the magnetic moment is almost twice of that at the room
temperature. The increase of magnetic moment at a lower temperature in neodymium signifies
that the neodymium and iron are not very well coupled with each other in all transition metal—
neodymium-based magnets studied here and the neodymium magnetic moments are not
saturated. At room temperature, the orbital magnetic moment is almost quenched in case of
sintered magnets (Fe1sNd2B single phase and Feis(Nd, Dy).B hard magnet) and the spin
magnetic moment is 5 to 7 times reduced in the sintered magnets (refer Table 6.2) compared to
the simulation results. Due to slight change in the spectral shape of the neodymium spectra
(refer Figure 6.17) in all the neodymium specimens compared to the J=9/2 pure ground state

spectra, the change in the spin to orbital ratio also observed (refer Table 6.2).

There is very weak ferromagnetism observed at the neodymium edge. It could be that the
surface and the bulk of the specimen behaves different and can cause the reduction in the
magnetic moment. In order to explain this, the XMCD sum rule analysis results with the SQUID
results comparison need to perform. Although the XAS and XMCD spectral shape is not

varying significantly but the neodymium behaves different in all the specimen. The crystalline
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environment of the solid and the grain boundary phase is noticeably affecting the magnetic

properties and the orientation of the spin alignment of the neodymium 4f electrons.

(1) Comparison of sum rule analysis results with SQUID results

Table 6.3 total magnetic moment of the Fe-3d electrons and Nd-4f electrons of all the neodymium-based specimens
(@) Fe14Nd2B single phase (b) Feis(Nd, Dy)2B hard magnet (c) Fe1sNd2B textured thick film and (d) Fe/Nd
multilayer in units of Bohr magneton /atom and from the empirical formula of the specimens converted in to Bohr
magneton /formula unit presented. The XMCD sum rule analysis has been compared with the SQUID results in

terms of Bohr magneton /formula unit to confirm the similarity between bulk and the surface behavior.

T Empirical SQUID (mtt) XMCD (mge) XMCD(mgre) XMCD (Mot)
(Kelvin) formula (us/F.U.) (us/Fe atom)  (us/RE atom) (us/ F.U)
Fe12Nd2B single phase

300 Fe1aNd2B 31+2 1.47+0.2 0.49+0.1 21.56%2

Fe14(Nd, Dy),B hard magnet
300 Fe1sDyNd.B 26.72+2 1.55+0.2 0.32+0.1 20.76%2

80 Fe1sDyNd.B - 1.81+0.2 0.77+0.1 -

F614NdzB thin film

300 Fe1aNd2B 26.0+2 1.74+0.2 0.65+0.1 25.66+2

80 Fe1sNd.B 33+2 1.96+0.2 1.31+0.1 30.06+2

Fe/Nd multilayer
300 Fe/Nd 2.1+0.2 1.74x0.2 0.62+0.1 2.36+0.2

15 Fe/Nd 4.0+0.2 2.11+0.2 1.44+0.1 3.55+0.2

As XMCD is surface sensitive technique, we observed the reduction in the iron and neodymium
magnetic moment in sintered magnets. The elements specific sum rule analysis for iron and
neodymium arte compared with the SQUID magnetic moment in Bohr magneton / formula unit.
The total magnetic moment evaluated from the sum rule analysis by the elimination of magnetic
dipole term Tz and by correcting the mixing problem is in good agreement with the SQUID
magnetization result in case of Fe/Nd multilayer and textured thick film. The conversion of
SQUID results from emu/gram to Bohr magneton include the density and the thickness of the
film so the 2 to 5% difference in the SQUID and XMCD results in case of multilayer could be

related to the error in estimation of exact thickness of the film. On the other hand, the total
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magnetic moments of the sintered magnet is 25 to 30% compare to the bulk magnetization from
the SQUID results. In case of multilayer and thick film surface and the bulk have similar
behavior but it is different in case of sintered magnets. There are several possible reasons due

to which reduction in the magnetic moment of the neodymium is taking place are as follows:

Unsaturated magnetic moments

The neodymium is paramagnetic.

Grain boundary phase is less ferromagnetic.
Crystal field effects

SAREE T I

Surface sensitivity of the total electron yield measurements.

All possible reasons could be the cause of the reduction in the magnetic moment and it will be

explained in the upcoming sections in more detail.

6.4.3. Explanation for reduction in neodymium magnetic moment

Q) Unsaturated moments

As it is well known for the rare earth elements that the ordering tempertaures are very low [16].
There is possibility that the neodymium moments are not completely aligned along the field
direction or canted, due to which the projection of the neodymium magentic moment is smaller
and even on 7 Tesla magnetic field is not enough to saturate the neodymium magnetic moment
and the linear increase at the lower temperature also shows that the there is possibility that the

neodymium magentic moment is paramagnetic at room temperature in these specimens.

(1)  Grain boundary phase

In Fe1sNd2B phase magnets, especially these sintered magnets consist of fine crystal grains of
the Fe1sNd2B phase, neodymium rich phase [6, 159, 196, 197] and thin intergranular grain
boundary phase [6, 197]. As discussed earlier in case of iron (section 5.4.1) that we scrap the
sintered specimen in-situ to prevent oxidation at the surface, the ferromagnetic grain boundary
phase is exposed to the fractured surface. Due to the surface sensitivity of the technique, we are
in principle measuring the spectrum, where the signal also originating from this grain boundary
phase. These grain boundary phases also contain the neodymium rich phase [6, 159, 196, 197],
there is Nd-O rich phase also observed in hard magnetic specimen in the grain boundary via
EELS investigation (refer Figure 6.13).
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Figure 6.18 (a) the oblate-shaped 4f orbitals of a neodymium ion sitting in an aspherical distribution of valence
electrons which has larger density along the principal axis of symmetry of the Nd,Fe14B lattice. (b) Schematic
representation at an interface with a sub-phase containing oxygen in which the neodymium valence electrons

moved toward the oxygen atom for bonding.

The local environments around the rare earth ions at the interfaces can be strongly affected by
the nearest neighbor atomic arrangements at the interface. The neodymium exhibits the oblate
shaped spin distribution. This aspherical distribution of the valance electrons, which has the
density concentrated along the principle axis of the symmetry of the Fe1sNd2B lattice. The
hypothetical situation of an interface with a sub-phase containing oxygen in which the
neodymium valence electrons moved toward the oxygen atom for the bonding is shown in the
Figure 6.18 (a) and (b). This situation can provide the reduced average neodymium magnetic

moment at the neodymium site in the sintered magnets.

In principle, the grain boundary paramagnetic phase is responsible for the reduction in the
average magnetic moment of the neodymium and this grain boundary phase is causing the
misalignment of the spin moments. Due to this the spin moments are not oriented completely

in the direction of the magnetic field.

(1) Crystal field multiplet model

Full multiplet calculation under consideration of the crystal field allows the quantitative
clarification of the ground state. The Hund’s rule ground state of the 4f electron in Nd®* ion is
characterized by J=9/2. For the simplification the cubic symmetry (Ca) is considered for the

simulations. The crystal field calculations have been performed by changing the crystal field
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strength (10Dq) from 0 to 100 meV with quanty software. The simulation parameters like Slater
integrals, spin-orbit parameters are identical as mentioned in chapter 3 section 3.4.4. There is
no change in the XMCD spectral shape observed while changing the crystal field. The XMCD
effect has been reduced from 80% to 43% on the application of the 0 to 100 meV crystal filed
energy. The XMCD effects in case of experimental spectra at room temperature is 17%, so even
on incorporating the crystal field of 100 meV, XMCD effect is 43%. The crystal field is
responsible for the reduction in the XMCD effect at Nd M4,5 edge without change in the
spectral shape however the reduction in the sintered magnets cannot completely explained by
the crystal field effects. The crystal field is playing role but in practical it will not be more than

25 meV in case of neodymium. The further model need to be searched
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Figure 6.19 simulations of (a) XAS and (b) XMCD spectra of cubic crystal field effects for Nd** ion via Quanty
software. The variations in the spectra with increasing 10Dq parameter from 0 (no crystal field) to 100 meV are

shown.

(1V)  Fe1waNd2B film — XAS and XMCD investigation in transmission yield (TMY)

The soft XMCD measurement using a total electron yield (TEY) method is a surface-sensitive
magnetic probe which has the probing depth of about 1 nm from the surface. It can be possible
that the surface and the bulk properties are different in these sintered magnets. In order to
confirm the surface sensitivity, attempts were made to produce hard magnetic layers of smallest
possible thickness to perform the XMCD measurements in the transmission mode along with
the total electron yield at the same time. For this purpose, Fe1aNd2B thin film of thickness 30nm

layer was deposited on 75 nm silica membrane with the hole of ~ 2-3 micron using the



153

sputtering technique. The preparation technique is presented with details in reference [200].
Figure 6.20 (b) shows the corresponding hysteresis curves at room temperature with the 7.5
tesla applied magnetic field perpendicular and parallel orientation to the substrate surface. The
film is soft magnetic and in-plane magnetized. In general, with the small thickness, it is difficult
to get the hard magnetic properties. The Al2O3 (sapphire) deposited samples with the 100 nm
thickness shows better hard magnetic properties than deposited on silica membranes [200].
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Figure 6.20 (a) magnetization versus temperature curve FeisNd>B film 30 nm thickness deposited on silica
membrane in presence of 1000 Oe magnetic field. (b) SQUID Hysteresis loops of Fe1aNd2B film 30 nm (red) and
out of plane (black) orientation in presence of 6.5 T magnetic field at room temperature. AT higher magnetic fields,
the diamagnetic contribution from the substrate is visible. Therefore the magnetization curve at the lower field is
presented in the figure (b) on the right side.

Our objective is to perform the transmission and electron yield measurements at the same time
to check the surface sensitivity of the XMCD signal for iron and neodymium, therefore 30 nm
thickness of Fe1sNd2B phase on silica membrane is the appropriate choice. Figure 6.18 (a)
shows the magnetization vs temperature curve for the film at 1000 Oersted along the in-plane
orientation. The magnetization vs temperature curve shows the typical Fe1sNd2B phase linear
behavior up to spin reorientation temperature (around 110 Kelvin) for this film. The curve is
analogous to the previously reported Fe14Nd2B specimen results in section 6.3.2 and 6.3.3. The
total magnetic moment of the film along the in-plane direction and out of plane direction is
29.57 Bohr magneton/formula unit (1.46 T) and 24.62 Bohr magneton/formula unit (1.24 T)
respectively without eliminating the diamagnetic background from the substrate. The total
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magnetization in-plane orientation is close to the pure Fe14Nd2B phase magnetization (32 Bohr

magneton/formula unit) reported in the literature[178, 200].

In order to precisely compare the total sample magnetization with the element specific XMCD
results, the chemical compositions of the sintered magnets are analyzed by inductive coupled
plasma spectroscopy (ICP-OES) (spectro-ciros). The 73 £1 weight % iron, 25.0+1 weight %
neodymium and 2+0.2 weight % boron have been detected. The spectroscopic analysis shows
the traces of impurities like titanium and manganese. The stoichiometry turned out to be

Nd2Fe14B for the specimen.
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Figure 6.21 edge normalized XAS —top panel (measured left and right polarized spectra) and XMCD- bottom panel
(the difference of left and right polarized spectra) spectra measured at Fe L, 3 (a and b) and Nd M4 (c and d) edges
in total electron yield (a and c) and transmission yield (b and d) for the Fe14Nd2B thin film 30 nm thickness

deposited on silica 75 nm silica membrane (at 300 Kelvin and in presence of 6.5 Tesla magnetic field) are

presented.
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Due to the technical limitations we can perform the measurements only along the out of plane
orientation, therefore the XAS and XMCD investigation have been performed at Fe L>3 and
Nd Mas edges in presence of 6.5 T magnetic field along the out of plane orientation in total
electron yield (TEY) and the transmission yield (TMY) and presented in Figure 6.21. The
analysis procedure and number of holes are similar for both iron and neodymium edges as
presented in section 6.4.1 and 6.4.2. The shape of XAS and XMCD spectra of iron L3 edges
is analogous to the typical metallic iron configuration [24] and for neodymium also line shape
is analogous to the pure Nd** configuration [37] and the atomic multiplet theory simulated Nd®*

spectra.

Table 6.4 orbital magnetic moment my, the spin magnetic moment ms, the total magnetic moment my, and the
ratio m./ ms of Nd 4f electrons of Fe1aNd2B 30nm film in units of Bohr magneton/atom along the out of plane

orientation presented in total electron yield and transmission yield mode.

T Orbital (mvL) Spin (ms)  Total (ms +mL) Ratio Reduction in ms
(Kelvin)  (us / atom) (us / atom) (us / atom) (ms /my) from theory
Fe L23edge

TEY 0.06+0.01 1.57+0.2 1.64+0.2 0.04+0.01 -

TMY 0.03+0.01 -1.72+0.2 1.75+0.2 0.02+0.01 -
Nd Mas edge

TEY 0.3210.1 -0.10+0.02 0.22+0.02 -3.06x0.2 23

TMY 0.3410.1 -0.16x+0.02 0.18+0.02 -2.150.2 15.08

The sum rule analysis results for iron and neodymium are presented in Table 6.4. There is no
prominent difference visible in electron yield and transmission yield measured XMCD line
shape intensity at the iron L2z edge in Figure 6.21 (a) and (b). However, there is still 6%
increase in the total magnetic moment of the iron is observed in transmission yield results
compared to electron yield results (refer Table 6.4). In case of neodymium, the XMCD line
shape intensity at Ma edge is twice of the total electron yield results in transmission signal
(Figure 6.21 (c) and (d)). There is 7% XMCD effects in TEY mode and 13% XMCD effect in
TMY mode are recorded at Neodymium Mys edge. There is a clear increase in XMCD effect

is observed in transmission signal at neodymium edge.
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The Fe1sNd2B thin film exhibit 24.62 Bohr magneton/formula unit from the SQUID
measurements results. From the XMCD sum rule analysis, the total magnetic moment per
formula unit in total electron yield is 23.4 Bohr magneton/formula unit (FeisNd2B
=1.64*14+0.22*2) and in transmission yield measurements 24.5 Bohr magneton/formula unit
(Fe1sNd2B =1.75*14+0.22*0.18). The sum rule analysis in case of transmission is surprisingly
in excellent agreement with the SQUID results. The inclusive difference in the total magnetic
moment is 5% in TEY and TMY measurements in case of film, which clearly shows that the
surface effects plays important role in these systems. The sum rule analysis results show that
the surface in case of thin film is different than bulk, there is resilient difference in the magnetic

moment of the transmission and electron yield has been observed.

6.5. Discussion
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Figure 6.22 comparison of neodymium Mys edges XAS- sum of the left and right polarized spectra (top panel)
and XMCD-difference between left and right polarized spectra (bottom panel) spectra of the specimens— multilayer
(blue color), textured thick film (green color) and hard magnet (black color) with the theoretically simulated J=9/2

ground state spectrum. All the spectra are scaled for the comparison.

The XAS and XMCD investigation were performed at the Fe L3 and the Nd Mas edges in
serval neodymium based specimens like sintered magnets (FeisNd2B single phase and
Fe12(Nd, Dy)2B hard magnet) , Fe/ Nd multilayer and Fe1aNd2B 340nm textured thick film.
The XAS and XMCD line shape of the neodymium Mas edges can be explained by the J=9/2

ground state configuration, however change in the M4 and Ms edges XMCD intensity has been
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observed. Although the XAS and XMCD spectral shape is not varying significantly but the
neodymium behaves different in all the specimen. The crystalline environment of the solid and
the grain boundary phase is noticeably affecting the magnetic properties and the orientation of
the spin alignment of the neodymium 4f electrons. Which is causing the severe reduction (refer
Figure 6.22) in the magnetic moment of the Nd in the sintered magnets compared to the thin

film and the multilayer.

The total magnetic moment at room temperature is originating from the iron magnetic moment
and the contribution of the neodymium magnetic moment at room temperature is very small.
The 34 % discrepancy between the total magnetic moment in total electron yield XMCD results
and the SQUID results in case of Fe1aNd2B single phase and Fe14(Nd, Dy)2B hard magnet are
originating due to reduction in the total iron magnetic moment and the surface sensitivity of the
total electron yield measurements. It is the presence of weak ferromagnetic iron and neodymium
based intergranular grain boundary phase in sintered magnets. This intergranular boundary
phase acts as pinning site or the decoupling site between the large grains of the Fe14sNd2B main
phase, which increases the coercivity of the specimen and the hard magnetic properties. It is
also correlated with the coercivity of the specimen that the specimen with the higher coercivity
shows the large reduction in the magnetic moment of the neodymium although the Fe1sNd.B
single phase specimen is exception in this case. The XMCD effect is only 10 % which shows
that the neodymium moments are almost paramagnetic at room temperature in the Fe1sNd>B

single phase specimen.

In order to confirm the surface sensitivity the measurements have been performed in
transmission and electron yield at the same time on 30nm Fe1sNd2B thin film. The excellent
agreement between SQUID and XMCD transmission yield results shows that the surface in
these magnets behaves different than the bulk of the specimen. As the difference in total
electron yield and the transmission yield results is 5 to 10% in case of 30nm Fe14Nd2B thin
film, but it can be enormous in sintered magnets, which is responsible for the reduction in the

neodymium magnetic moment.
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