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SONDADO POR ESPECTROSCOPIA DE RAIOS-X

Campinas

2020



LEONARDO OPARACZ KUTELAK

HIGH PRESSURES MAGNETISM OF EuB6 PROBED WITH X-RAY SPECTROSCOPY

TECHNIQUES

MAGNETISMO DO EuB6 SOB ALTAS PRESSÕES SONDADO POR ESPECTROSCOPIA
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ESTE EXEMPLAR CORRESPONDE À VERSÃO FINAL DA
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Resumo

A familia dos hexaboretos de terras raras apresenta uma rica variedade em

fenômenos de transporte, indo de supercondutores a isolantes de Kondo. Re-

centemente compostos como SmB6 e YbB6 foram revisitados a partir de pro-

postas de topologia não trivial correlacionados a estados de valencia mista em

seus diagramas de fase. Isso abre perspectivas de estados exóticos em demais

compostos da famı́lia, principalmente ao utilizar parametros de ajuste como

pressão hidrostatica, explorando possiveis conexões entre esses compostos con-

tendo ions com eletrons bem localizados na camada 4f.

Nesse trabalho exploramos o EuB6, único da familia que apresenta ferromag-

netismo bem definido em pressões de até cerca de 17 GPa. Além disso o com-

posto apresenta duas transições envolvendo formação de polarons magnéticos e

deslocalização de portadores de cargas, com discussões em aberto sobre seu

caráter semimetálico ou semicondutor. Nesse trabalho observamos, através

de técnicas de espectroscopia de absorção de raios x (XAS) e Mössbauer de

sı́ncrotron (SMS), que ao aplicar pressões jamais atingidas para esse hexa-

boreto: acima de 20 GPa utilizando células de bigorna de diamante (DACs),



o ordenemento ferromagnético abaixo de 12 K é suprimido e substituido por

uma nova fase paramagnetica com coexistencia de ions Eu2+ e Eu3+.

Isso abre prospectos para estudos teóricos e experimentais sobre a fı́sica por

tras dessa nova fase observada em ambientes de condições extremas. Com

isso, correlacões entre a estrutura dos hexaboretos de terras raras, suas pro-

priedades magnéticas e eletrônicas podem ser entendidas com mais profundi-

dade, abrindo novas possibilidades para potencialmente encontrar e elucidar

estados com topologia não trivial propostos para essa famı́lia.

Palavras-chave: Magnetismo, Altas Pressões, Luz Sı́ncrotron.



Abstract

Rare earth hexaboride family present a rich variety of transport phenomena,

ranging from superconductors up to Kondo insulators. Recently compounds

such as SmB6 and YbB6 were revisited from proposals of non-trivial topology

correlated to mixed-valence state in its phase diagram. This opens perspectives

for exotic states on remaining family’s compounds, mainly when using adjust-

ment parameters like hydrostatic pressure, exploring possible connections be-

tween these well localized 4f shell electron containing ions.

In this work we explore EuB6, the only compound of the family that presents

well defined ferromagnetic ordering up to pressures of 17 GPa. Furthermore it

also presents two transitions involving magnetic polarons formation and charge

de-localization, with open discussion about it semimetallic or semiconductor

behavior. At this work we observe, using X-Ray absorption spectroscopy (XAS)

and synchrotron Mössbauer spectroscopy, that by applying pressures above 20

GPa using diamond anvil cells (DACs) the ferromagnetic ordering below 12

K is suppressed and substituted by a new paramagnetic phase where Eu2+ and

Eu3+ coexist.



This opens prospects for theoretical and experimental studies about physics

behind the new phase observed in ambient of extreme conditions. With this,

correlations between rare earth hexaborides structure, magnetic and electronic

properties may be better understood with the opening of new possibilities to

find and elucidate proposed non-trivial topology states for this family.

Keywords: Magnetism, high pressure, synchrotron radiation.
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5.2.2 Synchrotron Mössbauer Spectroscopy . . . . . . . . . . 95

6 Conclusions 99

Bibliography 104

Appendix I 116

Appendix II 129

Appendix III 142



13

Chapter 1

Introduction

Electronic and magnetic properties of materials are subject of interest for

its application in technology and fundamental scientific knowledge. In this

category, rare earth metals, specially from element in the Lanthanum series,

have an unique electronic configuration with well localized 4f shell protected

by external 5d and 6s electrons, which gives rise to local momentum magnetic

properties, that are extensively explored in high-tech industry. Therefore, un-

derstanding their fundamental behaviors in different compounds and conditions

are not only of scientific interest but also of strategic and commercial relevance.

Taking this into consideration rare earth hexaborides (REH) are subject of study

for many decades and thanks to their simple cubic structure they pose as an ex-

cellent candidate for simplified models and analysis. In the other hand, this

family hosts several interesting and not completely understood transport prop-

erties, which most recently are being revisited within the scope of topologically
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non-trivial materials.

A notoriously famous rare earth hexaboride, SmB6 is known by its low tem-

perature resistivity plateau and other puzzling properties [1] [2]. A similar com-

pound, YbB6 hosts interesting transport phenomena as well, and suchlike SmB6

it may be correlated to a mixed valence state between 2+ and 3+ ions. Another

vastly used REH is LaB6 which, because its low work function [3] allows ef-

ficient use in electron microscopes and it is also a common X-ray diffraction

pattern due to its aforementioned cubic structure. CeB6 on it’s turn, presents

a dense Kondo lattice of localized momenta with characteristic resistivity be-

haviour [4] and potential for topologically non-trivial changes under applied

pressure [5]. Many of this family’s compounds order in a anti-ferromagnetic

manner at low temperature regimes (below 30 K) such as NdB6 [6], GdB6 and

DyB6 [7] [8], while other such as ErB6 and HoB6 are too unstable or difficult to

prepare [9]. Finally, EuB6 is the only REH reported to order in a ferromagnetic

manner by hosting Eu2+ ions, and will be the compound of study for this work.

EuB6 is studied as early as 1950’s and since then has struck researchers with

non-usual magnetic and transport phenomena. It was observed that doping this

REH with carbon substituting boron not only decreases significantly the Curie

temperature from its initial value of around 13 K but also provides an anti-

ferromagnetic behavior for 15% Carbon concentration [10]. It was also ob-

served that low impurity containing crystals have two subsequent transitions,
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one at ≈15 K and other at ≈13 K which are linked to magnetic behavior, be-

ing claimed to be magnetic ordering at one crystallographic direction at Tc1 and

reordered to other at Tc2 [11]. Although, a more likely picture as proposed by

Matthias as early as 1968 [12] is the formation of magnetic polarons involv-

ing charge carriers. These entities are magnetic puddles, occurring above Tc in

a paramagnetic background and robust visual evidence in EuB6 samples were

recently obtained via magneto optical [13] and STM experiments [14]. In the

other hand, ARPES experiments [15] [16] and early claims based on transport

measurements suggest that there is a semiconductor gap at the X symmetry

point [17] [18] of the Brillouin zone, but there are also claims for semi-metallic

behavior [19], where the gap is closed with conduction and valence band over-

lapping. More recently it was proposed that for certain magnetization directions

there is the possibility for topologically non-trivial structures to arise where va-

lence and conduction band touch [20].

As briefly mentioned above doping changes EuB6 magnetic properties, sim-

ilarly high pressures achieve such effect, as showed by Cooley et al.[21] in

their resistivity measurements where both Tc increases in temperature. They

also suggest that underlying magnetic mechanism between 4f momenta occurs

via indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction where con-

duction electrons spins intermediate exchange which has an oscillatory nature.

Moreover, this provides additional support that adjust parameters, such as exter-
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nal pressure and doping, can create connections between this families members

by modifying magnetic behavior when changing atomic distances and/or elec-

tronic density. In another light this might provide a probable path for Kondo

lattice behavior, where local magnetic momenta where local magnetic moments

interfere in transport properties via their spin interaction with charge carriers.

As explained by Doniach in his famous diagram [22], RKKY magnetic interac-

tion and Kondo behavior may compete in system with well localized magnetic

momenta, although this is most commonly associated to (the unlikely for our

case) heavy Fermi behavior. This competition is driven by the magnetic order-

ing temperature TM (or energy, and can be either FM or AFM) and the Kondo

temperature TK , both of which are dependent on the exchange parameter be-

tween localized momenta and carriers spin J . In a simplified manner it can be

said that when TM > TK we have magnetic order and when TM < TK there

is Kondo behavior. Furthermore in the case of TM = TK it is proposed that a

quantum critical point (QCP) may occur [22] at 0 K generating interesting ex-

otic physical behavior at temperatures near absolute zero, which might include

non trivial topology.

Topology may be refereed as a mathematics branch interested in describing

geometrical properties of materials that remain constant while they go through

continuously smooth deformation [23]. In the context of physical properties we

are interested in certain band structures that remain constant when some sym-
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metries are conserved [24] [25], namely topological structures protected by a

symmetry. For example, topological insulators (TIs) have a non-trivial struc-

tures called Dirac-cones which are protected by time reversal symmetry, occur-

ring when two bands of opposite parity (+ and -) cross each other near Fermi’s

surface [26]. This lead to interestingly robust transport phenomena such as

materials with insulator bulks and conducting surfaces [27] where spin-locked

current are protected against scattering. Furthermore, there exist other topo-

logically non-trivial structures such as Weyl points, which are usually related

to semi-metallic behavior and can be protected by mirror symmetry, inversion

symmetry, spin-rotation, time reversal among others [28]. Touching between

valence and conduction bands when spin-orbit coupling is strong and non-trivial

topological states are present can lead to the so called Weyl fermions (WF),

which in the context of condensed matter form Weyl points, (Weyl fermions

concentration in 2D momentum space) working as sources or sinks for Berry

curvature, which is a geometrical parameter that provides information about

topological entanglement of valence and conduction bands [29]. Additionally,

in between two Weyl points there will exist structures known as Fermi arcs con-

necting them, which has a non-zero Berry phase due to chirality flip in the WP

pair, giving rise to a Chern number equal to unity, which is a important Topo-

logical invariant, whereas if the Chern number is equal to zero the topology is

deemed trivial. Experimentally Fermi arcs may be resolved using techniques
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such as angle resolved photo emission spectroscopy (ARPES) but energy res-

olution is the technique’s bottleneck in many cases. Regardless, transport phe-

nomena such as, large or negative magneto resistance together with anoma-

lous or quantized hall effect and high carrier mobility were observed in Weyl

semimetals such as TaP [30] and NbP [31] and may be related to their topology.

Lastly, it is important to remark that Weyl aemi metals and their cousin Dirac

semi metals (which are WSM with broken time reversal symmetry) are transi-

tioning states in between topological insulators and normal insulators as noted

by Yan and Felser [29].

Regarding EuB6, theoretical work supports formation of different topolog-

ical structures depending on the magnetic field direction in the crystal. When

the field is aligned with [100] crystallographic direction, nodal lines appear near

high symmetry points of the Brillouin zone. Such structures are similar to Weyl

Points, but now touching between valence and conduction bands occur in a

closed curve inside the BZ. When field direction is changed to [111], claimed as

the easy axis below 12.5 K, nodal lines turn into 3 Weyl point pairs, one at each

Z point. Furthermore, when magnetic field is aligned with the [110] direction

there is a coexistence between one nodal line and two pairs of Weyl points. This

happens because each field direction generates different protecting symmetries

for the topological structures, meaning that when one symmetry breaks another

one replaces it. Finally, calculations also support that due to these exotic topo-
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logical behaviors anomalous and quantized Hall effect may occur in the EuB6.

A more detailed discussion regarding these predicted topological states in EuB6

can be found in [20].

To further investigate if states that permit such structures to arise in EuB6

and have a better grasp of eventual connection between REH physical proper-

ties we propose experiments combining an external adjust parameter with X-ray

spectroscopy techniques, aiming to observe phenomena potentiality correlated

to exotic behavior, such as electronic and magnetic phase transitions. In our

case we choose hydrostatic pressure applied with diamond anvil cells (DACs),

which can alter lattice parameter in a clean manner allowing for a study in REH,

without adding analytical complexity due to eventual changes in electronic con-

figuration or band structure when substituting ions or atoms. Furthermore, these

cells match perfectly with synchrotron X-ray sources by providing a direct op-

tical path into the sample space. Employing well established X-ray absorp-

tion near edge (XANES) technique concomitantly with X-ray circular magnetic

dichroism we are able to simultaneously probe valence, electronic and magnetic

EuB6 properties under high pressures and at low temperature < 15 K, well in-

side the know ferromagnetic ordering regime reported for ambient pressures.

Although few limitations are encountered in this techniques the most critical

one is that we are only able to probe net sample magnetization, making antifer-

romagnetic and paramagnetic states unresolved. For this reason we also employ
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synchrotron Mössbauer spectroscopy (SMS), allowing to probe nuclear states in

the same pressure and temperature range to complement information about the

compound’s magnetic state obtained through XANES and XMCD. Finally, our

SMS measurement agrees with our XAS results, indicating a new phase above

20 GPa and below 13 K, that from our preliminary analysis seems to present

paramagnetic nature with mixed valence state.

In regard to text structure, this dissertation will provide a scientific back-

ground in the second chapter, reviewing physical concepts relevant to the work

while presenting previous results for EuB6 found in the literature. This will

include information on crystal growth and structure, followed by magnetic in-

teractions and relevant phenomena reported for our compound. The Chapter 3

is devoted for theory in X-ray spectroscopy techniques (XAS and SMS), which

compose the bulk experimental work performed during the project. Chapter

4 describes experimental methods utilized in this work, including a section in

high pressure experiments with some theoretical background for manometer

techniques and historical development. Finally, in Chapter 5 we present the

obtained results accompanied by some discussion with Chapter 6 hosting our

concluding remarks.
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Chapter 2

Scientific Background

This chapter is devoted for basic scientific background related to EuB6 physics.

The intention is to provide the theory behind each physical concept and proceed

to discuss the specifics for EuB6. In this way the reader is guided through the

text in a manner that the general context for what is well established in the litera-

ture paves way to better understand the intricacies of our system. Some subjects

and equations are more developed due to direct links to our work, while others

are discussed more briefly to maintain context. The ultimate goal for the text is

to provide a general guide in many experimental and theoretical concepts rele-

vant to the work for eventual newcomers without being boring to expert readers.

2.1 Crystal growth and structure

In this section we review EuB6 (and other hexaborides) crystal growth meth-

ods and structure, putting emphasis in aluminum flux grown samples since it
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was the synthesis technique utilized for crystals provided by Dr. Priscilla Rosa

from Los Alamos Laboratory as a collaboration for this work.

Rare earth hexaborides have sensible transport properties dependent on their

growth conditions where Al-flux is the best procedure to obtain high quality sin-

gle crystalline samples, and there exists an intense debate on literature about the

effects of sample grow techniques on some physical transport, as is thoroughly

discussed in the work of Phelan et al. [32]. As aforementioned, samples for

this work were grown using Al flux method, which despite possible Aluminum

inclusions, crystals created through this technique seem to preserve main trans-

port properties for this family of compounds.

Flux crystal growth usually occur as follows: adequate proportion of ele-

ments for the desired compound are inserted together with a solvent in a cru-

cible made of a chemically inert material in relation to the growth reaction.

Most commonly, the mixture is inserted inside a quartz ampule sealed in vac-

uum. The recipient is then taken to furnace and temperature is risen gradually

in a way that the solvent flux melts first, followed by the melting of material’s

elements at higher temperatures. After adequate time, mixture temperature is

lowered to a value where growth crystals are solidified while flux is still in liquid

form, this way it is possible to employ a centrifugal motion to separate formed

single crystal from the flux. Although this is the desired way to get crystals

easily, this is not always possible, so flux may be etched chemically or samples
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may be mechanically separated once the mixture is at room temperature. This

method is advantageous because it has potential to produce low impurity crys-

tals in relatively simple manner, at a cost of generally producing small single

crystal with possible flux inclusion or non-desired phases in it. More details on

flux growth can be found in [33].

Figure 2.1: Structure of a rare earth hexaboride (LnB6) crystal. We see a cubic structure of

boron octahedra enclosing an Ln ion. Figure adapted from [34]

Rare earth hexaborides structure is quite simple, exhibiting a cubic arrange-

ment of boron Lanthanum series (Ln) atoms with a cage of boron formed octa-

hedron enclosing it, as can be seen in Figure 2.1. This family of crystals belong

to the space group 221, Pm3m, with lattice parameters varying around a ≈ 4.1
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Å to a ≈ 4.2 Å. Further experiments suggests that such structure is sturdy,

with CeB6 crystals supporting up to 122 GPa of applied pressure without going

through a structural phase transition [5], suggesting that observed changes in the

material are entirely due to electronic properties. In the specific case for EuB6

a detailed X-ray diffraction study [11] report a lattice parameter of a = 4.185

Å with no visible structural transition down to 8 K, with many reported values

in the literature near this parameter.

2.2 Magnetic Interactions in Solids

In this section we explore the basics for magnetic interactions and link it

to the context of rare earth hexaborides focusing on the exotic EuB6 features.

Among REH compounds many order in a antiferromagnetic manner with EuB6

being the only one with ferromagnetic ordering where early reports [35] mea-

sured a Curie Temperature at 13.7 K. Later many studies reported two sub-

sequent phase transitions at ≈ 15 K and other at ≈ 13. One of these stud-

ies claimed this phases transitions where a ferromagnetic ordering followed

by magnetic moment re-orientation in another crystallographic direction [11],

while others claimed it was actually a material metallization mediated by en-

tities called magnetic polarons followed by the proper ferromagnetic transition

[18]. To better grasp these concepts and understand this historical development

throughout four decades we backtrack to basic magnetism concepts, coming
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back to EuB6 when convenient along the way.

Magnetism is a quantum mechanical phenomena in its essence, but early the-

oretical and experimental developments started under the light of classical con-

cepts. Many famous scientists such as Oersted, Ampère, Biot, Savart worked on

the links between electrical currents and generated magnetic fields, being able

to describe them on the macroscopic scale with great success, leading a path

that culminated into the renowned Maxwell’s equations [36]. In the other hand,

microscopical origins for observed phenomena could only be better understood

with discoveries regarding charge quantization, electronic orbitals and particles

intrinsic spin moments. It is now well established that a material’s magnetic

moments have their origins in the sum of particles quantized angular momenta

and intrinsic spin magnetic moment as:

〈mz
tot〉 = −µo

µB
~

(gs〈sz〉+ gl〈lz〉) (2.1)

where 〈mz
tot〉 is the expected magnetic moment in the (arbitrarily defined) z

direction, 〈sz〉 is the expected spin value and can assume values of ±~

2
for up and

down spins, 〈lz〉 the expected value for angular momentum and have quantized

values of integer multiples of ~, µo the vacuum permeability, gs is the spin’s g-

factor and is approximately 2 for electrons, gl is the angular momentum g factor
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which we assume as 1, and finally

µb =
e~

2me
= 0.927× 10−23A m2 (2.2)

is the Bohr magneton. It is important to mention that nucleons also have spin

magnetic moments coming from half-spin particles even though they g-factor

may vary depending on nuclear size, and their magnitude are 1836 times lower

than electronic spin moment due to ratio between electron’s and proton’s masses

[37].

For a better understanding on magnetic moments presented by electrons in

atoms it is necessary to consider their atomic configuration. The total magnetic

moment for a atom will arise from the sum of magnetic spin and angular mo-

ments of every electron occupying their orbitals. Completely filled electronic

shells have zero angular and spin moment, therefore magnetism of an atom can

be described by the configuration of their outermost unfilled shell. As an ex-

ample, Lanthanum series ions will have heir magnetism dictated by the 4f shell

configuration. These shells will be filled in a way to minimize ground state

energy while respecting Pauli’s exclusion principle and are explained by the

empirical Hund’s rules [38]. As general for rare earth elements, magnetism for

europium can be well explained by treating them as isolated ions in the con-

text of Curie’s law for solids. Taking into account the total angular momentum



27

operator

J = L+ S (2.3)

and the consequently derived Landé g-factor (assuming gs = 2 and gl = 1)

g(JLS) =
3

2
+

1

2

[

S(S + 1)− L(L+ 1)

J(J + 1)

]

(2.4)

it is possible to calculate the effective magnetic momentum per atom

µeff = g(JLS) [J(J + 1)]1/2 µb (2.5)

and allows us to write Curie’s Law for magnetic susceptibility in the form:

χ =
1

3

N

V

µ2eff
kBT

(2.6)

where N is the number of momenta per molar volume V, this way it is possible

to measure a material magnetic susceptibility and get experimental results for

µeff . In our specific case we are interested in the electronic configuration for

two Eu ions:

Eu2+ = [Xe]4f7 , Eu3+ = [Xe]4f6 (2.7)

where [Xe] is the electronic configuration for the noble gas xenon, with fully

filled shells. This way we obtain theoretical values for magnetic moments of

7.94µb for Eu2+ and zero for Eu3+, telling us that magnetism in EuB6 comes

from the very localized 4f shells of doubly ionized europium atoms.
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For materials with magnetic order there will be a temperature for which

spontaneous alignment of magnetic moments will occur and prevail below it.

Roughly speaking, if all spin align in a parallel manner below the Curie temper-

ature Tc (in this case) we say the material is ferromagnetic. In the other hand if

spin align in a nonparallel way below the so called Neel temperature TN we have

an antiferromagnet. In the context of solid state physics there are many theories

to explain how aligned spins interact with each other, although this phenomena

may not be well understood, specially in complex systems. To circumvent diffi-

culties one popular tool usually used is the Mean Field Theory approximations,

which basically assumes that individual electrons relevant to the system feel an

averaged effect from all the other moments present in system. From this ap-

proximation it is possible to drawn that magnetic susceptibility in function of

temperature follows the Curie-Weiss law, [38] given by

χ =
χo

T − Tc
(2.8)

where χo = Nµ2eff/3V kB as in 2.6. This equation fails to describe susceptibil-

ity near Tc, but it is a good approximation for temperatures well above it. As an

example, measurements made by Sullow et al [11] with a small (0.1 T) magnetic

field applied separately along 3 different crystallographic directions of a EuB6

single crystal have their results presented in Figure 2.2 where the 1/χ curves

were ploted for convenience. By linear fits in data at T >50 K they were able
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to obtain µeff ≈ 8 , very close to the theoretical Eu2+ moment of 7.94µeff , in

average and extrapolate a value of TC in between 14 K and 15 K. The value for

effective magnetic moment is close to the theoretical one presented in the pre-

ceding paragraph, and TC has a close value for the first phase transition present

in the material. Nevertheless as mentioned previously EuB6 has two subsequent

phase transitions related to its magnetism, therefore a complete picture for these

behavior still need complements.

Figure 2.2: Inverse of magnetic susceptibility in function of temperature for a single crystal

of EuB6. The circles represent measured points for B applied along [100] and yielded µeff

= 7.9µB and Tc = 14 K, squares are for [110] yielding µeff = 8.0µB and Tc = 15 K, finally

triangles are for [111] for which µeff = 8.2µB and Tc = 14 K Figure reproduced from [11].

Below Tc a ferromagnetic material will present some features for magnetiza-



30

tion in function of applied magnetic field which are useful for characterization.

A typical curve for magnetization in function of applied field for a ferromag-

netic material is shown in Figure 2.3. At first momentum will follow the blue

line where moments will start to align along the direction of applied magnetic

field until magnetization hits the saturation value S. After that magnetization

follows the red line when applying a field in the opposite direction. Now mag-

netization will not return to 0 when field is back to zero, but there will be a

remanent magnetization R, which only decays to zero after a field Hc = C is

applied, which is the coercetive field. Then after S ′ the same process occur

for the field being applied in the ’positive’ direction again, closing the called

Hysteresis loop. The area inside a hysteresis loop is associated to the neces-

sary energy to align moments in the direction of the applied magnetic field and

roughly speaking it is possible to say that large areas are characteristic for a hard

ferromagnet and small areas for a soft ferromagnet. In the case of EuB6 it was

previously measured [39] to be a very soft ferromagnet with non-discernible

coercitivity and saturating at ≈ 1 T at a temperature of 4.3 K, with higher fields

for higher temperatures.
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Figure 2.3: Hysteresis loop for a typical ferromagnetic material where we can see the satura-

tion, remanence and coercetivity as explained in the text. Figure reproduced from [40].

2.2.1 Exchange Interactions

The next question we tackle is how these magnetic moments interact with

each other in general and on the specific case of EuB6. Within several approx-

imations and simplifications one may use the Heisenberg Hamiltonian [38] to

describe interactions between electron’s spins:

H = −
∑

JijSi · Sj (2.9)
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where Si and Sj are the spin operators for the particles i and J in a system

and Jij is the exchange interaction between the electron pair, summation occur

over all relevant pairs for the system. Even though S is called a spin operator

it acts in the total magnetic moment that is arising from both angular and spin

momenta. This Hamiltonian is vastly used to describe many complex systems

in a simplistic manners, and may hold when there is a small overlap between

charge distribution of the two electrons in the pair. When this is the case we

have a direct exchange interaction, with J being dubbed as exchange parame-

ter and will favor ferromagnetic (parallel spin ↑↑) alignment when positive and

antiferromagnetic (anti-parallel spin ↑↓) alignment when negative. This param-

eter will often depend on subtle system details, but the low lying physics comes

solely from Coulomb interactions and Pauli’s exclusion principle for half-spin

particles (Fermions) giving rise to singlet and triplet states.

Although direct exchange is conveniently used to describe many systems,

electronic spins may also interact in a indirect manner. We attain our atten-

tion to a localized (4f shell, for example) magnetic momentum interacting via

conduction electrons coupling. What happens is that this localized moment gen-

erates spin polarization waves along electrons in its surroundings with parallel

or anti-parallel alignment as a function to the distance between spins. Ulti-

mately this phenomena was explained by the combination of works from four

scientists, and receives its name after them: Ruderman-Kittel-Kasuya-Yosida
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(RKKY) interaction. Their work culminated in a expression that describes the

oscillatory indirect interaction via a exchange parameter [37]:

J(R) =
16A2mek

4
F

(2π)3~2

[

cos(2kFR)

(2kFR)3
− sin(2kFR)

(2kFR)4

]

(2.10)

where kF is the Fermi wave vector A is a inter-atomic parameter and R is the

distance between magnetic moments (spins). Again we have that when J > 0

or J < 0 there will be ferromagnetic or antiferromagnetic alignment, but now

in a oscillatory manner depending on the inter-spin distance R and on electron

configuration near valence bands as described by kF . A EuB6 transport study,

under pressure, saw a systematically increase in the Curie temperature with

applied pressure [21], which they argued to arise from a RKKY interaction en-

hanced by a greater electron density at pockets of electrons in a high symmetry

point of the Brillouin zone near Fermi Level. Another experiment that suggest a

RKKY behaviour was an early doping of EuB6 with Carbon atoms substituting

Boron, which decreases the lattice parameter, where anti-ferromagnetism was

reported [10], nevertheless sample quality was different than today standards

and doping can severely change electronic structure of a material. However, an

interesting prospect is if clean isotropic lattice contraction by external force can

create similar results. This opens prospects for new physics in EuB6 if this case

applies, as some theoretical works proposed Kondo behavior in this compound

but with separated conduction and valence band exchange parameters [19].
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2.2.2 Magnetic Polarons

Although this may be true, EuB6 magnetic interaction and ordering modeled

to arise from RKKY indirect exchange still does not gives a complete under-

standing for the system, since we still must take into account observations of

magnetic polarons forming below temperatures near 40 K, which were experi-

mentally suggested by results of two different techniques [13] [14] as showed

and explained in Figure 2.4. These entities are regions (islands or puddles) of

ferromagnetic regime embedded in a paramagnetic or antiferromagnetic back-

ground. Some conditions must be fulfilled for the creation of well defined mag-

netic polarons such as strong local magnetic exchange coupling and low carrier

density in comparison to the magnetically correlated volume [41]. Furthermore,

there are two kind of magnetic polarons: the free polaron which is a carrier

aligning magnetic moments inside Bohr radius while moving through param-

agnetic media and the bound polaron, which is a stationary entity generated

around impurities due to Coulomb interactions. We attain our attention to the

latter, since it was the one early observed in Eu containing compounds. The

model proposed for a highly localized magnetic moment semiconductor (our

case) provides that magnetic moment localization islands stabilizes around a

impurity with differential free energy in relation to a paramagnetic background

as [42]

∆F =
E0

ι
− J

2ι3
− e2

ǫR
(2.11)
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where E0 = π2h2/2ma2 , ι = R/a with a coming from 4πa3 = 1/NEu, R

is the distance from the impurity and NEu is the number of Eu2+ per unit vol-

ume. The bound polaron will not move easily with an applied electric field even

below the eventual ordering temperature Tc, in the other hand a magnetic field

will decrease disorder around the polaron, diminishing ∆F which can cause

bound charges to move more easily. With decrease of temperature it is also

possible that polarons start to grow larger and eventually coalesce with neigh-

bor magnetic islands, generating a uniform ferromagnetic material. This picture

suggests that transport properties will proportionate signature characteristics re-

lated to magnetic polarons such as negative magnetoresistance near ordering

temperature. In fact, many experimental transport properties for EuB6 were in-

terpreted bye means of presence of magnetic polarons, and further discussion

may be found in the following references, which also include theoretical works:

[43] [44] [45][46][41][47][48]. In addition, applying pressure may alter Eu ion

population, increasing Eu3+ while also diminishing number of defects in the

structure, and since these are proposed to be ingredients for polaron formation

in EuB6 [18] this can further modify magnetic order and stimulate new phases

in the material. Furthermore it may be feasible to try and obtain new phases

via applied pressure by changing the exchange parameter J between magnetic

momenta, possibly leading to exotic new states which might contain non-trivial

topology.
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Figure 2.4: Figures (a)-(d) show a EuB6 single crystal analyzed by magneto-optical techniques

[13], colors depict intern magnetic field intensities showing a slight magnetic domain growth

from 9.1 K to 13 K and proceeding decrease in magnetic domains at 18 K to 34 K. Figure (e)

shows an image of scanning tunneling spectroscopy for a EuB6 single crystal at 20 K, with

clear inhomogeneities in conduction evidenced by dark-bright contrast interpreted as regions

of paramagnetic and ferromagnetic polarons respectively [14]. Details on both techniques can

be found in their references. Figures adapted from [13] [14].
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Chapter 3

Synchrotron Spectroscopy Techniques

Synchrotrons are sophisticated machines in which electromagnetic radiation

is created by accelerated particles stored in a closed planar orbit. This concept of

particle accelerator was popularized by high energy physics experiments which

focus is creation of new particles and better understanding near light speed col-

lisions processes. Nevertheless, in nowadays physics there are several facilities

which solely utilize synchrotron light coming from accelerated particles to per-

form experiments in several areas of knowledge. This light have potential for

high photon flux with adjustable energy making them an excellent fit for spec-

troscopy experiments for samples encapsulated inside large devices, such as

pressure cells. A more detailed explanation on synchrotron radiation is devel-

oped in Appendix I. Hence, high pressure XAS and Mössbauer Spectroscopy

experiments are conveniently performed in Synchrotron facilities due to beam-

lines versatility. In this chapter we develop theoretical concepts on these tech-
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niques which were used to obtain the bulk experimental data for this work at

the Advanced Photon Source (APS) in the Argonne National Laboratory.

3.1 XANES and XMCD

When light passes through matter it’s intensity will decay exponentially fol-

lowing

I = Ioe
−µz (3.1)

where Io and I are final and initial intensity, respectively, z is the sample length

and µ is the absorption coefficient, which depends upon sample properties and

is a function of the radiation energy: µ(E). Therefore, on a X-ray absorption

experiment we can obtain µ(E) by measuring the light’s intensity before and

after it passes trough a sample, in the so called absorption geometry as de-

picted in Figure 3.1. For obtaining µz directly from measurements it suffices

to perform ln(Io/I). The light’s absorption rate will decrease continuously as

a function of energy in most spectral regions, but at certain energies there will

be a sudden increase known as absorption edges. Such edges occur when the

incoming photon’s energy is equal to the (energy) gap between two orbitals

where the absorbing electron can be encountered immediately before and after

the absorption process, named initial and final states, respectively.
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n l Spectroscopy Notation J Edge Name

1 0 1s 1/2 K

0 2s 1/2 L1

2 1 2p 1/2 L2

1 2p 3/2 L3

0 3s 1/2 M3

1 3p 1/2 M2

3 1 3p 3/2 M3

2 3d 3/2 M4

2 3d 5/2 M5

0 4s 1/2 N1

1 4p 1/2 N2

1 4p 3/2 N3

4 2 4d 3/2 N4

2 4d 5/2 N5

3 4f 5/2 N6

3 4f 7/2 N7

Table 3.1: Table showing the relation between the principal and angular quantum numbers (n,

l), spectroscopy notation for orbitals, coupled total Spin-Orbit momenta (J) and Absorption

Edges names.

It is important to notice that XANES is a element and orbital selective tech-

nique, since the initial state energy is dictated by electron-nuclei Coulomb inter-

action which is different for each atomic number Z. Furthermore, ionized atoms

will have their absorption edges shifted by a few electron-volts, since with the

loss of charge the energy necessary to promote a core electron increases slightly.

Regardless of that, using XANES we can probe properties of a single element of

interest inside a compound due to this initial state selectivity. On the other hand,

the final state, which is related to the density of states near the Fermi energy,

will be sensitive to the atoms‘ surroundings and chemical bounds. In practice

this can change the absorption edge’s shape, what can be useful to obtain infor-
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mation on the compound’s chemistry in some cases. Commonly the absorption

edge shapes are those as depicted in Figure 3.2, which follow a Lorentzian

shape with half height related to the core hole half-life, that due to Heisenberg’s

uncertainty principle creates a distribution in the absorption energy.

Figure 3.2: Theoretical curves of absorption in function of photon Energy in the XANES region

for an Eu atom. The curve’s shape follow that of a Lorentzian with the core hole lifetime and

final states energy broadness dictating its width.

To better explain the absorption process in the quantum mechanical picture

we use a few simplifications such as the one electron approximation where we

neglect electron-electron interactions inside the atoms. We also use the dipole

approximation, in which quadrupole interaction and above are neglected (ac-

ceptable for X-ray with less than 10 keV). Therefore, when a photon interacts

with an atom, the probability per unit time Tif of an electron to go from one
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shell to another, is given by

Tif =
2π

~
|〈Ψf |Hint|Ψi〉|2δ (ǫi − ǫf) ρ(ǫf) (3.2)

where Ψi and Ψf are the wave-functions for the initial and final states, ǫi and ǫf

are the initial and final energies, ρ(ǫf) is the density of final states and Hint is

interaction Hamiltonian that can be given by;

Hint =
e

me
p · A (3.3)

where p is the momentum quantum mechanical operator and A is the vector

potential. Therefore, states and energies in Eq. 3.2 are a combination from the

ones of the electron and photon involved in the transition. Within our approx-

imations and using quantization of electromagnetic field, it is possible to sepa-

rate matrix elements of 3.2 into photon and electronic parts, and then rewrite it

in the cross section form in terms of electronics transitions from initial to final

electronic states |ψi〉 → |ψf〉 as:

σ = 4π2
e2

4πǫo~c
~ω|〈ψf |ǫ · r|ψi〉|2δ [~ω − (Ef − Ei)] ρ(Ef) (3.4)

where ω = ωf − ωi is the frequency associated to the state transition, ǫ is

the wave polarization vector and r the electron length operator obtained via

Heisenberg equation [r, H] = (i~/m)p, Ef and Ei are the energies for final
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and initial states respectively. This equation is sometimes referred as the Fermi

Golden rule, since it dictates the possible transitions where 〈ψf |ǫ · r|ψi〉 will

only be non-zero when the dipole selection rules, listed below, are satisfied:

∆s = 0
∆ms = 0
∆l = ±~

∆ml = q~ = 0,±~

∆J = ±~

Here q is a constant dependent on light’s polarity (0 for linear and ±1 for cir-

cular polarization) and will be of utter importance for the following paragraphs.

In addition, the squared matrix part in Equation 3.2 can be considered a con-

stant, since it only changes slightly with energy, the delta function is equal to

unity at edge’s energies, meaning that the Intensity of absorption can be written

as

I = Kρ(ǫf) (3.5)

a constant K times the density of final empty states. Therefore XANES can di-

rectly probe the density of states above Fermi level of a certain element inside a

compound, which can provide useful information on the compound’s electronic

configuration. A more complete explanation on the models portrayed here can

be found in [49] [37].





45

the empty density of states for majority and minority electrons’ spin as will be

explained below. The difference in absorption intensity, which is proportional

to the difference in transition probabilities

∆I ∝ T−
if − T+

if ∝ σ+ − σ− (3.7)

is named the magnetic dichroic signal and is represented in Figure 3.4, and

is related to the unbalance of spins near the Fermi level in the element being

probed.

(a) (b)

Figure 3.4: In (a) we see two theoretical XANES spectra, one for positive photon helicity (H+),

in red and other for negative photon helicity (H-)in blue, we clearly see in this exagerated

example that we have a difference in absorption for each helicity. In (b) we see the subtraction

between the H- and H+ signal, which is the XMCD signal.

To understand how the XMCD effect arises we stick to our approximations

utilized previously for XANES and picture the two step model. In the first

step we account the interaction between incoming photons and core electrons.

Since now the photons are circularly polarized they will have a total angular
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momentum different than zero, more precisely l = ~ for right-handed helicity

and l = −~ for left-handed helicity. We also assume that there is a magnetic

field in the same direction of X-ray propagation (which can either be externally

applied or internal to the material), which we convention to be the ~z direction,

splitting atomic levels due to Zeeman effect. This implies that the photon now

interacts directly with the core electron’s total angular momentum J , meaning

that the electrons being promoted from the core levels will be spin-polarized,

carrying the photon angular momentum as a combination of orbital and spin

momentum (l+s=J). Therefore there will be different probabilities to excite spin

up and down electrons from core shells using positive and negative photons

helicity.

In the second step these spin-polarized electrons will occupy an empty level

in the first non-occupied outermost electronic shell. However, the applied mag-

netic field will create (in magnetized materials) majority and minority spins

channels near Fermi level, which we define to be spin down and up, respec-

tively. Since core electron promotions must follow the dipole rules listed above

spin flip is forbidden (∆ms = 0). Thus spin up electrons must be promoted

to spin up channels, and spin down electrons must be promoted to spin down

channels. Consequently XMCD can probe the magnetism of specific element

inside a compound by sensing the unbalance of spins near Fermi level utiliz-

ing polarized core holes. In addition, the orbital angular momentum projection
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tron. Whereas for H- (q=−~) photons the probabilities are flipped, having a

37.5% chance to promote spin up electrons and 62.5% chance to promote spin

down electrons. As mentioned before,with the presence of a magnetic field

there will be a split between majority and minority spin channels near Fermi

level. But we notice that the majority spin channel, spin down, is fully occupied

in our example, this way only electrons with spin up will be promoted. Hence,

q=~ photons promote more spin up electrons than q=−~ photons, giving rise

to a dichroic signal. More details on XMCD and calculations of core electron

promotion probabilities can be found in [37] [51]. Otherwise, if there is no fer-

romagnetic order present the number of empty levels in both channel would be

even and no XMCD signal would appear, making it hard to distinguish between

eventual AFM or paramagnetic phases arising. For this reason complementary

techniques such as SMS is essential as will be shown next.

3.2 Synchrotron Mössbauer Spectroscopy

In this section we provide a background for general aspects on Synchrotron

Mössbauer Spectroscopy (SMS) with providing special attention to Europium

isotopes Mössbauer measurements. Traditional Mössbauer technique concepts

are presented in Appendix II and, albeit few differences, SMS arises with very

similar physics.
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3.2.1 Europium containing compounds Mössbauer

There are two natural occurring Eu isotopes that can be used for Mössbauer

measurements: Eu-151 and Eu-153. We focus on the most popular one, (and

used in this work) Eu-151 which has its decay scheme depicted in Figure 3.6.

The transition of interest is the one from 7/2+ excited spin state to the 5/2+

ground state, with a energy of 21.53 keV and a line width of 9.552459×10−8 eV

[52]. The nuclear radius difference between these two spin states are one of the

greatest available for Mossbauer spectroscopy [53], with ∆R = 1.28×10−17m,

this makes the isomer shift to produce big displacements in the velocity spectra

among many compounds, making it easy to differentiate Eu2+ from Eu3+ since

they can have isomer shifts as big as 5 times the line width. The reason for this

is that the ’s’ shell electronic density is higher at the nucleus for Eu3+ than in

Eu2+ atoms.
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Figure 3.6: Eu-151 isotope decay scheme. There are two ways to populate the desired 7/2+

excited state in the conventional technique, by either using Sm-151 or Gd-151 radioactive decay

pathway with probabilities given in the figure. The transition of interest, from the 7/2+ excited

state to the 5/2+ ground state is given by the red line and has an energy of 21.53 keV. Image

modified from [52].

When it comes to quadrupolar splitting excited 7/2+ and ground 5/2+ spin

levels of Eu-151 will have lift degeneracy with mIe = 1

2
, 3
2
, 5
2
, 7
2

and mIg =

1

2
, 3
2
, 5
2

as depicted in Figure 3.7. We can also see that there are eight possible

transitions allow by dipole selection rules ∆m = 0,±1 (this is the case for

η ≈ 0), we can use Equation 6.38 to calculate the energies for each individual

level [52]:

E = eQgVzz

(

1 +
η2

3

)1/2
{

1.34[3m2
Ie
− Ie(Ie + 1)]

4Ie(2Ie − 1)
−

[3m2
Ig
− Ig(Ig + 1)]

4Ig(2Ig − 1)

}

(3.8)

and then make

∆E = EmIe − EmIg (3.9)
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to calculate each individual energy transition in the presence of quadrupolar

splitting. Intensities will be determined by the square of the Clebsch-Gordon

coefficients for the spin coupling between excited and ground states and can be

found in tables presented in reference [54].

Figure 3.7: Eu-151 isotope quadrupole split levels for excited and ground state scheme. There

are eight possible transitions by emitting photon with energies varying from 21.53 keV by values

given in Eq 3.8. Image reproduced from [52].

When magnetic field is present along Eu-151 nuclei Zeeman split levels will

give rise to hyperfine structure with eighteen possible transition between the de-

generated 7/2 and 5/2 spin states allowed by dipole selection rules as depicted

in Figure 3.8. Although this is the case, only eight transitions can be resolved

experimentally since there are coincident difference in energies between some

levels. As before, the transition intensities will be given by squaring the ap-

propriate Clebsch-Gordon coefficients [52]. Other aspect that influences on the

resolution of each peak is their width as exemplified in Figure 3.9, which show
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theoretical perfect peaks at the top, with increasing line width along the way to

the bottom, passing through ideal cases and arriving to much larger peaks than

the usual experimental value of 2.3 mm/s.

Figure 3.8: Eu-151 isotope Zeeman split levels for excited and ground state scheme. There are

eighteen probable transition paths, but since some transitions energy coincide with each other

only 8 can be experimentally resolvable. It is worth to mention that energies may vary with

magnetic field magnitude. Image reproduced from [52].
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Early reports for Mössbauer spectroscopy at EuB6 by Kunii et al. [55] show

an Isomer Shift of -13.9 mm/s (relative to a Sm151) at 77 K, in Figure 3.10

and 4.2 K, in Figure 3.11, for two kind of samples: Powder labeled as # 1 and

Single Crystal labeled # 2. For the lower temperatures both samples presented

hyperfine splitting from the ferromagnetic ordering with Lorentzian peaks fit of

a Hamiltonian model providing internal magnetic fields of 261 kOe in sample

# 1 and 301 kOe in # 2. It is argued that the difference in Hint is due to more

vacancies being present in sample #2. But the main point is the stark difference

between Mössbauer spectra for when the sample is in the paramagnetic state to

when it is ferromagnetically ordered, proving that it is easy to spot the difference

between these phases in EuB6 by utilizing Mössbauer Spectroscopy.
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manner to analyze data. A scheme for a beam line prepared for Mossbauer

experiments is showed in Figure 3.12. The first important detail starts in the

operation of Synchrotron storage ring. As mentioned in the Appendix I there

are many ways to arrange electron bunches inside a ring, for a SMS experiments

one must use single bunch (or other special/hybrid) operational method. This

way there will be pulses of radiation being emitted uniformly separated in time

with periods in the order of 100 ns [56]. The beam-line monochromators are

specially prepared to select photons precisely, with energy distribution ranging

5 meV or less [57] around the desired value. Since time scale relevant for the

experiment are related to excited state half-lifes which are in the nanosecond

scale, detectors must have a time resolution in such range. Details for these

instrumentation and early developments can be found in [58].

Figure 3.12: Synchrotron Mössbauer Spectroscopy experiment beam-line setup at the European

Source Radiation Facility (ESRF), which is similar for the one utilized in this work. APD stands

for Avalanche Photo Diode, the cryomagnet is used as sample space, where high pressure cells

can be employed, FM is for Focusing Monochromator, HRM is the High-Resolution Monochro-

mator, NHLM is a High Heat Load Monochromator and CRL is for Compound Refractive Lens.

Details for components and instrumentation for this specific setup can be found at the reference

from where this image was reproduced [59].
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To exemplify how a SMS experiment works we start depicting the simplest

possible case. Suppose one has a non-magnetic and with constant electric field

along nuclei sample containing an isotope suitable for Mössbauer experiments

(eg: EuB6 at room temperature). This sample is placed into the cryomagnet

of Figure 3.12. The colimated nano-second highly energy resolved pulse of X-

Rays (21.54 keV of energy with distribution in the order of 5 meV around it)

hits the sample and have a chance to be absorbed by the radioactive isotopes,

which are then promoted to the excited state. Some radiation from the pulse can

also suffer other absorption processes and/or be transmitted, being detected at

the APD as a large peak, represented at 0 ns times in Figure 3.13. After a few

nanoseconds, the excited isotopes will start to decay generating a exponentially

decreasing intensity gamma-ray signal in the detector as also showed in Figure

3.13. This figure is a pictorial approximation and is exaggerated for didactic

purposes. This decay is proportional to the excited state half-life λ, and can be

used to gather this information. Since the radiation comes in a broadband and

not from a sharp gamma ray emitting atom, the isomershift is not available to be

obtained in this specific case, a way to resolve this will be discussed below. It

is worth to mention that several hours may be necessary to obtain enough light

pulses for a spectra resembling the one in our representation.
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Figure 3.13: Representative spectra for a Synchrotron Mössbauer Spectroscopy measurement

for radioactive isotopes without (hyperfine or quadrupolar) splitting or reference. The peak

centered at 0 ms is the synchrotron radiation coming from the single electron bunch rotating in

the storage ring, the following exponential decay is the due to gamma ray re-emission from the

isotope.

We now explore a synchrotron Mössbauer spectra for when there a degen-

eracy lift in energy levels of a single sample. Since we are now exciting the

nucleus with a broad synchrotron radiation pulse instead of a sharp gamma-ray

all of the possible transitions will occur simultaneously in a isotope. After a

period of time this populated excited states will decay, emitting photons coher-

ently with energy separation given by equations 6.38 and 6.40. This photon with

similar energy will interfere with each other giving rise to a sinusoidal pattern

called quantum beats. A schematic example of a spectra containing quantum

beats is showed in Figure 3.14, it presents the same exponential decay dictated
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by the excited state half-life, but now the interference pattern is also present

added to the curve. Furthermore, a mathematical expression describing these

quantum beats intensity in function of time is given by [60]:

I(t) ∝ e−τ χ

τ
J2
1 (
√

4χτ)

{

1 +
∑

i,j

aij cos((ωi − ωj)t)

}

(3.10)

where χ is the thickness τ is the time given in units of nuclear excited lifetime,

aij is an amplitude parameter depending on radiation polarization and transition

probabilities, ωij are frequencies for each transition between i and j split levels.

Figure 3.14: Synchrotron Mössbauer Spectra for a isotope with magnetic hyper-fine (or

quadrupolar) splitting. The shape of curve is the same as of Figure 3.13 , but now the in-

terference from remitted coherent light coming from energy split levels generate a sinusoidal

signal added to the exponential decay.

From the discussion above we see that regular and SMS provide equiva-

lent information utilizing different light sources, which is exemplified in Figure
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3.15. In the topmost panel we see an example for a transition between degen-

erate levels with a resulting single absorption peak in conventional technique

(energy domain) equivalent to a exponential decay in SMS (time domain). The

middle panel shows the equivalency between absorption peaks and exponential

decay with quantum beats when a quadrupolar split is in place, a similar pattern

may arise when two samples are measured in parallel, with one being used as

a reference to obtain information on the isomer shift, which is commonly ob-

tained in conventional tecnique as explained in Appendix II. At the bottom most

panel we see a comparison between absorption peaks and quantum beat decay-

ing signal when a magnetic field is present along the isotopes nuclei. Similarly

to the velocity spectra absorption peaks, time spectra quantum beats and expo-

nential decays can be fitted by utilizing appropriate simulations that calculate

individual contributions for interference patterns. This also make possible to

produce equivalent velocity spectra plots from SMS experimental time spectra.

Advantages for the synchrotron technique are the beam intensity and tunable

Energy without the need of multiple radioactive gamma ray emitters. Finally

we conclude by stating that, due to the aforementioned reason SMS has a great

potential to be combined with high pressure sample ambient, which is the topic

for our following section.
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Chapter 4

Experimental Methods

This chapter is devoted in explaining relevant experimental details for the

used techniques. We start by reviewing high pressure experiments performed in

diamond anvil cells detailing how ruby fluorescence provides us information on

applied pressure.

4.1 Experiments under high pressures

High pressure physics inside vessels was pioneered by Percy W. Bridgman

who was awarded the 1946 physics Nobel prize for his work in the area [61].

The basic concept behind pressure cells is to apply mechanical force into a small

area, since

P =
F

A
(4.1)
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where P is the pressure obtained for an applied force F in an area A. Bridgman

did most of his work using cells which trapped small volumes of sample in be-

tween metallic pistons and cylinders, which squeezed the material of study by

means of screw torque or other mechanical displacement pieces. Early mea-

surements in this kind of cells could achieve up to 10 GPa and were extensively

used to determine compressibilities and polymorphic transitions of materials

under high pressures [62]

In the next few decades many new pressure cell designs were developed, in

pursue to study structural and transport properties of materials in even higher

pressures. In this context, the first diamond anvil cell (DAC) was developed by

Charles Weir in 1958 [63], where, at first, samples were directly squeezed by

micro-metric diamond flat surfaces. Diamonds provide great advantages to high

pressure physics since they are hardest occurring material in nature, with great

mechanical properties such as low compressability. In the other hand diamonds

are fragile and brittle, suffering catastrophic failure when their mechanical lim-

its are surpassed, which usually occur due to crystalline defects propagation

in high stress application areas [64]. To avoid cracks, failures and other prob-

lems such as sample extrusion through diamond sides and non-uniform pressure

along the diamond’s face one major development was made in the following

years: the gasket, a metal piece containing a hole where the sample is placed

together with liquid or gas. This way the sample is trapped inside a chamber in
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between two diamonds with the fluid serving as a pressure propagating media,

ensuring uniform or hydrostatic regime when force is applied by the anvil’s di-

amond tip. One schematic for a Diamond Anvil Cell can be seen in Figure 4.1.

The system basically consists in two mono-crystalline diamonds facing each

other attached to a piston and a cylinder from where external source of forces

can be applied. Since diamonds are transparent to most of the visible part of the

electromagnetic spectrum they offer optical advantages if compared to other

cells since it is possible to shine visible light, coherent LASER or X-rays into

the sample chamber, making spectroscopy measurements feasible and practical

as will be discussed next.

Figure 4.1: Schematic representing a diamond anvil cell. Two diamond face each other sep-

arated by a metallic gasket containing a hole as sample chamber where pressure propagating

media, such as a gas or a liquid is also placed together with a ruby crystal, used as manometer

as described in the text. Image reproduced from [65].
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The most common way of measuring pressure inside a DAC is by using the

ruby (Cr doped Al2O3) fluorescence technique, accomplished by shining a laser

in a ruby stone placed inside the sample’s chamber and capturing the fluorescent

light with a spectrometer. The usual spectra obtained is depicted in the graphs

of Figure 4.2 where we see two fluorescence peaks, R1 and R2, corresponding

to optical decays from excited Cr atoms. The wavelength of those peaks are

strongly dependent on the ruby’s temperature following [66]:

ν(T ) = νo − ανN

(

T

Θν

)

(4.2)

with νo and αν being empirically fitted constants and

N

(

T

Θν

)

=
1

exp (Θ/T )− 1
(4.3)

as a Bose-Einstein phonon occupation probability with Θ being the experimen-

tally fitted Eistein’s temperature. The widths of R1 and R2 peaks are given

by

Γ(T ) = Γo − αΓN

(

T

ΘΓ

)

(4.4)

where Γo, αΓ and ΘΓ are also experimentally fitted parameters. Both equations

are good approximations for temperatures below 300 K. Meanwhile for pres-

sures below 20 GPa the absolute shift in frequency for Cr fluorescence peaks

may be given by the linear relation
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∆ν(P ) = αpP (4.5)

where values of -7.61 cm−1 and -7.59 cm−1 are given for R1 and R2 respec-

tively, as for higher pressures several re-calibration curves have been proposed

and account for the non-linear shift of the ruby lines above 20 GPa, [66], in-

cluding the one used in this work given by [67]:

P =
A

B

[

(

λ

λo

)B

− 1

]

(4.6)

with A = 1976 ± 6.7 GPa and B = 10.71 ± 0.14 being the experimentally

determined parameters, with λo = 694.24 nm as the wavelength for P=0. Be-

sides that, shape and separation between R1 and R2 lines are a good indicator

for how hydrostatic is the pressure inside the cell, since those characteristics are

sensible to uniaxial stress.
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Figure 4.2: Figure with ruby fluorescence peaks at ambient pressure (lower wavelength) and at

20 GPa (upper wavelength). The shift in photon energy for both fluorescence peaks are due to

the change in hydrostatic pressure applied into the ruby. Image reproduced from [66].

Another advantage brought by the use of DACs is the feasibility of X-ray

measurements under extreme conditions of pressure and temperature. Since

most diamonds used in cells are single crystals one can avoid most X-ray at-

tenuation if Bragg diffraction conditions are not geometrically favored. This

is useful because it is possible to obtain diffraction patterns of the sample only

and in absorption geometry the intensity loss will also be mostly due to the sam-

ple, making X-ray spectroscopy at synchrotron facilities convenient. As for the

temperature DACs fit inside many commercial cryostats, making temperatures

in the 10 K range relatively easy to achieve. In addition a gas membrane system,

which uses compressed Helium to apply force into de DAC piston, therefore in-

creasing the pressure in a controlled manner, are reliably used at temperature
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above those of the super-fluid Helium transition.

4.2 X-ray Absorption Spectroscopy Measurements

In this section we provide the experimental details on both XANES and

XMCD high pressure measurements and briefly describe the 4-ID-D Advance

Photon Source (APS) beamline where they were performed.

The 4-ID branch of the APS has two undulators working in parallel, one

which provide low energy X-rays (0.5 keV up to 3 keV) feeding the 4-ID-C soft

rays branch and other that provides high energy (3 - 100 keV), feeding the 4-

ID-D branch. Details on each one of these undulators can be found in [68] and

[69]. We focus on the high energy branch (4-ID-D) where we performed our

XAS experiments. At first, light coming out the storage ring is linearly polar-

ized (as mentioned in previous sections), the photons then go trough the optical

hutch elements depicted in Figure 4.3. The monochromator mirrors select the

photon energy by using a combination of movements from both Si crystals,

which allows for adjusts or Energy scans during experiments with a resolution

of ∆E/E = 1.4 × 10−4. The next optical elements are phase retarders which

circularly polarize the incident radiation, being the X-ray correspondent of what

quarter wave plates are for visible light, although the functioning principle be-

hind the phase shifts are of different nature. Finally, the beam hits two mirrors

used for focusing and collimation before proceeding to the experimental hutch.
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More details on the information provided on this paragraph can be found in

[70].

Figure 4.3: Optical elements of the 4-ID-D beamline at the APS. A - Slits for flux control.

B - Monochromator Si adjustable mirrors. C - Phase retarders for circular polarization D -

Concave mirror for focusing. E - Flat mirror for collimation. Figure adapted from [70]

In the experimental hutch an optical table is present, therefore a vast range

of setups may be adjusted depending on technique. In our case we employed

two Si photo-detectors, one before the sample space and other after, being name

I0 and I1 as in the usual optical transmission geometry. In regards to the sam-

ple space a mini-DAC was placed in helium-flow cryostat, which on its turn

was positioned inside a superconductor electromagnet capable of producing 4

T fields.

As for the sample, EuB6 single crystals were crushed into a fine powder and

placed in between two diamonds (350 µm). To do so a rhenium gasket was

pre-indented and laser drilled [70], so there would be an empty space for EuB6

and a ruby stone with 15 µm of diameter to be encapsulated. In order to obtain

hidrostatic pressure silicon oil was employed, embedding both sample and ruby

inside the gasket’s sample chamber.
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At first a remaining amount of sample was placed in between Kapton tapes,

which are ideal for vacuum and low temperature environments, and inserted

inside the cryostat for preliminary adjusts regarding photon energy and circular

polarization. In order to obtain an optimized XMCD signal a lock-in system,

which shifts the phase retarders from left to right helicity obtaining postions in

a quickly manner (in the order of 10 Hz) was used. This improves the signal

by getting rid of eventual spurious noises by performing several XMCD signal

measurements in a short period of time, instead of a single signal after many

minutes of exposure for one helicity and then for the other.

Measurements at ambient pressure and at the base temperature for the cryo-

stat (6K) were then performed. Photon flux attenuation was needed since radia-

tion power was heating the sample. Maximum absorption was observed at 6.977

keV, and it was adopted as the center reference energy during the experiment’s

entirety. XANES and XMCD signal were measured simultaneously using fields

of 1 T and -1 T at the photon flux direction, while lock-in phase retarder system

changed photon helicity continuously at a rate of 13 Hz. Energy scans were

performed by changing monochromator feedback motors, starting at 6.927 keV

up to 7.025 keV. Steps of 2 eV were taken in pre (6.927 keV - 6.957 keV) and

post-edge (7.02 keV - 7.025 keV) regions while close to the absorption edge

(6.957 keV - 7.02 keV) 0.5 eV steps were performed for better resolution. Hys-

teresis measurements were also performed from -2 T to 2 T at 0.05 T steps. The
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temperatures selected for these and following measurement were of 6 K, 13 K

and 25 K, with few points of higher temperature eventually. Results will be

discussed in the next chapter.

Similar procedures and parameters were used for the high pressure measure-

ments, but now extra care was taken to eliminate glitches in the spectra due to

diamond Bragg peaks. For this experiment a miniature version of a DAC was

used in order to fit the space inside the cryostat. To apply pressure it was needed

to heat the DAC up to room temperature and apply torque to the cell screws. Be-

cause of that, some variation in the pressure was expected, since compression

due to thermal dilatation may squeeze the sample while cooling down or heating

up. For this reason pressure before and after a battery of spectroscopy measure-

ments was recorded, and are presented in Figure 4.4. The solid points represent

the averaged pressure taken between final and initial ones, while the bars repre-

sent the variation. Usually pressure before measurements was lower than at the

end. As showed in the same picture, eight pressure points were measured and

the resulting XAS spectra collected for each one are shown and discussed in the

next Chapter.
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Figure 4.4: Applied pressure path for XANES and XMCD experiments. The blue points repre-

sent an averaged pressure from the values obtained before and after the measurements, which

are represented by the tips of the vertical blue bars.

4.3 Synchrotron Mössbauer Spectroscopy

High pressure Synchrotron Mössbauer Experiments (SMS) were performed

at the 3-ID-C beamline of the Advanced Photon Source (APS). During this ex-

periment storage ring was operating in a 24 electron bunches mode with 153

ns separation in time between them [71]. This beamline is equipped with a

high resolution monochromator (HRM) and Avalanche Photon Detectors with

nanosecond time resolution, both designed for nuclear forward scattering ex-

periments such as SMS, more details for this line’s components can be found

in [72], [72] and [73]. The energy selected for the experiments was of 21.54

keV correspondent to the 7

2
→ 5

2
Eu-151 radioactive decay. HRM was set for
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this energy and provided resolution of few meV around it. Within such range of

precision, thermal variation on optics components (such as in Si crystals) can

cause a drift on photon energy and collimation, requiring constant adjustment

via tweaks in the feedback piezoelectric motors.

EuB6 fine powder was obtained by crushing single crystal from the same

batch used for XAS experiments, and placed inside a rhenium gasket pre-indented

by the 300 um diamond cullets which were attached to the mini-panoramic DAC

portrayed in Figure 4.5. As previously mentioned in the preceding section, sam-

ple space was created in the gasket by perforating a centralized hole using laser

drilling techniques [70], a ruby crystal sphere with approximately 15 µm diam-

eter was placed in the sample chamber as well and helium gas (which provide

a better hidrostatic pressure than silicon oil) was used as pressure media, being

inserted via a gas loading system which evolves the cell into an atmosphere of

compressed gas and allows the DAC to be closed remotely, trapping such gas

inside the gasket’s hole [74]. This loading process has advantages over other

pressure medias since this gas allows higher ranges of hidrostacity [75].
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(a)

(b)

Figure 4.5: Picture of the mini-panoramic diamond anvil cells (DACs) utilized for the syn-

chrotron Mössbauer spectroscopy measurements. At figure (a) we see the open cell with cylin-

der in the left side, piston in the middle and screws at the right. Figure (b) shows the closed cell

with diamond facing each other at the middle, in this case there is no gasket which would be in

between them. Figure reproduced from [71].

Inside the 3-ID-C beamline experimental hutch a system with a cryostat and

pressure propagating helium membrane was assembled. The cryostat base tem-

perature was of 9 K and used liquid helium flow for cooling. The membrane

system used pressurized helium gas pipes to apply force into the DAC piston.

Gas flow was adjusted by a Diacell GM Controller A75013, allowing to rise

the pressure in a quasi-linear behavior, or small steps to avoid diamond cracks.

Pressure was measured in-situ using ruby fluorescence system parallel to the

X-ray path providing higher precision pressure measurements within the ruby
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scale experimental error.

Data was acquired for several pressures and temperatures and with the differ-

ent referencing materials, EuS and Eu2O3 as summarized in Table 4.1. For the

measurements with references a thin slab of each material with variable thick-

ness were glued to a moving stage and placed in the X-ray path right in front of

the sample. In order to have an equally distributed signal intensity from either

sample (EuB6) and reference (EuS and Eu2O3) the moving stage was adjusted so

the APD counts would be double the of amount in comparing to No-Reference

measurements. This is done to easily identify eventual beats arising from iso-

mer shifts. Each spectra would take in between one to three hours to offer good

signal to noise ratio as observed during the process. Results will be shown and

discussed in the following chapter.

Pressure (GPa) No Reference EuS Reference Eu2O3 Reference

0 297 K n/a n/a

1.2 297 K 297 K n/a

1.9 297 K n/a 297 K

5 9 K, 20 K 9 K, 20 K, 40 K n/a

10 9 K, 20 K 9 K, 20 K n/a

14.5 9 K, 20 K 9 K, 20 K 9 K, 20 K

18 9 K, 20 K n/a 9 K

21 9 K 9 K 9 K

24 9 K, 20 K n/a 9 K, 20 K

29.5 9 K, 20 K 9 K, 20 K 9 K, 20 K

Table 4.1: List of experimental data points taken for the synchrotron Mössbauer spectroscopy

measurements. Each line is for the measured pressure and each column for the used Reference,

the temperature for each measurement, when available is given in the box. 0 (zero) GPa means

ambient pressure.
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Chapter 5

Results and Discussion

5.1 Ambient pressure Sample characterization

In this section results from ambient pressure physical properties measure-

ments systems at Laboratório de Metais e Ligas (LML), Grupo de Propriedades

Ópticas e Magnéticas de Sólidos (GPOMS) and Max Planck Institute (MPI) are

presented.

5.1.1 Specific Heat

Specific heat measurements are shown in Figure 5.1 together with results

found in the literature [76] [11] for comparison. In our data (blue line) it is evi-

dent a broad peak with maximum near 11 K as observed in the work of Sullow

et al (red line). This broad feature is due to magnetic ordering of the 4f Eu mo-

menta in long order ferromagnetic transition. In the other hand cp from Fujita et

al sample (black line) has a similar feature in a lower temperature, showing that
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this peak shifts in temperature depending on sample quality, since Fujita’s sam-

ple’s deliberately had carbon impurities. Another observed feature in our mea-

surement is a bump near 15 K, related to Tc1 and the coalescence of magnetic

polarons, and is only observed in higher purity samples. Still, Sullow’s sample

has a much more prominent feature in the same temperature range, which can

be accounted due to measurement resolution and higher sample quality.

Figure 5.1: Specific Heat measurements (in blue) compared to one performed in a sample with

carbon impurities from Fujita et al [76] and other with a high purity sample from the work of

Sullow et al [11], illustrating that the amount of impurities has considerable effect on lower

temperature TC1 structure and high temperature TC2 feature.

In Figure 5.2 we present a graph of cp/T of our measurements where we

see a broad feature from 11 K and below and a bump at 15 K. The Debye

temperature of 181 K was found by fitting data in the interval between 17 K

and 27 K and the obtained theoretical function is plotted as an orange line in
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the graphic. After subtracting the phonon contribution obtained by the Debye

model [38], data was integrated in order to obtain the system’s entropy with

result presented in the inset. Theoretically expected value for magnetic entropy

saturation at Tc for an Eu2+ with the J=7/2 configuration is of R ln(8), our

sample reaches 91% of that value at 15 K and still presents an increasing entropy

even above the upper EuB6 Curie’s temperature. This could indicate a further

magnetic entropy at higher temperatures due to a magnetic polaron contribution.

Still, such claim requires further investigation which is outside the scopes of this

work.

Figure 5.2: Graphic of cp/T for our EuB6 single crystal with no applied magnetic field. The

orange line represents the fitted Debye model curve with a ΘD = 181 K accounting for the

lattice contribution on specific heat. The inset shows the entropy obtained of the system which

at 15 K reaches a value of 0.91R ln(8) J/mol K2.
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5.1.2 Magnetization

We present sample magnetization measurements in Figure 5.3 where we

compare two normalized curves, one for EuB6 single crystal and other for a

crushed single crystal powder. The powder sample magnetization was taken

under an applied field of 200 Oe while single crystal had an applied field of

500 Oe. The curves shape near transition temperature are fairly equal, with a

slightly different behavior between 20 K and 30 K with may be attributed to the

field difference and anysotropy. It is reported that EuB6 has some anysotropy in

the magnetism [11], and since powder sample has randomly oriented crystallite

there will be averaged contribution from each principal axis being measured si-

multaneously. Despite this fact, presented results suggests that magnetization

properties are fairly similar in both kind of samples as evidenced by the same

transition temperature of 15 K obtained by first order derivative in function of

temperature depicted in Figure 5.3 inset.
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Figure 5.3: Normalized magnetization for powder (crushed single crystal), in Blue, and a single

Crystal, in Red. Inset shows first derivative for each measurement with matching colors.

In order to characterize the type of magnetic ordering of the material, field

dependence magnetization curves are essential. Figure 5.4 presents results for

powder EuB6 magnetic moment in function of applied magnetic field for sev-

eral temperatures. We see that 2 K and 6 K we have soft ferromagnetic behavior

with saturation occurring at 1 T of applied field at 2 K and a slight difference

for 6 K. As for 10 K and 13 K, just below and above the ferromagnetic ordering

temperature Tc2, respectively, we also see a ferromagnetic behavior but with

saturation values not being attained up to the maximum employed applied field

of 4 T. At any of these measurements there were not a visible hysteresis which

if exists occurs with values of field below resolution of the experimental equip-

ment. As for 25 K there is a more linearly dependent behavior as expected for
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paramagnetic regimes but with a visible distortion for field between -1 T and 1

T which is usually observed in ferromagnetic sample when close to their critical

temperature.

Figure 5.4: Sample magnetic momentum in function of applied field from -4 T to 4 T in a crushed

single crystal EuB6 sample inside a SQUID magnetometer for temperatures as showed in the

graph.

In Figure 5.5 we show the inverse magnetic susceptibility obtained through

magnetization measurement for a EuB6 single crystal which was also used for

transport measurements. Our analysis using the Curie-Weiss model for a fit

above 100 K provided us a Curie Temperature of 12.62 K, which is in close

agreement to the value found for Tc2 in our sample, but differs significantly

from values found in the literature which are usually closer to Tc1 ≈ 15 K.

As for the obtained magnetic effective moment of 8.165 µB it is close to the

theoretical value obtained for Eu2+ atoms of 7.94µB and is in agreement with
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previously reported results mentioned in Chapter 2.

Figure 5.5: Inverse of the magnetic susceptibility obtained in a singe crystal EuB6 sample. The

applied field was of 500 Oe along the [100] crystallographic direction. Red line shows the

linear fit between 100 K and 300 K with obtained equation presented together with the values

obtained from the Curie-Weiss for Tc and effective moment µeff .

5.1.3 Resistivity

Transport measurements can provide us valuable information on magnetic

properties while also offering means to attest sample quality. The results for

0 field resistivity can be seen in Figure 5.6 where both cooling and heating

curves are in top of each other. The calculated residual resistivity ration (RRR)

coefficient (ρ(300K)/ρ(2K)), which is commonly used to determine residual

resistance due to defects was found to be 48.9, demonstrating the sample’s good

quality. We can clearly see a transition happening at ≈15 K with a sudden
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drop for the resistivity at lower temperatures, more careful inspection utilizing

a first derivative in function of temperature (inset of Figure 5.6) show us two

subsequent transitions, one at Tc1 = 14.7 K and other at Tc2= 12.2 K, which

agrees with previously mentioned literature results for these temperatures [21].

Figure 5.6: Zero field resistivity for a EuB6 single crystal. The cooling and heating curves are

on top of each other showing no difference within the equipment’s precision. The RRR value

and resistivity at 2 K are shown in the graph. The inset shows a first derivative of the resistivity

in function of temperature with maxima at Tc1 = 14.7 K and Tc2= 12.2 K.

5.1.4 XANES and XMCD

We now present results for X-ray near edge spectroscopy (XANES) and X-

ray circular Mmagnetic dichroism (XMCD) for ambient pressure in a jointly

manner as for the concomitant nature of the measurements. These results are

used to further characterize the sample with synchrotron techniques. Crushed
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5.2 High Pressure Measurements

In this section we present high pressures XAS and SMS results with which

we can explore magnetic and electronic properties as a function of lattice con-

traction at pressure values never before achieved for this compound, allowing

us to expand our understanding for the EuB6 behavior under extreme conditions

beyond the 17 GPa threshold previously achieved by resistivity measurements

[21].

5.2.1 XANES and XMCD

High Pressure XMCD spectra are shown in Figure 5.9, where they were sep-

arated into ascending (a) and descending (b) applied pressures. The entire data

set was obtained at a temperature of 6 K and applied field of 4 T, except for

2.5 GPa and 10 GPa where we have a temperature of 6 K but fields of 1 T. In

(a) we see the evolution of the XMCD signal with increasing applied pressure,

where it is clear that for 2.5 GPa and 10 GPa we have a intense dichroic sig-

nal in agreement with the previously reported ferromagnetic behavior [21] at

this pressure range. In the other hand, at 19.8 GPa we see a significant XMCD

signal drop indicating an EuB6 magnetic behavior change. In response to the

signal drop we decided to increase applied field up to 4 T assuring that even a

dim dichroic signal would be perceived. This should not have much influence in

comparisons since at 1 T EuB6 magnetization is near saturation as showed pre-
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viously. Furthermore, at 28.5 GPa we see that the signal completely vanishes.

The lack of dichroic signal show us that at this pressure EuB6 no longer orders

in a ferromagnetic manner.

In figure 5.9 (b) we see XMCD signal evolution for a descending pressure

(pressure path has maxima and minima as shown in Figure 4.4), showing that

by releasing the pressure cell down to 18.4 GPa makes the dichroic signal reap-

pear. This not only further confirms a strong change in magnetic order for the

compound, as once more evident by the stark difference between 26.3 GPa and

remaining peak amplitudes, but also indicates that the magnetic phase trans-

formation process has a reversible character. It may be argued that the signal

difference between 2.5 GPa, 10 GPa 15.3 GPa and 18.4 GPa can be attributed to

signal noise and pressure uncertainty, but the difference between these signals

and those for 19.8 GPa, 26.3 GPa and 28.5 GPa is large enough to indubitably

represent a change in magnetic ordering, as evidenced in Figure 5.10. This way

argue that above ≈ 20 GPa there is a change from the previously reported fer-

romagnetic character for EuB6 coming from Eu2+ ions up to 17 GPa. From

XMCD alone we can neither resolve between an antiferromagnetic and param-

agnetic behavior nor obtain information on electronic character such as mean

valence of the material. Since decreasing lattice parameter may rise the popula-

tion of non-magnetic Eu3+ ions (since they are smaller than Eu2+ ones) we in-

vestigate this possibility by analyzing XANES spectra obtained concomitantly
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with the presented XMCD spectra.

(a) (b)

Figure 5.9: Graphics with ascending (a) and descending (b) high pressure XMCD as indicated

in the graphs. Measurement order is depicted in Figure 4.4. We clearly see that for pressures

of 28.5 GPa and 26.3 GPa the XMCD signal is much lower than for pressures of 15 GPa and

below.
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Figure 5.10: High pressure XMCD measurements performed at 6 K and 4 T of applied magnetic

field with exceptions for the 2.5 GPa and 10 GPa which were performed with 1 T of applied

field. We can clearly see a diminishing signal for 18.4 GPa and above indicating that the

ferromagnetic regime is modified.

In Figure 5.11 we see the spectra for high pressure XANES at 6 K. The peak

we see centered at 6.976 keV is in the same energy as the kapton tape measure-

ments and corresponding to a regular Eu2+ absorption edge. Nonetheless for

pressures in the range between 15.3 GPa and 28.5 GPa there is a small peak that

starts to arise approximately 8 eV above the main absorption peak. This may

occur for different reasons such as structural changes and electronic mixed va-

lence states. For example a similar feature were observed in many compounds

containing Eu at high pressures [77] [78] [79]. In their case, it was showed

that Eu has a mixed valence state between Eu2+and Eu3+ and that Eu3+ was

responsible for the peak ≈ 8 eV above the Eu L3 absorption edge. Therefore,
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as good as previous but still acceptable considering it is an ab-inito calculation

where the only change was contracting the lattice parameter. In the middle-left

graphic we observe experimental data for 15 GPa, where the smaller peak ≈8

eV above the main absorption peak starts to be visible. In order to get bet-

ter agreement between simulated and experimental data from this pressure and

above, spectra using Eu3+ atoms were also simulated and added to the Eu2+

spectra, with a weight constant being adjusted to fit the peak height. Ab-initio

calculated 3+ peaks were dislocated 8 eV above the usual Eu2+ absorption peak,

for better fitting with experimental points. The weight constants for 2+ and 3+

spectra are indicated in the graphs and may be interpreted as an approximated

value for divalent and trivalent Eu atoms population inside EuB6. Therefore

we see an increasing 3+ valence with applied pressure, this is notable for the

middle-right graph were we see a 4% 3+ for 19.8 GPa, and even more evident

in the bottom two graphs with 5% 3+ valence at 26.3 GPa and 9% for 28.5

GPa. Ultimately these values are approximations, since several experimental

and analytical factors (e.g normalization) affect XANES strucuture’s height it

is difficult to estimate an precise error bar for obtained percentage values. What

can be said is Eu3+ atoms quantity is increasing with applied pressure but at ≈

30 GPa Eu2+ ion population is still dominant, this way there is still a possibility

for antiferromagnetic ordering of the 4f momenta from the latter, making fur-

ther experiments, such as SMS, necessary to resolve magnetic phases above 20
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GPa.
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Figure 5.12: Experimental XANES data together with their respective simulation for each pres-

sure point on the experiment from top left to bottom right. From 15 GPa and above simulations

on both 2+ and 3+ Eu were performed and showed in the graphs. Weighted addition give us the

mixed valence curves and provide us approximated values for populations of each ion, where

the 3+ valence atoms number increases with pressure, from 2% at 15 GPa to 9% at 28.5 GPa.
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5.2.2 Synchrotron Mössbauer Spectroscopy

Mössbauer spectroscopy probes nuclear isotopes absorption and remission

of photon in order to obtain information on electronic and magnetic character of

its surrounding, as more thorouglhy explained in Appendix II. In this subsection

we present the results obtained for SMS measurements performed in order to

resolve the magnetic state for EuB6 above 20 GPa and further investigate mixed

valence states. In Figure 5.13 we see spectra for EuB6 powder (crushed single

crystals) at 9 K temperature, here no external magnetic field is applied. We

clearly observe quantum beats patterns in the curves, which are coming entirely

from Eu-151 isotopes from EuB6 since no references were used for this data

set. More precisely, from 5 GPa to 18 GPa we observe a defined interference

pattern due to quantum beats coming from magnetically split nuclei Zeeman

levels 7

2
⇒ 5

2
. As pressure goes up we see a slightly quantum beat frequency

increase, suggesting that internal magnetic field along Eu nucleus is increasing

in magnitude, which is in accord to the increase in Tc previously observed in

[21] and also with the FM behavior observed in our XMCD data.

At 21 GPa a significant different SMS spectra is seen, where there is almost

no quantum beating due to magnetic splitting of nuclear levels. This leads to

the conclusion that at this pressure there is no magnetic field acting upon Eu

isotopes nuclei. Therefore, by combining this result with our XMCD data we

propose a paramagnetic phase for the compound above 21 GPa and below 9 K.
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In the other hand at 24 GPa and 30 GPa we see the rise of quantum beats on the

spectra, but they present a seemingly different pattern from those at lower pres-

sures. Together with our XANES data we propose that these newly emerging

quantum beats come from interference between light being remitted from a ma-

jority of Eu2+ and minority of Eu3+ ions. To further investigate such scenario

we also perform measurements with reference compounds together with EuB6

in order to better determine origins from the quantum beats at this high pressure

range.

Figure 5.13: EuB6 synchrotron Mösssbauer spectroscopy (SMS) with no reference at 9 K for

pressures indicated in the graph. We observe quantum beats interference due to magnetic split-

ting up to 18 GPa. At 21 GPa we do not see such interference pattern, showing a vanishing

magnetic ordering. At 24 GPa and 30 GPa we see a quantum beating pattern which will be

further investigate with references measurements, and may indicate with a divalent-trivalent Eu

remitting quantum beat pattern.
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In Figure 5.14 we see SMS spectra for measurements with divalent EuS as

reference compound placed in between our sample and the detector. From the

raw data it is more difficult to draw immediate conclusion as previously since

the beatings patterns we see in both graphs are a sum of contributions from

reference-sample and magnetic splitting. What we can say is that we have mag-

netic quantum beats contribution for spectra below 20 GPa added to a expo-

nential decay for EuS remitted light. Furthermore we see a clear difference for

30 GPa and 21 GPa spectra in, with no beating at 21 GPa and a few shy peaks

between 20 nsec to 40 nsec at 30 GPa, meaning that the vast majority of Eu

isotopes are divalent at this pressure range, indicating a mean valence close to

2+ when the proposed new phase is formed with increasing valence as pressure

goes up. These SMS data are being analyzed with collaboration of Ercan Alp

group from APS by using appropriate models which may provide us equiva-

lent energy domain spectra and subsequently isomer shift, magnetic splitting

and quadrupole splitting from our high pressure, low temperature EuB6 exper-

iments. These will allow us to fit intern magnetic field intensity and eventual

amounts of trivalent Eu in our sample, which may corroborate even further with

the proposed scenario drawn from XAS measurements results.
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Figure 5.14: EuB6 SMS at 9 K with divalent EuS as reference. For 15 GPa and below we see a

sum of magnetic splitting and reference intensity for the decay spectra. For 21 GPa and 30 GPa

we see only a small trivalent-divalent interference with changing pattern as pressure goes up.
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Chapter 6

Conclusions

EuB6 as the only ferromagnetic ordering rare earth hexaboride presents com-

plex and interesting magnetic and transport phenomena, with evidence for for-

mation of magnetic polarons and debates about its semi-metallic or semicon-

ductor state. Recently it was proposed that topologically non-trivial structures

may arise along band structure depending on the direction of alignment for the

magnetic momenta, and it may be connected to a mixed valence state as also

proposed for other family’s compounds, such as SmB6 and YbB6.

By the means of our XAS measurements we clearly saw the formation of new

phase for the EuB6 compound above 20 GPa and below 9 K, which is well inside

the temperature range of magnetic ordering at ambient pressure. This phase

is evident by a significant drop in the XMCD signal and comes accompanied

with the emergence and subsequent rise of a Eu3+ population as observed by

XANES spectra. With the SMS spectra we were able to determine that this new
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and lower pressure graphics show dρ/dT curves broadening. This way, the 17

GPa point may not be accurate. In the other hand our XAS and SMS pressure

points have precision limited by the Ruby fluorescence scale and the averaging

done for XANES and XMCD pressure data. Although this prevents us to pin-

point precisely frontiers between phases it is certain that a transition to a param-

agnetic state occurs above 20 GPa for temperatures lower than 13 K, while for

higher temperature frontiers also still need determination.

With the prospect of a RKKY dominant magnetic interaction proposed in

[21], and the spin-split bands theorized in [19] associated with possible topo-

logically non trivial band structures [20] a new EuB6 phase comes with many

probable scenarios to arise. As for, polaron formation is an interesting prospect

for investigation under high pressures. One possible scenario is that high pres-

sure suppresses polarons, theorized to form around charge carriers trapped near

impurities aligning Eu2+ magnetic momenta [18]. Since our experiments show

a decrease in Eu2+ population and high pressures can diminish impurity con-

centration along the crystal, these two ingredients necessary for polarons may

suffer a lack under extreme conditions. To confirm if that is the case, transport

experiments such as Hall and magneto-resistance can be performed in order to

look for signature behaviors associated with magnetic polarons formation and

existence [41] [45], while further expanding our understanding on charge carrier

behavior for the compound.
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As band structure is still unclear even for ambient pressure conditions and

transport mechanisms still a matter of debate for the compound, physics un-

derlying paramagnetic transition at high pressures using spectroscopy data is

hard to define. In the other hand, our results point a definitive direction where

new physics can be encountered and put under scrutiny either experimentally

or theoretically, which can further clarify our understanding for the hexaborides

family.
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[37] Stöhr, J. & Siegmann, H. C. Magnetism. Solid-State Sciences. Springer,

Berlin, Heidelberg 5 (2006).

[38] Ashcroft, N. W. & Mermin, N. D. Solid state physics,. Pacific Grove:

Brooks/Cole 29–55 (1976).
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[52] Grandjean, F. & Long, G. J. Mössbauer spectroscopy of europium-
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Mössbauer spectroscopy using synchrotron radiation. Physical review let-

ters 66, 770 (1991).



111

[57] Strohm, C., Van der Linden, P. & Rüffer, R. Nuclear forward scattering

of synchrotron radiation in pulsed high magnetic fields. Physical review

letters 104, 087601 (2010).

[58] Siddons, D. et al. Experimental techniques for the study of nuclear Bragg

scattering in systems containing 57fe. Review of Scientific Instruments 60,

1649–1654 (1989).

[59] Leupold, O. Hyperfine spectroscopy with nuclear resonant scattering
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Appendix I

Synchrotron Light

In this appendix we briefly explain the functioning and few concepts behind

synchrotrons, the radiation they create, few applications and advantages which

were relevant for this work.

Most synchrotron facilities utilize electrons as charged particles because of

its low mass and relatively easy attainment. There are three main apparatus

that create and handle these electrons in a synchrotron: a linear accelerator

(LINAC), a booster and the storage ring. Firstly at the LINAC, electrons are usu-

ally obtained via thermo-ionic process by heating a tungsten resistance and sub-

sequently accelerated in a linear vacuum-tube path via several radio-frequency

cavities which apply electric field to the charges in a resonant manner, enhanc-

ing performance and saving energy. After this initial acceleration, when elec-

trons already have built up a decent amount of speed they are inserted into the

second stage which is the booster. At this point electrons are trapped in a closed

loop of vacuum tubes where electric fields accelerate them, boosting their speed,
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while strategically spaced electromagnets bend their trajectories into the path. It

is evident that basic physics for most processes described until now are simply

explained by the Lorentz force:

~F = q
(

~E + ~v × ~B
)

(6.1)

where ~F is the force acting in a charge q with velocity ~v submitted to an electric

field ~E and a magnetic field ~B. But since energy acquired by electrons during

the acceleration phase are quite high, their speed comes close to the speed of

light c, so one must be aware of relativistic effects and use

d~p

dt
= q

(

~E + ~v × ~B
)

(6.2)

where ~p = γmo~v is the relativistic momentum, with mo being the particle (elec-

tron in our case) rest mass and

γ =
1

√

1− v2

c2

=
1

√

1− β2
(6.3)

is the Lorentz factor. In fact, electrons come out the booster with speed compa-

rable to that of the light, meaning that v ≈ c and β → 1. Given that, instead of

stating electron’s final speed machines are specified by their final kinetic energy

KE = mc2 −moc
2 where m = γmo (6.4)
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Some examples of energy together with calculated γ for few synchrotrons are

given at Table 6.1.

Synchrotron Energy (GeV) γ
UVX 1.37 2681.726

APS 7.0 13698.139

SIRIUS 3.0 5870.854

Table 6.1: Few synchrotrons with their respective energies and gamma factors retrieved from

[81] [82] [83]

Before going forward in explaining the third and final stage: the storage

ring and produced radiation, it is necessary to mention that electrons inserted

from the booster form packed electron clouds inside the storage ring, which are

called bunches. These entities have a finite dimensions and fluctuate in shape

and energy around an idealized point charge rotating in a perfect orbit, which

notably effects optical properties in the generated radiation, if one electron in

the bunch drifts away enough from this orbit he will most likely be scattered

away and be lost in a optical element or vacuum tube barrier. For simplicity

we neglect these effects and assume that bunches act as perfect point charges

while proposing an example where a perfectly circular storage ring support six

equally radially spaced bunch ”slots” as picture in Figure 6.2. The manner that

these slots are occupied; the operation mode, affects how radiation will be seen

in the experimental stations, which ranges from a quasi-continuum flux of light

when every bunch is filled to periodically spaced peaks when electrons are in a

single bunch. This is important because some spectroscopy techniques such as
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be given by the famous Larmor’s formula

P =
µ0q

2a2

6πc
(6.5)

which is valid for non-relativistic motion. But as we saw, electrons inside the

storage ring orbit with velocities near that of the light, so we may use the

Liénard’s equation for generalized radiation power for relativistic motion of

charged particles

P =
µ0q

2γ6

6πc

(

a2 −
∣

∣

∣

∣

~v × ~a

c

∣

∣

∣

∣

)

(6.6)

When the electrons passes trough a magnetic dipole field inside the storage rings

it suffers an acceleration perpendicular to its velocity (as expected for a circular

orbit), we can arbitraly choose the acceleration to be pointing positively to the

z axis while velocity points positively to the x axis, in this case the total power

irradiated is given by [36]

P =
µ0q

2γ4

6πc
(6.7)

Not only the radiation is extremely powerful if compared to non-relativistic

moving charges due to the γ4 factor but it has also directional concentration in

a narrow beam that resembles an elongated water droplet escaping tangentially

from the electrons orbit as can be seen in Figure 6.3 where we also draw a

relevant coordinate axis. It can be shown by calculating the power distribution
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via Poynting’s vector that this angular Power distribution has the form [85]:

dP

dΩ
≈ 2e2γ6a2

πc3 (1 + γ2θ2)3

[

1− 4γ2θ2 cos2 φ

(1 + γ2θ2)2

]

(6.8)

where Ω is the solid angle (θ and φ come from the usual radial coordinated

system) and approximations for θ ≪ 1 were used, which is acceptable for γ ≫

1. Also, an easily understandable result comes from taking the root mean square

for the distribution of θ:

〈θ2〉1/2 = 1

γ
(6.9)

meaning that the higher gamma factor (or electron’s energy) is, the smaller an-

gular distribution will be. Furthermore the light is strongly linearly polarized

horizontally in the electron’s orbital plane, which is important for experiments

that depend on light polarization such as XMCD. Since this radiation is coming

out electrons changing direction due to magnetic dipole field it is sometimes

refereed as ”dipole radiation” and it comes by the price of electron’s kinetic

energy, therefore RF cavities in the storage rings are used to maintain electrons

at nearly constant speed.

Another important feature of the outgoing radiation coming from the syn-

chrotron is irradiated power in function of frequency. Suppose we have a fixed

observer at one tangent line from the circular electron’s storage ring of radius R

orbit, inside an experimental station. The angular frequency for a point charge
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inside this ring will be

ωo =
c

R
(6.10)

where we assumed the electrons velocity v ≈ c. The observer will see a burst of

synchrotron light once per period during the charge’s passage through a small

arc d of the orbit where electron’s velocity points towards him. Neglecting the

curvature (d≪ R), and assuming burst width of γ−1 we have

d =
R

γ
(6.11)

which the electron travels in

∆t =
R

γv
≈ R

γc
(6.12)

the radiation burst length is then calculated to be

BL =
R

2γ3
(6.13)

a qualitative argument guides us in a direction that a compressed wave train in

real space would have a large distribution in the frequency space if a Fourier

transform were to be made. In fact, such Fourier analysis was performed in

detail by Jackson [85] and qualitative results may be resumed as follow: there

is a critical frequency (as calcualted for for θ = 0, but it works for the small
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angular radiation distribution mentioned above)

ωc =
3

2
γ3
c

R
(6.14)

for which emitted light starts to decay and become negligible. Additionally it

is obtained, for limiting cases, how radiation intensity behaves in function of

angular frequency, if ω ≪ ωc we have

dI

dω
∝ e2

c

(

ωR

c

)1/3

(6.15)

and for ω ≫ ωc

dI

dω
≈
√

3π/2
e2

c
γ

(

ω

ωc

)1/2

e−ω/ωc (6.16)

this gives us an idea that for low frequencies the light intensity grows with ω1/3

until it nears the neighborhoods of ωc and then decays exponentially. A more

accurate result for all frequencies is given by

dI

dω
=

√
3
e2

c
γ
ω

ωc

∫ ∞

ω/ωc

K5/3(x)dx (6.17)

where Kα(x) is the modified Bessel function of second kind. Graphics for this

equation and previous approximations can be seen in Figure 6.3 where Sirius

parameters were utilized in calculations. Even though the deviation from ap-

proximations is quite noticeable near ωc the curves are qualitatively acceptable.

We see appreciable radiation up to keV X-rays, which is expected for this elec-
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tron energy range. Nevertheless, this simple picture completely underestimate

the radiation range production in this specific case since it does not take into

account special magnet placement along Sirius storage ring. This alone pushes

critical frequency up to ≈ 12 keV and special insertion devices can further in-

crease X-ray intensity as we will see next.

Figure 6.3: Figure showing normalized synchrotron light spectra for two approximations from

Equations 6.15, 6.16 in blue and red, respectively, and proper integration of Equation 6.17 in

black. The approximate curves do not quantitatively agree with the spectra near ωc but provide

good qualitative agreement in other regions. The critical frequency was obtained through Equa-

tion 6.14 utilizing Sirius synchrotron parameters from [83]. In the top X axis we see an photon

energy scale (E = ~ω) for better insight on intensity distribution. The critical frequency, and

consequently frequency distribution range, is severely underestimated in this case for reasons

presented in the text.

As we saw dipole radiation is a powerful tool and have significant intensities

for wavelengths in keV X-ray range. This intensity (or photon flux, equiva-

lently) may be further amplified by utilizing electron optical elements such as

wigglers or undulators. These insertion devices consist in magnets separated by

few centimeters that create periodic displacement in electrons transversely to
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their orbital plane (y direction, in our example), which may be given by

y ≈ a sin(2πx/λo) (6.18)

with λo being the magnet period and a a constant dependent on magnetic field

strength. An important parameter is the maximum angular deviation

ψ0 =

(

dy

dx

)

x=0

=
2πa

λo
(6.19)

and is used to define the difference between wigglers and undulators. As we

saw the angular distribution for synchrotron dipole radiation is in the order of

γ−1, if ψ0 ≫ γ−1 the insertion device is called a wiggler, if ψ0 ≪ γ−1 we have

an undulator. This transversal to the orbit acceleration also causes electrons

to irradiate, enhancing the flux of photons coming out the storage ring. For a

wiggler the route deviation from the orbit is much higher than the beam-light

size, which is seen by an observer as several re-emissions with frequency

f = c/λo (6.20)

this enhances dipole radiation emission in a smooth manner, increasing intensity

proportionally to numbers of magnet periods in the wiggler acting as ”mini-

synchrotron” with fundamental frequency

Ωo =
2πcψ0

λo
(6.21)
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and critical frequency

Ωc ∝ γ3
2πc

λoψo
(6.22)

resulting in an observed shift for the storage ring critical frequency as well. For

undulators the vertical electron shift is much smaller than the beam size, and the

observer detects an coherent superposition from the oscillations coming from

the magnets. This creates a sharp peak of radiation in a frequency proportional

to the separation between magnets, which considering the relativistic Doppler

effect, is calculated to be

ω =
2γ2

1 + γ2θ2

(

2πc

λo

)

(6.23)

with θ being the same as for the angular radiation distribution. Experimentally

there is a range of frequencies around ω created by an undulator, since this

theoretical value would only be attainable if the number of magnetic periods

in the device was infinite. As an example, detailed calculations for the Sirius

storage ring which take into account several factors neglected in our previous

explanation, as bunch size and energy spread, special magnet placement among

others[83] results in a spectral distribution as showed in Figure 6.4. We clearly

see the difference between plain storage ring radiation in the bottom curve to

wiggler and undulators generated light in the curves above. In conclusion these

devices can be used to obtain relevant amount of photons even in high energy

X-ray range for synchrotron with lower gamma factors, or enhance values even





128

by a distance d will suffer constructive interference when

nλ = 2d sin θ (6.24)

where n is a natural number, λ is the wavelength and θ is the angle between

incident light and reflection planes. So, for a fixed d on can select λ of a poly-

chromatic X-Ray by tuning the angle θ, which is very handy for spectroscopy

measurements where tuning photon energy (E = hc/λ) is necessary. One prob-

lem that arises immediately comes from the fact that a crystal can also reflect

higher harmonics of the desired wavelength, which may affect counts further

ahead in the detectors. To reduce such problems or enhance photon energy pre-

cision, several apparatus are employed such as slits, harmonic filters or nested

monochromatic crystal mirrors.
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Appendix II

Mössbauer Spectroscopy

Mössbauer Spectroscopy named after Rudolf Ludwig Mössbauer who, in

1953, continued and expanded work on radiation emission and absorption previ-

ously developed by Philip Moon and Karl Malmfors [86]. The technique bears

his name due to groundbreaking observations that ultimately awarded him the

Physics Nobel Prize of 1961 [87]. It is important to note that his work was deal-

ing with radiation emitted by atomic nuclei which is denominated as gamma-

rays (γ-rays). Such radiation is composed of photons that may have same en-

ergy as X-ray mentioned earlier, but the change in nomenclature is solely due to

the light source. Many elements in the periodic table present naturally occurring

radioactive isotopes which population decay by 50% (by emitting α β or γ radi-

ation) in periods denominated half-life (λ-life). In similar fashion to electronic

states, these radioactive atomic nuclei also present excited states which tend to

decay to their ground sates by emitting the previously mentioned γ-rays (pho-

tons). Such excited states are due to spatial distribution of sub-atomic particles.
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The way how this radiation is emitted is of the utter importance for Mössbauer

physics.

Figure 6.5: Image representing the decay from an excited state B to a ground state A via γ
ray photo emission. The graph in the right shows energy distribution width in the excited state

with half-height Γ, which will generate a Lorentzian energy distribution for the emitted photon.

Image reproduced from [88].

There are two features for nucleic emitted radiation that underlay Mössbauer

physics: well defined energy, (sharp spectroscopy line) and emitting atom recoil

due to high energetic photon propulsion. Suppose that a excited state has a mean

life time τ , utilizing the fact derived from the well known uncertainty principle:

∆E∆t ≥ ~ (6.25)

if Γ is the excited state energy distribution half-weight we can write from 6.25

that

Γ =
~

τ
(6.26)

and it can be shown [88] that photon energy emission associated to the decay

from excited to ground state has a Lorentzian energy intensity distribution such
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as

I(E) = C
Γ

2π

1

(E − E0)2 + (Γ/2)2
(6.27)

where C is a constant. Equivalently for angular frequency we have

I(ω) ∝ |ψ0|2
1

2π

1

(ω0 − ω)2 + (Γ/2~)2
(6.28)

Figure 6.5 show a graphical representation for such distribution. As an example

excited states with mean life time τ =10−8 seconds will have a half-height Γ

= 6.58× 10−8 eV. Taking in consideration the photon energy for this decay

processes which are in the order of tens of keV (e.g Eu-153 isotopes has a

decay with 21.54 keV) nuclei recoil energy will be significant, specially when

compared to the spectral energy distribution. It is also shown in [88] that the

recoil energy is approximately given by

ERecoil =
E2

0

2Mc2
(6.29)

withE0 being the decay energy andM is the nuclear mass. This energy is in the

range of 10−3 to 10−2 eV, and is 5 order of magnitude greater than the natural

line width. The major implications for that occur in resonant radiation between

two atoms. Supposing two atoms in a gas (free atoms) one being the emitter

and the other a resonant absorbent, when emission occur the first atom will be

driven back due to recoil, and emitted photon will have energy E1 = E0 − ER.
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Subsequently for the second atom to absorb this photon the recoil energy needs

to be compensated, therefore the absorbing energy is E2 = E0 + ER. Such

situation is represented in the Figure 6.6. In this simplistic case there would be

no absorption in the second atom since the energy gap 2R ≫ Γ and there is no

overlap of in emission and absorption energy distribution.

Figure 6.6: Energies for emitted and absorbed photon in free atoms taking into account recoil

energy loss. Image reproduced from [89].

To circumvent this separation between emission and absorption lines, which

prevents resonant absorption, it is possible to utilize thermal excitation or, prefer-

ably, recoiless photon emission. When thermally exciting both atoms in the
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previously presented picture the half height Γ will suffer the so called Doppler

broadening, and there will be a overlap between emission and absorption peaks

as pictured in Figure 6.7. The origin of such effect is that for moving sources

there is a energy line shift:

∆E =
vr
c
E0 (6.30)

where vr is the velocity along emission direction. In a free atom (in a gas)

there will be a Boltzmann distribution for such velocities ranging from −vr up

to vr, generating the broadened curve shape. The overlap generates resonant

absorption, but with very dim intensities. It is important to mention that after

a period of time (for which a half-life can be attributed) the excited absorbent

atom will re-emit a photon of same energy in random direction, but there is also

the probability for this energy to excite and eject an electron from the atom (β

radiation, which we neglect here). In the context for an excited radioactive atom

inside a crystalline matrix one must consider the recoil effect into the lattice,

making possible recoiless emissions to occur, which is key for the Mössbauer

Effect. If we assume a simple Einstein solid where we have quantified levels

equally separated by energy gaps given by the Einstein energy:

EE =
π~v

a
(6.31)

where v is the crystal sound velocity and a is the lattice parameter. Simplifying

we can take into account two cases: when recoil energy is much greater than
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Einstein energy Er ≫ EE or when it is much smaller Er ≪ Eg. For the

first case, the emitting atom will be able to transition from a ground energy

level EG to a continuum well above the lowest Einstein levels, this way recoil

occurs and has an effect in the entire lattice. In the second case recoil energy

is not enough to promote the emitting atom up to the next upper Einstein level,

leaving the atom stranded and causing recoil-less radiation emission. Of course

that quantum mechanically speaking even when ER is smaller than EE there is

still a chance for transition to occur given by [88].

f = e−Er/EE (6.32)

Another remark is that for the emitting atom to be at ground state, crystal lat-

tice must be in low temperature compared to Einstein temperature T ≪ EE/k

where k is the Boltzmann constant. Lowering the temperature of the emitting

source was the first major Mössbauer’s contribution which made measurements

with the technique bearing his name possible to be developed. In addition more

accurate theoretical results are obtained using Debye’s model and quantum pic-

ture for the radioactive atom embedded into the lattice and can be found in [88].
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Figure 6.7: Doppler broadening for the emission and absorption spectral lines generating a

overlap at E0 responsible for low intensity resonant absorption. Image reproduced from [88].

With the simplified concepts of recoilless emission and Doppler energy shift

via source velocity we have the necessary components to setup a Mössbauer

technique recipe. As we saw when lowering source temperature we have a

higher chance to get gamma ray emission without any losses to recoil, combin-

ing that with Doppler shift it is possible to probe the entirety of a absorption line

as depicted in Figure 6.8. To shift the energy emission it is enough to translate

the source with velocity vr as described in equation 6.30, but now there won’t

be a broadening as saw in thermal excitation, but instead the sharp line will

be displaced by ∆E, making possible to probe the absorption line width and

consequently its half-life and even eventual expected energy E0 caused by phe-

nomena that will be explained below. Mössbauer spectra using this technique

are often depicted by showing the count rate in the transmission geometry in

function of the source velocity, which is proportional to the energy displace-

ment. This makes the Mössbauer technique powerful to probe many physical
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and chemical material properties, with the only downside being the necessity

for them to contain adequate isotopes, restraining it few element of the periodic

table, with iron being the most popular one, but as we will see europium is also

suitable for our interests.

Figure 6.8: On the left we see the emission and absorption lines for recoilles gamma ray radia-

tion. by shifting the source with velocity vr the emission line suffer Doppler displacement in the

energy and will probe the totality of the absorption line by generating a decrease in count rate

of width 2γ. Image reproduced from [88].

The way that atomic electronic shell potentials interfere with the nucleic pos-

itive charge changes resonant Mössbauer absorption spectra, there are mainly

three effects of interest that we will discuss: the isomer shift, quadrupole split-

ting and hyper-fine splitting (the last one being associated to magnetic fields).

The first thing to note is the spatial distribution of nuclear charges, which we

can approximate to be as in a uniformly charged sphere of radius R, giving

electric potentials as:

V (r < R) =
Ze2

R

(

−3

2
+

r2

2R2

)

(6.33)
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and

V (r > R) =
−Ze2
r

(6.34)

In addition to that, another relevant fact is the radius difference in between ex-

cited and stable radioactive atomic nuclei [90] [91], which will generate a per-

turbation in energy such as [88]

∆E =
2

5
Ze2R2|ψs(0)|2 (6.35)

where |ψs(0)|2 is the electronic density at the nucleus, mostly from s electrons,

and can be considered a constant, relativistic corrections are relevant for heavy

nuclei, but for simplicity we neglect it (actually this energy comes from the

difference between a point charge distribution and uniformly spherical distribu-

tion). Accordingly, in an emitter-absorber pair it is possible to have two differ-

ent transition energies depending on the environment in which the radioactive

atom is inserted, mainly due to differences in the electronic densities. This dif-

ference in energy is known as isomer shift (IS), since it shifts the absorption

peak in the intensity versus source velocity spectra, and is given by:

δ =
4πcZe2

5E0

(

∆R

R

)

(

∑

A

ψ2(0)−
∑

S

ψ2(0)

)

(6.36)

where ∆R = Rex−Rgnd and the summation with A and S are for the electronic

densities in the absorbent and source, respectively. Such parameter is relative
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for each source-absorbent pair, therefore isomer shifts are often reported as a

relative value in respect to a well known isotope’s source. This effect is useful

to determine many chemical effects in the sample, being the most prominent

one the differentiation between isotopes valence, which may severely changes

the spatial distribution for ’s’ electrons, consequently changing the isomer shift

value by appreciable amounts.

For nuclei with spin momenta I > 1/2 the distribution of charge is not quite

spherical, giving rise to a quadrupolar electric moment eQ. Associated to a field

gradient along the nucleus coming from the electronic |ψs(0)| asymmetrical

charge distribution, (which can arise from chemical bounds or lattice effects for

example) there will be a degeneracy lift, giving rise to (I +1/2) split levels. The

energy separation from this levels can be calculated as showed in [88] [90], by

setting up the Hamiltonian

HQ =
eQq

4I(2I − I)

[

3Î2Z − I(I + 1) +
η

2
(I2+ + I2−)

]

(6.37)

where q = Vzz = δ2V/δ2z2 is the gradient of the electric field along the arbitrary

principal axis z, η = (Vxx−Vyy)/Vzz is an asymmetry parameter, I is the nuclear

spin momentum and Î , Îz, Î+, Î− are spin momentum, z projection, rising and

lowering operators. The difference eigenvalues for this Hamiltonian provide the
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energy separation for the lifted degeneracy for the general case:

∆E =
eqQ

4I(2I − 1)
[3m2 − II(I + 1)](1 + η2/3)1/2 (6.38)

Therefore, there will be several split levels from which decays can happen, (fol-

lowing the previously discussed dipole selection rules as well, which are also

valid for nuclear decay) and these will cause several peaks to be seen in the

Mössbauer absorption spectra. Depending on the energy separation and exper-

imental resolution one may only see a broadening in the main absorption peak,

but in the right conditions peaks from individual transition will be resolved.

In similar fashion to what occurs with isomer shifts, Mössbauer spectroscopy is

not sufficient to provide absolute values onQ, but instead it gives a ratioQ∗/Q,

between the momentum in ground state and excited state (example Q∗
5/2/Q7/2).

To determine absolute values it is necessary to use complementary experimen-

tal techniques such as nuclear magnetic resonance (NMR) which can measure

the difference in energy for degenerate levels in manners outside the scopes of

this work. Nevertheless, quadrupole splitting still valuable by itself to obtain

information on symmetry of electric fields generate by a crystal lattice or how

it is affected by chemical bounds.

Another factor that also lifts degeneracy in nuclear spin levels are magnetic

fields, either internal or externally applied, and they give rise to the hyper-fine

splitting phenomena. In similar fashion to the quadrupolar splitting it is possible
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to obtain each level energy by setting up a Hamiltonian [88]:

HM = −gµnI ·H (6.39)

where g is the nuclear gyro-magnetic, µn is the nuclear magneton and H the

magnetic field at the nucleus. This Hamiltonian will provide energy eigenvalues

as

EM = −gµNHmi (6.40)

where mi ranges from −I to I in unitary complements. This is in fact a regular

occurrence of the Zeeman effect but in the nuclear context. The main differ-

ence from degeneracy lift caused by quadruploar split is that now the ±m levels

will be further split into m and −m, therefore each nuclear energy level will

be split into a total of (2|mI + 1|) levels. In similar fashion as for quadrupo-

lar splitting, NMR measurements are able to measure energies levels difference

gµnH , whereof Mössbauer transition lines can provide the ratio between gyro-

magnetic ratios between excited and ground state g∗/g, given that energy dif-

ference between levels i and j can be equated as:

∆Eij = E0 − gµNH

(

mj −
g∗

g
m∗

i

)

(6.41)

where E0 is the difference due to eventual isomer shift. As usual transitions

are subjected to the dipole (or higher order depending on photon participation)
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transition rules as mentioned before. This effect is useful to determine if an

compound has magnetic order or not, since line splitting is easily resolved ex-

perimentally, specially for high magnetic field values. Hence this is a pow-

erful technique to combine with XMCD, since Mössbauer can distinguish be-

tween paramagnetic and ordered behavior, which is not possible using circular

dichroic signal arising from electronic levels. This is of great interest for our

EuB6 since one can expect a FM to AFM transition to occur.
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Appendix III

FDMNES

Finite difference method near edge structure (FDMNES) utilizes ab-initio

calculation to firstly obtain electronic potentials of initial and final states of the

absorbing atoms. This is done by inserting the relevant crystallographic pa-

rameters which are to solve a Poisson equation to get the Coulomb potential

which is subsequently used to solve Schroedinger-like (SL) equations. These

equations can be solved either using the full potentials or a muffin-tin approx-

imation. Equation 3.4 is used to calculate the cross section, or the absorption

intensity in function of energy. Additionally a convolution is performed to ac-

count the peak’s Lorentzian broadening due to core hole (Gamma hole) decay

and final states energy width:

σconv (ω) =

∫ ∞

EF

dEσ (E)
1

π

Γf(ω)

Γf (ω)
2 + (~ω − E)2

(6.42)

where

Γf(ω) = Γhole + γ (ω) (6.43)



143

with Γhole being a constant broadening due to core hole lifetime, and γ (ω) the

width for final states modeled by an arc-tangent function:

γ (E − EF ) = Γmax ×
(

1

2
+

1

π
arctan

(

π

3

Γmax

El

(

e− 1

e2

)))

(6.44)

where

e =
E − Ef

Ectr
(6.45)

with EF being the Fermi Energy, Γmax the total height, Ectr − Ef the inflec-

tion point and El the inclination of the arc-tangent. Finally, to simulate the

experimental resolution an additional convolution utilizing a Gaussian may be

performed over the Lorentzian for a better fit with obtained data. More details

on these calculation and software used for the simulations can be found in [80].

For our analysis the standard arc-tangent parameters were used, being them

Γmax = 15 eV, Ectr − E = 30 eV and El = 30 eV. Additionally the Gamma

hole (Γhole) and Gaussian width were adjusted through trial and error to fit ex-

perimental data on the lowest measured pressure of 2.5 GPa at 6K, with best

values found to be 2.4 and 4.5 respectively. Lattice parameters used in simula-

tions were obtained via Birch-Murnaghan equation of state 6.46: which graph

was shown in Figure 6.9, the simulated pressure-lattice points coordinates are

printed near the curve.
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Figure 6.9: Birch-Murnaghan equation of state 6.46 for EuB6 in the relevant pressure span for

our simulated XANES spectra. The printed coordinates pairs near the curve represent used

lattice parameters in our FDMNES simulations.

The Birch Murnagham equation of state which relates volume-pressure rela-

tionship satisfactorily for LnB6 compounds:

P (V ) =
3Bo

2

[

(

Vo
V

)
7

3

−
(

Vo
V

)
5

3

]

×
{

1 +
3

4
(B

′

o − 4)

[

(

Vo
V

)
2

3

− 1

]}

(6.46)

where experimental initial parameter Vo = 4.1853 [11] and theoretical Bo =

152.4, B
′

o = 3.59 [92] where used to simulate pressure evolution in function

of lattice parameter for EuB6, which will be used later for computational simu-

lations since X-Ray diffraction data for this compound in high pressures is not

available in the literature. A curve for such equation can be seen in Figure 6.9

where point coordinates printed near the curve are relevant in the context of our
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realized experiments.
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