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Abstract

In this thesis, three Yb-based heavy fermion compounds, YbCusSia, YbCooZnoy and YbRhoSio are
studied under extreme conditions, i.e, high pressure, low temperatures and high magnetic fields.
An important part of the work has been the setup of an in-sifu tuning pressure device to measure
diamond anvil cells at dilution fridge temperatures. This has enable most of the experimental
results presented in this work.

In YbCusSio, the nature of the pressure-induced magnetic order that arises for P. > 8 GPa
has been clarified to be ferromagnetic by ac-susceptibility and magnetization measurements under
pressure. The interplay of magnetism and valence change has been investigated by measuring the
valence of the title compound at high pressures and low temperatures using resonant inelastic x-ray
scattering (RIXS). As expected, pressure favors the trivalent state but the Yb ion valence remains
below 3 even at the highest pressure and at low temperatures very close to the onset of the magnetic
order. We have also performed a detailed search for signatures of metamagnetism.

The second part of my thesis focuses on YbCosZngy. We have extended the (P — T') phase
diagram up to 14 GPa by ac-calorimetry and ac-susceptibility measurements. Our results shed some
light on the nature of the magnetic order that arises for P > 1 GPa which is antiferromangetic.
The strong field effects observed in the physical properties in YbCosZnyg are probably related to
the interaction between the magnetic field and the spin of the 4f electrons rather than to their
charge as the valence of the Yb ion is insensitive to the application of a magnetic field of 10 T.

The final part of this thesis is devoted to the detailed study of the (H —T') phase diagram under
pressure in YbRhoSis to determine the evolution of the magnetic ordering temperatures Ty as a
function of H and P to better understand the interplay of the two control parameters.

Key words

Heavy fermion compounds
Intermediate-valence systems

high pressure quantum critical point
YbCHQSiQ

YbCOQZDQO

YbRhsSio






Acknowledgements

Already...? The adventure that has represented the PhD has come to an end and now I would like
to warmly thank all the people who has been involved in it in so many different ways and who has
made it possible. Because one thing is sure... I have not done this long and intense way all alone...

First of all, I would like to thank Claudine Lacroix, Rikio Settai, Didier Jaccard and Sébastien
Burdin for accepting to be in my jury and for their careful reading of the manuscript and their
valuable comments.

Daniel, I feel very grateful for having you as my PhD advisor. From a scientific but also human
point of view you have been a good and very valuable reference for me. Also I really appreciate
that you let me follow my own initiatives and you supported and encouraged me to pursue them.
It has been a pleasure to work with you and I will be always amazed how do you keep your calm
whatever happens!

Bernard, je te suis trés reconnaissante pour tout le savoir que tu m’as transmis sur la haute-
pression et pour étre toujours disponible!

Jean-Michel, sans aucun doute tu as mérité le titre de "génie de la cryogénie"! Merci pour tous
les coups de mains (assez nombreux!) et ta bonne humeur: "On y croit, on y croit!".

A tout le groupe du laboratoire: un grand merci pour votre accueil, pour les bons moments
partagés et pour votre aide: Georg, Alex, Dai, Jean-Pascal, Jacques, Gérard, Christophe, Carine,
Marie-Jo (j'oublierais jamais la bonne texture de l'isolation: celle d’'un "vieux chewing-gum"!),
Michel, Frédéric, Stéphane, Frangois, Marielle ...

Grace aux collaborations et aux conférences j’ai eu aussi 'opportunité de faire de belles ren-
contres: Jean-Pascal, Victor et Luigi: c¢’était un plaisir travaillé et faire les manips au synchrotron
avec vous! Sébastien, tu es un des (rares?) théoriciens qui sache divulguer trés bien la physique
des fermions lourds & des expérimentateurs. J’ai apprécié énormément les échanges et discussions
qu'on a eu. William, Ilya et Albin, je suis trés contente d’avoir fait votre connaissance et d’avoir
collaboré avec vous. Patricia, working with you in Cambridge was a very enriching (and challeng-
ing!) experience and I praise the passion you have for what you do. Joe, it was a pleasure meeting
you and also all the discussions we had. I really appreciated visiting LANL, thank you very much.
Askhan, I'm so glad you invited me to the Gordon Seminar. I spent a great time in the High
Pressure conference. It boosted me to keep on doing research and moreover, I had the opportunity
to meet many interesting people, especially Gilbert Collins which I want to thank for giving me the
opportunity to come to LLNL.

Qu’est-ce que c’est un labo sans les doctorants?! Qui si non reste jusqu’a 20h30 au CEA pour
un transfert d’He? (ou méme plus tard... Sshh!) Elena, Ludo, Valentin et Alejandra: merci pour la
belle ambiance dans le bureau!, Tristan: un GRAND merci pour ton amitié et hospitalité, Mathieu:
j'oublierai jamais la boite avec les vis et le tournevis...!, Mounir: je doute fort qu'un autre thésard
(ou personne en générale en fait) puisse faire des gateaux mieux que les tiens, Audrey, Benoit,
pas un mais deux!, Charléne, Paul... Je garderai dans mes souvenirs et avec beaucoup de joie les
moments partagés ensemble.

"Les amis de mes amis... ce sont mes amis" n’est-ce pas Mél, Julien, Antoine, Mag, Franck,
Jérome, Noél, Laure, Marjo, Isa, Adeline...? Merci pour m’avoir accueilli de fagon aussi chaleureuse
et naturelle depuis le début! Je porterai avec moi tellement de bons souvenirs! Seb, je suis trés
contente que nos chemins se soient croisés. Merci pour tous les moments vécus ensemble. MERCI,



tout simplement. Et aussi a ta famille: Geérard, Martine, Nadia, Yannick ("¢a va pas du tout!"),
Carole, Nanou, Henry et Serge. Je vous aime!

Il mio caro grupo d’italiani (e non solo): non importa si adesso siamo tutti in citta diverse.
Non dimenticherd tutti i momenti passati insieme qui a Grenoble: nella montagna, nel Hammam
(eh Tita?), a Roma, a 'ESRF... Vi abbraccio forte, forte: Imma, Raffa e Francesco, Vale, Sheeba
e Davide, Paul, Erminia, Bridgette e Fabio.

Quand je n’étais pas au labo j’étais probablement en train de... danser du Swing ou Blues!
C’était une trés belle découverte qui sans doute va m’accompagner pour un long but du temps et
la aussi j’ai connu de gens formidables. Avec certains 'amitié a continué hors la piste de danse:
Marie et Thibaut, Chrystelle, Arnaud et Fabien. Sans vous ¢a aurait été beaucoup plus dur mais
surtout beaucoup moins dréle! Et en suite il y a une longue liste de gens de GrenobleSwing et
ailleurs avec qui j’ai partagé de belles danses et pas seulement, aussi de trés bons moments! Caro,
Vale, Marie et Jeremy, Raphael, Laurent, Aurélien, Olivier, Maria, Muriel, Yann, Aurélie, Aude, ...
et je tiens en spécial au groupe du Blues des mercredis! Ces moments partagés entre thés, rigolades
et danses... je ne vais pas les oublier!

I ara arribem a les amistats de "largo recorrido". Irene, com molt bé ho vas resumir quan vas
venir a veurem a Grenoble: sempre serem "TU 1 JO" (i efectivament, no és facil de trobar). Ari, ets
part de la meva familia! T’estimo. Gracies a totes dues per la vostra preséncia encara que no ens
veiem cada dia... un cop de teléfon i puf! Es (gairebé) com teletransportar-se. Jaime, te quiero.
El grup de "Casp": Anna-Iris, Dudu i Nuria, Rai, Pere, Xavi, Mikel i Naria. M’encanta tenir la
sensacié com si fos "ahir" I'altim cop que ens vam veure. Va significar molt per mi que estiguéssiu
presents el dia de la defensa de la tesi a Grenoble. Moltes Gracies!

I finalment, la familia! Es a vosaltres a qui dedico aquesta tesi. Per tot el vostre amor i
suport incondicional. No importa on vagi... sempre us portaré al meu cor. Papa, m’agrada molt
compartir amb tu tantes aventures! I la tesi ens ha donat moltes oportunitats: a Grenoble, al
CERN, a Cambridge... Mama, ets la persona més generosa que conec: gracies! I vas tenir una gran
vista al ensenyar-me idiomes des de ben petita! Blanca, com més creixem més ens estimem (no és
bonic?), Mano, ets sense cap mena de dubte "La Super-Tieta". T’estimo! Com a I’Adri, 'Ignasi, el
Jaime i la Ceni, la Helen, el Xavi, ’Alfred... Som una magnifica familia. Per acabar, m’agradaria
incloure als que ja no hi sén: la tieta Mercé, el tio José, el Joan, la Tia Manolita i la laia.

iv



Contents

1 Theoretical Background

3

1.1
1.2

1.3

14

Heavy Fermions . . . . . . . . . . . o e
Kondo lattices . . . . . . . o .
1.2.1 Kondo lattice hamiltonian . . . . . . . . ... ... L0
1.2.2  Intermediate-valence regime . . . . . . . . ... Lo L.
1.2.3 Competition between Kondo effect and RKKY interaction: Doniach phase

diagram . . . . ..o Lo e
1.2.4  Crystal electric field . . . . . . . ...
1.2.5 Fermi-Liquid relations . . . . . . .. .. ...
Quantum criticality . . . . . . . . . .
1.3.1 Classical versus quantum phase transition . . . . . ... .. ... ... ...
1.3.2 Non-Fermi-Liquid behavior . . . . . .. ... ... ... ... ...
1.3.3 Theoretical approaches of quantum criticality . . . . .. ... ... ... ..
Ce versus Yb systems . . . . . . . .. oL L e
1.4.1 Beyond the “hole” equivalent picture . . . . . . . . . ... ... ... ...
1.4.2 Doniach picture for Yb HF compounds . . . . . . . ... ... ... .....
1.4.3 Pressure dependence of Tk in Ce and Ybsystems . . . . . . ... ... ...
1.4.4 First-order Valence instability . . . . . . ... .. ... o 0.
1.4.5 Unconventional superconductivity . . . .. ... ... ... .. ... ... .

Experimental techniques

2.1 Crystal growth . . . . . . . .
2.2 Extreme conditions . . . . . . ... L.
2.2.1 Low temperatures . . . . . . . . . e e e e
2.2.2  High pressure techniques . . . . . . . . ... Lo L o
2.2.3 High Magnetic fields . . . . . . . .. ...
2.3 High pressure measurements . . . . . . . ... ..o Lo
2.3.1 Electrical resistivity . . . . . . ...
2.3.2 Specificheat . . . . . ..
2.3.3 Ac-susceptibility . . . ... L
234 Magnetization . . . . . ..o
2.4  X-ray spectroscopic measurements . . . . ... .. L. oo
2.4.1 Valence measurement under extreme conditions . . . . . .. ... ... L.
2.4.2 Valence measurement under magnetic field . . . . . ... ... ... ... ..
YbCUQSiQ
3.1 Introduction . . . . . . . . . L.
3.2 P — T Phase diagram - comparison with previously reported data . . . . . . . . ..
3.3 Nature of the pressure-induced magneticorder. . . . . . . ... ... ... ...
3.3.1 Ac-susceptibility measurements under magnetic field . . . . ... ... ..
3.3.2 P-T-H phase diagram . . . . . . . . . .. .
3.3.3 Magnetization measurements under pressure . . . . . . ... ...
3.4 Metamagnetism . . . . . ..o Lo e

© 00 o W W

10
11
14
14
15
15
18
19
20
21
23
28

31
31
37
39
39
50
50
50
51
53
95
o7
57
59

61
61
64
69
71
71
73
75



CONTENTS

3.4.1 Magnetization at high magnetic fields . . . ... ... ... ... ... ... 75

3.4.2 Magnetoresistivity under pressure . . . . . .. ... o000 76

3.5 Fermi-Liquid studies throughout the P-T-H phase diagram . . . . . . . ... .. .. 80
3.6 Interplay of magnetism and valence change . . . . . .. .. .. ... .. ...... 83
3.6.1 Valence measurements under extreme conditions . . . . ... ... ... .. 83

3.6.2 Valence measurements under magnetic field . . . . . .. ... 000 88

3.7 Conclusions . . . . . . .. 88

4 YbCOQZIlQO 93
4.1 The YbToZngg family . . . . . . . . . o 93
4.2 Introduction of YbCooZnog . . . . . . . . . 96
4.2.1 Heavy fermion state . . . . . . . ... 96

4.2.2 Physical properties under magnetic field . . . . . .. ..o 99

4.3 High pressure phase diagram . . . . . .. . ... L oL Lo 105
4.3.1 Pressure-induced magnetic order . . . . . . ... oL Lo oL 105

4.3.2 P — T phase diagram at low pressures . . . . . . .. .. .. .. ... .... 107

4.3.3 P — T phase diagram from ac-calorimetry studies under pressure . . . . . . 108

4.3.4 Nature of the magneticorder . . . . . . . ... ... .. L. 110

4.4 ConcluSions . . . . . . . .. 111

5 YDbRh;sSis 115
5.1 Imtroduction . . . . . . . . . L. 115
5.1.1 Crystal electric field . . . . .. ... ... 116

5.1.2  Field-induced quantum critical point . . . . . . . . ..o 116

52 P—T —HphaseDiagram . . . . . . . . ... .. . 118
521 P —T phasediagram . . . . . . . . . .. 120

5.2.2 Magnetic field effect under pressure . . . . . . ... ... 121

5.2.3 H-T phase diagram under pressure . . . . . . . . . . . ... ... .. 123

5.3 Conclusions . . . . . . . .. e 123

6 Conclusions 127
Bibliography 131

vi



Introduction

Since the discovery of the Kondo effect more than forty years ago, heavy fermion compounds have
become a relevant and very fruitful research field within strongly correlated electron systems. Their
particular low-temperature physical properties such unconventional superconductivity in CeCuaSiy
[Steglich 1979, the coexistence of magnetism and superconductivity which was firstly observed in
URu2Sia [Maple 1986] or the observation of Non-Fermi-Liquid behavior in several heavy fermion
compounds [Loéhneysen 1994, Custers 2003|, have attracted a lot of attention from an experimental
and theoretical point of view.

The low energy scales of heavy fermions make them very suitable candidates for quantum
criticality studies as they are often located close to a magnetic instability and by varying the strength
of the electronic and magnetic exchange interactions via an external parameter like hydrostatic
pressure, the system can be driven at a quantum critical point (QCP). In cerium systems quantum
criticality has been studied extensively as pressure tends to destroy the magnetic order that is
established at ambient pressure and a QCP is reached for rather low pressures. Therefore the
physical properties near the QCP can be fully characterized. On the other hand, in Yb-based
heavy fermion systems, the effect of pressure is usually opposite and a magnetic order is induced
with pressure. The study of ytterbium systems presents challenges, as in general higher pressures
are needed, and so they have been far less extensively studied to date. Especially in the field of
high pressure advances in physics are strongly related to advances in instrumentation. A large part
of this thesis has been devoted to setting up an in-situ pressure tuning device adapted for diamond
anvil cells, to work in a dilution fridge and with magnetic field. This instrument makes possible a
new generation of experiments.

In the first chapter I will give an overview of the important physical phenomena in heavy fermion
compounds in general, before describing the relevant physical effects, interactions and theoretical
models in more detail. I will finish with a detailed comparison of the differences between Ce and
Yb-based heavy fermion compounds where I try to answer the question: “Why Ce-based heavy
fermion compounds are so popular compared to Yb-based HF compounds?”.

In the second chapter, I will describe the characteristics and performance of the pressure-tuning
device in detail and also all the experimental techniques used during this work.

The second part of my thesis has been focused in the study of three different Yb-heavy fermion
compounds: YbCusSia, YbCosZnog and YbRhsSis.

In the third chapter I present the results we have obtained in YbCuySis. At the beginning of
this work, the nature of the magnetic order that arises under pressure was still unknown but it has
been determined via ac-susceptibility measurements under pressure during this work. We have also
performed a detailed study of the Fermi liquid properties throughout the whole (P — H — T') phase
diagram, a careful research of metamagnetism and the valence measurements of the Yb ion under
high pressure and low temperatures give more information of the interplay between magnetism and
valence change in this intermediate-valence compound.

The fourth chapter is devoted to the study of the “super heavy-fermion” YbCosZnsy. We present
an extended (P — T') phase diagram up to 13 GPa from ac-calorimetry measurements. From our
results we can also shed some light about the nature of the pressure-induced magnetic order. The
last chapter presents a detailed study of the (H — T') phase diagram under pressure in YbRhySis.






CHAPTER 1
Theoretical Background

1.1 Heavy Fermions

Heavy fermions are intermetallic compounds containing a partly filled 4f or 5f-shell from a lan-
thanide (e.g., Ce, Yb, Sm) or actinide (e.g., U) element. Chemically, the special feature of the 4 f
orbitals’ in the rare earth (RE) ions is that they are well embedded within the atom, close to the
atomic core and shielded by the 5s and 5p electrons as shown in figure 1.1. They keep the quasi-
localized behavior even in solids. Nevertheless, the outer part of the 4f wave function expands
enough to overlap with the conduction electron bands |Fisk 1995, Jensen 1991]. All the remarkably
properties of heavy fermions stem precisely from the interaction between the f “localized” electrons
and the conduction electron band.

Figure 1.1: The radial components of atomic wave functions for Ce, with one 4f electron and Tm with
18 4f electrons are shown. The Tm wave functions are more contracted, i.e. more localized, than in Ce
due to an incomplete shielding of the greater nuclear charge. This is known as the “lanthanide contrac-
tion” [Jensen 1991].

Heavy fermion (HF) compounds exhibit peculiar low-temperature physical properties that dis-
tinguish them from ordinary metals. Conventional metals are characterized by an increasing con-
ductivity with decreasing temperature, a small paramagnetic Pauli susceptibility and a linear tem-
perature dependence of the specific heat C(T') at low temperatures (i.e., for T' < Ep,©p, where
Er is the Fermi energy and ©p is the Debye temperature) [Fisk 1988].

'From now on I will only talk about rare earth systems (4f).



1.1. Heavy Fermions

In a metal for T > 0 the electrical resistivity p is due to several scattering mechanisms of the
electrons which contribute additively in accordance with the Matthiessen’s rule:

P = po + Peie T Pph T Pmag; (1~1)

where pg is the residual resistivity due to elastic scattering of the electrons from impurities and
lattice defects. The other terms reflect the scattering with the excitations of the system: electrons,
phonons which is the dominant term at high temperatures, and for magnetically ordered materials,
an another contribution p,,. should be taken in to account due to the scattering with collective
magnetic excitations (magnons). At low temperatures, well below the Debye temperature, the
phonon term which is proportional to 7, is normally small.

At high temperatures, p(7') does not differ significantly in heavy fermion materials compared to
conventional metals, except for a large magnetic term (= 100 pfd.cm). As temperature decreases
(and ignoring the phonon contribution) p(T') logarithmically increases, p(T') < —In T, as a signature
of the Kondo effect, down to a characteristic temperature, T;,q., where it shows a maximum. Below
Tnax there is a strong decrease of p(T) and at some point, at very low temperatures, it follows

p(T) = po + AT?, (1.2)

such T? dependence is usually identified with a Fermi-liquid (FL) behavior and the coefficient A
is due to quasiparticle-quasiparticle scattering. In figure 1.2 a) the resistivity of Ce,Laj_,Cug for
different Ce doping concentration, x, shows the onset of the Fermi-liquid behavior for x > 0.7 at
low temperatures.

a) b)
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Figure 1.2: a) Resistivity of Ce,Lay_, Cug [Sumiyama 1986]. When the number of impurity becomes large
(x > 0.7), coherence effects appear and a Fermi-liquid regime is observed. b) Temperature dependence of C' /T
for Ce,Lay_, Cug [Satoh 1989]. A large enhancement of C/T is observed at low temperatures for increasing
Ce doping.

Other macroscopic properties like susceptibility and specific heat again show two distinct regimes
depending on temperature. At high temperatures, the f-electrons behave as localized magnetic
moments that weakly interact with the conduction electrons. This gives rise to a Curie-Weiss

2
susceptibility, x o ngg —. The Curie-Weiss temperature ©Ocw is often negative, indicating an

4



Chapter 1. Theoretical Background

antiferromagnetic exchange, and the effective magnetic moment ugf fis close, but in general smaller
because of the crystal-electric field (CEF) splitting, than the value obtained by Hund’s rules for
the free RE ion. At low temperatures, x(7") does not have a unique behavior but often it reaches
a constant value near Thsq4, and on further cooling it behaves like

X(T) = xo(1 + aT?), (1.3)

which is characteristic of Fermi liquids [Béal-Monod 1968]. Moreover, the value of x at low temper-
atures is two or more orders of magnitude higher than the Pauli susceptibility observed in ordinary
non-magnetic metals.

The specific heat, C/T strongly increases below T}, and at sufficiently low temperatures it is
almost constant.

O(T) = T, (1.4)

where the Sommerfeld coefficient, v, can attain values as high as 1 J/molK?, significantly higher
than the typical value of ordinary metals like Cu or Al with v ~ 1m.J/molK? |Ashcroft 1975|.
Often, the BT term reflecting the phonon contribution is in comparison negligible at low temper-
atures.

It turns out that the low-temperature physical properties of heavy fermion materials are con-
sistent with Landau’s theory of Fermi liquids where the strongly interacting electrons are described
as weakly interacting fermionic quasiparticles and it is possible to assume a one-to-one correspon-
dence between the quasiparticle excitations of the complex system and those of a free electron gas
by normalizing a few parameters like the effective mass m*.

The Sommerfeld coefficient, v in the framework of Fermi-liquid theory is expressed as

TNy = B (1.5)
7—3 BINF = 539 Fm, :

where Np is the total quasiparticle density of states (DOS) at the Fermi surface and kp is the
Fermi wave vector.

The enhanced ~ observed in heavy fermions comes from the large effective mass ? than can be
as high as m* = 1000mg, being mg the bare electron mass. It has been confirmed experimentally
that the large m™* is directly related to the presence of the magnetic impurities by measuring the
v of isostructural RE compounds with no 4f electrons (e.g. La, Lu) [Fisk 1995|, as reflected in
figure 1.2 b) for Ce,La;_,Cug where the temperature dependence of the specific heat for different
Ce doping concentration is shown and for the case x = 0, i.e. without magnetic impurities, C'/T is
very small.

The origin behind these anomalous properties is the so-called Kondo effect. The Kondo effect
was firstly observed in the 30’ when a minimum in the resistivity of several metals (Cu, Au, Ag)
was observed [de Haas 1934]. 30 years later, the resistance minimum was linked to the presence
of magnetic impurities [Clogston 1962|. Kondo [Kondo 1964| solved in 1964 the “mystery” of this
resistance minimum by a perturbative model where the presence of the magnetic impurities were
considered to weakly modify the metal as the energy of the interaction was small. This perturbative
approach turned out to be not appropriate as it gave a non physical divergence of the resistivity at
low temperatures. Finally, the solution of the Kondo impurity problem was solved by renormaliza-
tion group [Noziéres 1980] and the Bethe Ansatz method [Andrei 1983].

2Since kr is determined by the density of conduction electrons which is of the order of 10*?¢m ™2 independent of
metals.



1.1. Heavy Fermions

Nevertheless, the work of Kondo successfully explained the process by which a free magnetic
moment (at high temperatures) becomes screened by the spins of the conduction electrons at low
temperatures. This screening process is continuous and takes place once the temperature drops
below a characteristic energy scale, Tk

kpTx o Dexp (M) (1.6)

where D is the bandwidth of the conduction electrons, N(Ep) is the density of states of the
conduction band at the Fermi level and J is the coupling between the spins of the conduction
electrons and the spin of the magnetic impurity.

The ground state of the system corresponds to a Kondo singlet where the spin of the 4f and
conduction electrons couple antiferromagnetically, J > 0. In dilute magnetic alloys, these Kondo
singlets are randomly distributed and they act as elastic scattering potentials for the conduction
electrons which explains the increasing resistivity observed at low temperatures (figure 1.4) and at
the same time they give rise to a peak in the conduction density of states near the Fermi energy
known as the Kondo or Abrikosov-Suhl resonance [Abrikosov 1965, Suhl 1965| as shown in figure

1.3 a).
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‘ oy
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2

Figure 1.3: a) Single impurity Kondo effect gives rise to a peak (Abrikosov-Suhl resonance) in the conduction
density of states. b) In a Kondo lattice a narrow band of width kgTk of heavy quasiparticles is formed
[Coleman 2007].

Heavy fermions are often called Kondo lattices owing to the large concentration of localized
magnetic moments and the fact that they are periodically arranged. In a Kondo lattice, below a
certain temperature, T, coherent scattering among the quasiparticles develops and it is reflected
in the resistivity with a strong drop (and the FL regime (figure 1.4) ) as previously mentioned.
In 1985, Noziéres posed the question known as “the exhaustion”: if there is only one energy scale,
Tk (as in the single impurity case), only electrons within Tk of the Fermi level are eligible to
participate in magnetic screening of impurities®. This implies that few electrons must screen many
impurities |Noziéres 2005|. As a consequence, Noziéres suggested that the coherent FL regime
would appear for a T* <« Tx. A few years ago, Burdin demonstrated that this exhaustion problem
does not take place because in a Kondo lattice there are in fact two energy scales: one is related
to the onset of local Kondo screening (Tk) and the second, T™ is associated with the onset of the

3The other ones are blurred by thermal fluctuations and they can not achieve coherent singlets.
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Chapter 1. Theoretical Background

Fermi-liquid coherence regime. He also showed that in the exhaustion limit, n. < 1 (n. is the
number of conduction electrons), as Noziéres pointed out, 7% < Tk [Burdin 2000, Noziéres 2005].
Experimentally, it is very difficult to distinguish both temperatures. For the sake of simplicity, we
often consider that T* o« T o Timae and typical values are comprised between 1 K and 50 K.

In contrast to the impurity case, in a lattice, the density of states develops a real narrow band of
heavy quasiparticles near Er with an hybridization gap of width ~ kpTy , as depicted in figure 1.3
b). This implies that the previously localized f—electrons now are delocalized and participate in
the Fermi surface. This strong renormalization at the Fermi surface leads to the enhanced effective
masses in these systems.
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Figure 1.4: p(T) in the sizfold degenerated Anderson lattice (bottom curve) and for the single impurity
(upper curve). p;(0) is the resistivity at T=0 K per ion in the dilute limit. The inset shows both the impurity
and lattice curves in a logarithmic scale to bring out the In(T/Tk) dependence for the single impurity case
[Degiorgi 1999].

The Kondo effect causes a screening of the magnetic moments. Nevertheless, many heavy
fermion systems order magnetically at low temperatures. In metals containing a dilute magnetic
elements there is an additional interaction known as the Ruderman-Kittel-Kasuya- Yosida (RKKY)
exchange interaction. The magnetic impurities do not interact directly own to its localized character
but they couple to each other indirectly by polarizing the conduction electrons. A characteristic
energy scale is associated and defined as

cos(2kpr)

ksTrixy < J°N(Ep) .

(1.7)
where kr is the Fermi vector and r the distance between the magnetic impurities. This interaction
extends over a long range and it is damped with a sinusoidal oscillation of wave vector kr (Friedel
oscillations) [Ruderman 1954, Reinhold 1996]. Depending on r, the magnetic moments S; and 5;
(figure 1.5) can couple either ferro- or antiferromagnetically.

The competition between the RKKY interaction (inter-site), which favors long range magnetic
order and the Kondo effect (on-site), which tends to screen the magnetic moments, leads to different
ground states in heavy fermion systems which give rise to rich and complex phases diagrams. The
details of this competition are described in the section 1.2.
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1.2. Kondo lattices

Figure 1.5: Spin polarization around magnetic impurities contain Friedel oscillations and induces a RKKY
interaction between the spins S; and S; [Coleman 2007].

1.2 Kondo lattices

The Periodic Anderson Hamiltonian (PAM) is considered as the basic microscopic model for in-
vestigating the rich physics of heavy fermions [Anderson 1961, Hewson 1993]. It simulates the
hybridization between an atomic-like level (the 4f electrons) with strong on-site Coulomb repul-
sion interaction with a conduction band. Often, the PAM is written as follows

H = Z 8(1{3)8208]%— + Zé‘ff;rgfig +V Z(fiTUSw + SZafiU) + %U Z NicNj—o, (18)
k,o i 9,0 io
where sp, (fic) and sggg ( fjg) are the annihilation and creation operators for an electron in a
conduction-band state (localized f state), and n;, = f;fw is the occupation number operator for
the f states. e(k) is the dispersion relation for the conduction electrons and e is the position of
the f level. o corresponds to the spin index ¢ =1, ] whereas k characterizes the wave vector of the
conduction band.

The first two terms in (1.8) represent the kinetic energy of the conduction band and the energy ¢ ¢
of the f electron respectively. The hybridization between the f and conduction electrons is given
by the matrix element V in the third term. Finally, the last term corresponds to the Coulomb
repulsion, U, between two f electrons on the same lattice site.

Different regimes can be considered within this model. Here we will focus on two of them: the
Kondo and the intermediate-valence regime which are closely related with heavy fermions.

1.2.1 Kondo lattice hamiltonian

In the Kondo regime, each f orbital is occupied by a single electron, and PAM can be reduced to
the single-impurity Anderson model [Anderson 1961]. The Coulomb repulsion is the decisive term
of the model as it allows the local-moment formation if the impurity level (e¢) lies below the Fermi
energy, i.e., ey < 0, while 2e¢ + % > 0, and the bare hybridization width I' = 7NoV?2 is small, i.e.,
I' < gf,e + U. In this situation, the impurity level is mainly occupied by a single electron, i.e.,
n ~ 1, rather than being empty or doubly occupied and thus represents a local moment of spin 1/2
[Lohneysen 1994|. This is illustrated in figure 1.6 a) which is known as the Kondo limit ( n ~ 1).
In this regime, the low-energy physics can be described by an effective model where the
f—electron degrees of freedom are represented by localized spins, known as the Kondo lattice

hamiltonian?:

4Thus, The Kondo lattice hamiltonian is a particular case of the PAM that is obtained via the Schrieffer-Wolff
transformation (i.e., U — oo to obtain n & 1) [Schrieffer 1966].
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conduction
band

a) b
Kondo limit Mixed valence

Figure 1.6: Schematic level scheme of a localized orbital and a conduction band for different regimes: a)
Kondo limit where n = 1, e < 0 and I" < 5. b) the intermediate-valence (mized valence in the scheme)
regime where |e; — Ep| ~ T (see details in text) [Tsunetsugu 1997].

H= (e(k) — w)sh om0+ siSi, (1.9)
k,o 7

where u is the chemical potential and J is the coupling exchange between the conduction and
the f electrons.

1.2.2 Intermediate-valence regime

A different scenario takes place when € is located close to the Fermi energy as shown in figure 1.6
b). Now, |ef — Ep| = I" and both configurations, 4f" and 4f"=1 can be quasi-degenerated. This
corresponds to the intermediate-valence regime. Here, we refer to (“homogeneously”) intermediate-
valence systems®: globally the valence is not an integer number but all the sites are equivalent.
We talk about valence fluctuations on each site of the lattice between the two quasi-degenerate
configurations. The order of magnitude of the fluctuating frequency is about 10'? Hz [Kasuya 1996,
Sampathkumaran 1986, Varma 1976].

Many Yb-based intermetallic compounds are intermediate-valence compounds. In general, they
have smaller values of 7, about 102 mJ/(K?mol) and the average valency is between 2+ and
3+. Often at low temperatures these systems also show unusual temperature dependences in their
transport properties like heavy fermions [Kuramoto 1999]. As it will be discussed throughout this
work, the boundary between the heavy fermion regime (ny ~ 1) and the intermediate-valence

regime (ny < 1) often is not sharp but rather fuzzy.

1.2.3 Competition between Kondo effect and RKKY interaction: Doniach
phase diagram

Doniach [Doniach 1977] was the first to point out the important consequences of the competition
between the main two energy scales of a Kondo lattice, i.e. Kondo temperature and RKKY inter-
action. Both depend on the same exchange coupling J but differently. For small J values, Trxky

5In contrast to “inhomogeneously” mixed-valent compounds where different sites of the lattice have different
configurations like in some ferrites, e.g., Fe3O4 [Varma 1976].
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1.2. Kondo lattices

is larger than Tk and the system orders magnetically. Otherwise, for large J values, the formation
of Kondo singlets will lead to a larger energy gain and the ground state will be non-magnetic. This
competition is illustrated in the so-called Doniach phase diagram for a one-dimensional system as

shown in figure 1.7.
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Figure 1.7: The Doniach phase diagram shows the competition between the energies associated to the Kondo
effect (Tx) and the RKKY interaction (T'rix iy ) as a function of JD(EF) (in text corresponds to JN(EF))
for a one-dimensional system. T corresponds to the Néel temperature [Brandt 1984].

One of the major motivations on the study of heavy fermions is that in general, they are located
in the Doniach phase diagram for intermediate J values where Tk and Trx iy have similar values.
Thus, by varying J, these systems can be tuned from a magnetic to a non-magnetic ground state
by passing through a quantum critical point® (QCP) for a critical J = J. where Tx ~ Trrky
value. A QCP is reached when the magnetic order temperature is driven towards zero by varying
an external parameter other than temperature (e.g., doping, magnetic field or high pressure). In the
Doniach picture, the antiferromagnetic ordering temperature is driven continuously to zero through
a second order transition to the QCP.

Even though the original Doniach phase diagram was proposed for a one-dimensional system
and it does not take into account the effects of a non-integer valence, the above results can be taken
as a good suggestion to what might happen in real three-dimensional systems [Doniach 1977].

1.2.4 Crystal electric field

In rare earth (RE) ions, due to the localized nature of the f—orbitals, the spin-orbit (SO) in-
teractions are stronger than the crystalline electric field (CEF) (see table 1.1). The SO coupling
combines the spin (S) and angular momentum (L) into a well define state J.

Let us consider a RE ion with a stable 4 f™ configuration with a ground state multiplet |n, L, S).
This level is split by SO coupling into multiplets, |n, L, S, j) and |n, L, S, j') with energies E;, E;y =
E; + AE;j , with AEj; > 0 (Figure 1.8 a)). The degeneracy factor is N = 2j + 1. For example,
for the Ce ion, j = 5/2, j/ = 7/2 and A;j = 3150 K and for the Yb ion, j = 7/2, ' = 9/2 and
Ajj = 14800 K [Jensen 1991].

STechnically, a quantum critical point is a second-order phase transition that takes place at absolute zero.
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Chapter 1. Theoretical Background

d band in transition f band in rare-
metal compounds earth compounds
Bandwidth ~5 eV <107 eV
Spin—orbit splitting ~1071 eV ~1071 eV
Crystal field splitting . ~2 eV ~10"3 eV
Hund’s rule energy : ~1 eV ~1 eV
Electron—electron ~5 eV ~5 eV

repulsion (Hubbard’s U')

Table 1.1: Characteristic energy parameters for rare earth compounds compared to transition metal com-
pounds [Varma 1976].

In the presence of a CEF, the lowest multiplet |n, L, S, j) is split into multiplets, depending
on the point symmetry. An example assuming that the lowest multiple is split into two multiples,
In, L, S, j,7) and |n, L, S, j,~'), is given in figure 1.8 b); with degeneracies N, and N./, and energies
E,, Ey = E,+ Ay, where AE,,, >0 and N, + N, + N;.

Since the CEF is responsible for lifting the degeneracy of the Hund’s rule ground state multiplet
at low temperatures, it is also an important energy scale in heavy fermion compounds as it can
affect the magnetic properties of RE ions in Kondo lattices. If AE,,, < T, the low temperature
thermodynamics is governed by the energy scale kg1, the Kondo temperature associated with the
unsplit multiplet (with N;). On the contrary, if AE,,, > Tk, then Tk will be appropriate for the
lower CEF multiplet with a degeneracy factor IV,. In a real system, the low temperature properties
can be in general explained by the N = 2, (S = 1/2) Kondo model since most of the degeneracy is
lost due to the large CEF splitting.

Af" Af"
- o
J ]
7!
/
J ]
v
a) SO coupling b) SO coupling + CEF splitting

Figure 1.8: Scheme of the lower multiplets for a rare earth ion in a configuration 4f™ a) due to spin-orbit
splitting AE;;; and b) with the lowest multiplet split by a crystalline electric field with an energy AE....

1.2.5 Fermi-Liquid relations

In section 1.1, we have already mentioned that the Landau Fermi-liquid theory, firstly developed
to understand the electronic state of normal metals, successfully describes the physical properties
observed in HF systems at low temperatures which show strong correlations. Two of such constants
are the Kadowaki-Woods ratio and the Wilson ratio.
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1.2. Kondo lattices

1.2.5.1 Kadowaki-Woods ratio

The Kadowaki-Woods (KW) ratio is a relation between the electrical resistivity and the specific
heat. It has been noticed that several f—electron systems show a universal value A/y% = 1.0 x
1075 uQem(Kmol/mJ)? |Kadowaki 1986]. However, recently it was pointed out that there are
systematic deviations of the KW ratio in many HF compounds, especially in Yb-based systems
(e.g. YbCus, YbAgCuy, YbCuAl, YbNisGesz, YbInCuy, YbAls and the family YbT9Zngg) and for
Ce-based compounds such CeNigSiy which show A/9? ~ 0.4 x 107% puQem(Kmol/mJ)?. These
deviations can not be explained by specific characters of materials, such as carrier density, band
structure or anisotropy [Tsujii 2005]. Recently, it was suggested that the values of A/v? depend on
the degeneracy of the quasiparticles N, and so, a generalized KW ratio has been derived for systems
with general f-orbital degeneracy [Kontani 2004]. As discussed above, in a solid, N can vary due to
the competition between the CEF splitting and the Kondo temperature.

By considering the material dependence of N, the variation in KW ratio was estimated as
[Kontani 2004, Tsujii 2005]

A 1x107°
£

= W pSQem(Kmol /mJ)? (1.10)

If the value of N is determined experimentally, it is possible to define a normalized A and ¥
coefficients as

. A
A=

5N(J7V_ 1) (1.11)
TTINN )

Then we obtain again for A/3% ~ 1.0 x 10~°uQem(Kmol /m.J)? known as the grand-KW relation.
In figure 1.9 a) the A coefficient is plotted versus ~ for several HF compounds and also the KW ratio
for different degeneracies N (colored lines) calculated from eq. 1.10 are shown [Tsujii 2005]. In figure
1.9 b) the coefficient A and 4 are now plotted and we clearly observe how the experimental data
follows in good agreement the grand-KW relation (the dotted line), one of the most fundamental
relations in Fermi-liquid systems [Tsujii 2005].

1.2.5.2 Wilson ratio

Another relation in Fermi liquids is the so-called Wilson ratio (Ryy) that relates the susceptibility
and the specific heat at low temperatures [Rasul 1984]:

472 N
S S - (1.12)

RW:* s
vg*u(N?—1) (N -1)

where N is the degeneracy of the RE ion.

It was firstly deduced for the general Cogblin-Schrieffer model [Cogblin 1969]. For non-interacting
electrons Ry = 1, (N — oo) whereas it is enhanced in heavy fermions, e.g. Ry = 2 for a doublet
ground state with N =2, (S =1/2). A plot of v and x(0) (T" — 0) for a number of HF compounds
is given in figure 1.10 [Hewson 1993|. The straight line corresponds to Ry = 1. This plot shows
that both quantities are enhanced in a similar way in HF systems, probably caused by the spin
fluctuations.
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Figure 1.9: a) T? coefficient of electrical resistivity A vs T—linear coefficient v of specific heat for several
heavy-fermion systems with different degeneracy. Colored lines correspond to the KW ratio for several N
from eg. 1.10. b) Plot of A vs 7 for several heavy-fermion compounds. The dotted line represents the
grand-KW ratio given in text: A/37? = 1.0 x 1075 uQem(Kmol /mJ)? [Tsujii 2005].
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Figure 1.10: a) Plot of v and x(0) for a number of HF compounds. The straight line corresponds to the
Wilson ratio for non-interacting electrons, Ry = 1 [Hewson 1993].
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1.3 Quantum criticality

In this section we will first deal with the concept of a quantum phase transition. Next we will
introduce the basis of the main theoretical models that try to explain the unusual behavior, known
as non-Fermi-Liquid (NFL) behavior, often observed in heavy fermion compounds near a quantum
critical point, QCP.

1.3.1 Classical versus quantum phase transition

“Classical” or “thermal” phase transitions are characterized by an increase of the entropy of the
system with rising temperatures. If we take for example the molecule HoO, we are all familiar with
the phase transition between liquid water and ice. Another famous example is the ferromagnetic
transition of iron at 770°C, above which the magnetic moments vanish.

Phase transitions are commonly classified into first order (discontinuous) and second order
(continuous). The example of the phase transition between liquid water and ice is a first order
transition, where an amount of latent heat () is release at the transition temperature as the two
coexisting phases have different entropies (e.g.: Sice < Swaters! = T(Swater - Sice) # 0). In contrast,
in a second order phase transition, such as the ferromagnetic transition of iron, both phases do not
coexist and there is no latent heat associated. The transition point in this case is also called the
critical point. Both types of phase transitions can be characterized by an order parameter which
corresponds to a thermodynamic property. In a first-order transition, the order parameter shows a
jump, i.e., is discontinuous, at the transition temperature whereas the order parameter in a second-
order phase transition varies continuously and vanishes at the disordered phase. Sometimes it is
easy to define the order parameter like in the previous examples, e.g. the density in the liquid-solid
transition and the total magnetization for the ferromagnetic transition, but sometimes the choice
is not trivial.

For classical phase transitions, a system in thermal equilibrium will acquire the state that
minimizes its free energy:

F(p,T,H)=E(p,H)—TS(p,H). (1.13)

where p, T', and H are control parameters: pressure, temperature and magnetic field respectively.
For the molecule HyO, the internal energy E(p, H) is determined by the interactions between the
molecules and it is minimized in the crystalline ice structure. The entropy, S(p, H), as explained
by Boltzmann, is a measure of the degree of randomness in a phase. Clearly, the entropy is larger
in the liquid phase. It is now easy to see that at low temperatures, F(p, T, H) will be smaller in
the ice phase, while at higher temperatures the contributions of the entropy, S(p, H), to the free
energy, F(p, T, H), become more important, and the free energy of the liquid water phase is lower.
The free energies of ice and liquid water cross each other at 0°C, accounting for the phase transition
at this temperature.

Strictly speaking, a quantum phase transition takes place at absolute zero temperature where
the system is driven between two different ground states by only varying E(p, H) with an external
parameter (e.g.: pressure, doping or magnetic field). Phase transitions at 7' = 0 are dominated by
quantum effects, in contrast to classical phase transitions at 7' > 0. Luckily, because all experi-
ments are necessarily at some nonzero temperature, quantum phase transitions leave characteristic
fingerprints in the physical properties of materials at 7" > 0 that the theory of quantum phase
transitions has tried to describe [Sachdev 2011].
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1.3.2 Non-Fermi-Liquid behavior

At the vicinity of a QCP the macroscopic physical properties of heavy fermions often exhibit strong
deviations from Fermi-liquid theory, e.g., near the field-induced QCP in YbRh,Sis [Custers 2003]
and CeCug_,Au, for x ~ 0.1 [Lohneysen 1994] to cite but a few examples. For a thorough experi-
mental review see [Stewart 2001].

Even though the anomalous properties in the Non-Fermi-liquid (NFL) region are not equal for
all systems they share some similarities:

e C/T increases at low temperatures and theoretically diverges. Often it shows a singular loga-
rithmic temperature dependence C/T ~ —logT /Ty, or close to 1/T%/? to lowest temperatures.

e The resistivity does not exhibit the standard T2 dependence. Usually it can be expressed as
p(T) = po + AT™ where n < 2.

e An increase or even a divergence of the susceptibility when T' — 0 like x(T") =~ 1/T™.

Figure 1.11 a) shows the specific heat data for different concentrations in the vicinity of the
critical Au concentration z. = 0.1 in CeCug_,Au, where NFL is observed between 0.06 K and
2.5 K (over almost two decades in T). The bump in the specific heat curves corresponds to the
antiferromagnetic transition. In panel b), the temperature dependence of the electrical resistivity
for two different doping x = xz, = 0.1 and z = 0 are shown. Clearly, at x = 0.1 the linear
p(T") dependence signals NFL behavior whereas for x = 0 the system follows the characteristic FL
behavior of HF compounds |Léhneysen 1996].
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Figure 1.11: a) Specific-heat data for several concentrations in the vicinity of the critical Au doping x. = 0.1.
b) The temperature dependence of the p is shown for two different concentrations x = 0.1 and x = 0. NFL
behavior is observed for x = 0.1 [Léhneysen 1996].

1.3.3 Theoretical approaches of quantum criticality

Mainly two different theoretical approaches are currently used to explain the NFL behavior that
arises near a QCP: the spin density wave (SDW) instability or global criticality, and the Kondo
breakdown scenario or local criticality.
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1.3.3.1 Spin density wave scenario

Several theoretical models [Hertz 1976, Millis 1993, Moriya 1995] take into consideration the mag-
netic fluctuations to describe the phase diagram near the critical region. In the paramagnetic phase,
spin fluctuations become stronger as the system is driven close to the QCP and the associated en-
ergy, Tsy, becomes larger. The magnetic correlations are characterized by a correlation length, s,
and by a relaxation time, 7, which are related as follows

TR & (1.14)

where z is the so-called critical exponent and depends on the nature of the fluctuations; z = 2 for
antiferromagnetic fluctuations and z = 3 for ferromagnetic ones. Both, £ and 7, diverge at the
QCP but 7 does it faster. In this region NFL behavior is found.

The self-consistent renormalization (SCR) theory proposed by Moriya et al. is based in weakly
interacting spin fluctuations above a 7" = 0 phase transition. The dynamical susceptibility, x(q,w),
takes into account the coupling among different modes of spin fluctuations in a self-consistent
manner. The equation of x(¢,w) for a three-dimensional antiferromagnetic metal contains two
characteristic energy parameters T4 and Ty, which are related to the spin fluctuation energies in
w and ¢ space [Stewart 2001]. In this model, x(¢q,w) is enhanced and increases with decreasing
temperature at the well-defined wave vector @) of the magnetic structure.

Table 1.2 shows the temperature dependence of resistivity, specific heat and susceptibility ob-
tained from the SCR model for two and three dimensions in a ferro- (FM) or antiferromagnetic
(AFM) system.

C/T P~ ™ XQ
FM 3D —InT T°/3 T—4/3
oD T~V 743 7 1/InT
AFM 3D T1/2 T3/2 T-3/2
2D —InT T —InT/T

Table 1.2: Temperature dependence of the macroscopic properties (specific heat, resistivity and dynamic
susceptibility) within the SCR model at the quantum critical point.

A crucial aspect of the spin density wave (SDW) scenario is that as the FL undergoes a transition
to a SDW metal at the QCP, the local moments remain screened across the phase transition, i.e.,
the heavy quasiparticles survive on both sides of the transition and the lattice Kondo temperature
stays finite at the QCP. Therefore, the Fermi surface volume remains constant at the transition
with a folding of the Brillouin zone due to the appearance of the magnetic order. This folding
modifies the shape of the Fermi surface with some singularities at the “hot” lines regions. The
schematic phase diagram for the SDW scenario is illustrated in figure 1.12.

For a long time the SDW theory has been applied to explain the experimental results and some
systems can be understood very satisfactorily within this model (e.g., CeRusSis and itinerant d-
electron systems). Many systems, especially Ce-base compounds, qualitatively follow the theoretical
predictions with some discrepancies. It should be noted that this theory is however rather crude
in several aspects, for example, the real Fermi surface shape or disorder effects are not taken into
account. Rosch [Rosch 2000] has shown that microscopic disorder can have strong effects on the
critical exponents of the SCR theory.
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Figure 1.12: Schematic phase diagram of the SDW scenario of quantum criticality. The Kondo temperature
is not affected when crossing through the QCP (top panel) whereas Ta the characteristic spin fluctuation
temperature collapses at P,, the critical pressure. The volume of the Fermi surface is unchanged, but due to
the folding of the Brillouin zone (dotted lines on the bottom panel) hot spots can appear (red regions).

1.3.3.2 Local quantum criticality

There are some systems that show larger discrepancies and can not be explained within the SCR
model. For example, the anomalous behavior close to an AFM QCP in some heavy fermion sys-
tems like CeCug_,Au, and YbRhoSio is inconsistent with the Moriya-Hertz SDW scenario. For
CeCug_,Au, series, inelastic neutron scattering measurements have shown that the magnetic in-
stability near P, appears to involve all the wavevector response instead of a well defined Q wave
vector. That has led to derive the so-called local criticality model. The main feature in this model is
a Fermi surface instability at P. that corresponds to the so-called “Kondo breakdown” picture. The
heavy-quasiparticles in the paramagnetic state do not survive through the QCP due to competing
magnetic fluctuations. Therefore, an abrupt change in the Fermi surface, passing from a large to
small one, is expected.

The schematic phase diagram proposed within this model is shown in figure 1.13. From an
experimental point of view, the collapse of the Fermi surface might be detected via photoemission
and de Haas-van Alphen measurements. Transport properties like the Hall conductivity will show
a jump upon crossing the transition at low 77. CeRhySip and CeRhIns are two compounds where
dHvA experiments show clearly a FS change at P, and an excellent agreement between dHvA
frequencies with band structure calculations are found (assuming that below P, the 4f electrons
are localized and above P, they are itinerant).

"In the SDW approach the Fermi surface evolves continuously, and the Hall coefficient displays a kink, but not a
jump.
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1.4. Ce versus Yb systems

Figure 1.13: Schematic phase diagram of the local quantum criticality. In this model it is stressed the
reconstruction of the Fermi surface (FS) with the image of a small FS in the AF phase and a large FS in
the PM phase. The modification of the F'S may be achieved trough a crossover regime at 17 ..

1.4 Ce versus Yb systems

Up to now we have talk about the physical properties of the 4 f systems in general. In this section
we will focus on a sub-group of particular interest, classified with the rare earth ions Ce and Yb.

In 1975, Andres et al. discovered the first heavy fermion compound, CeAls [Andres 1975]. Since
then, several Ce-based HF compounds have been discovered and extensively studied like CeCusg,
CeRugSig, CePds, Celng and the 115 family CeMIns (M=Co,Rh,Ir), to cite but a few examples.

The first Yb-based HF compound, YbCuAl, was found in 1980 by Mattens et al. [Mattens 1980|.
Even though there are also several Yb-based HF compounds like YbAls, the YbM3Sis family
(M=Cu, Rh, Pd) and the recent YbT9Znyy family (T=Ir, Co, Rh, Ru), one question arises almost
inevitably: “Why Ce-based HF compounds are so popular compared to Yb-based HF compounds?”.

Several arguments may help to answer this question. First, due to the “lanthanide contraction”
(see figure 1.1), Yb ions in intermetallic compounds show more localized character than Ce (the
radial extension of the 4f orbital is 0.37 A and 0.25 A for Ce and Yb respectively [Waber 1965]).
Also, Yb tends to form the divalent state which is the same as the non-magnetic Lu, so relatively
few compounds with trivalent Yb have been found [Thompson 1994]. Additionally, difficulties in
single crystal growth due to the rather low vapor pressure of Yb has limited the rapid synthesis
and discovery of new materials. Finally, higher pressures are often needed to study the (P — 7))
phase diagram region near the QCP, and their magnetic ordering temperatures are in general lower
compared to their Ce counterparts. So roughly speaking, the study of Yb-based intermetallic
compounds requires more experimental efforts.

Interestingly, both Ce and Yb ions can fluctuate between a magnetic trivalent state (Ce3™ (4f1)
: Yb3t, (4f13)), and a non-magnetic state corresponding to the tetravalent state for Ce with an
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empty 4f shell, and a divalent state for Yb with a full 4f level according to the following scheme:

Cce3t = Ce*t 4 5d; v =4 —ny

1.15
Y0¥ =Y +5d; v=24+n, ( )

As we will see in detail in the next section, the asymmetry in the liberation or absorption of
a 5d electron for a deviation of ny from unity between Ce and Yb has important consequences
in their pressure behavior [Flouquet 2009]. Pressure tends to increase the delocalization of the 4 f
electrons in both cases: the non-mangetic (4f°) state is favored for Ce at high pressure whereas in
Yb it is favored the magnetic (4f1?) state which has a smaller ionic radius than the divalent state.
Hence, the magnetic Yb state with 13 electrons (one hole) in the 4f shell is often considered as the
“hole” equivalent of trivalent Ce. This analogy is also used to calculate the valence (eq. 1.15) of
the RE ion as a function of the number of f electrons (ns for Ce) or number of holes (ny, for Yb).

1.4.1 Beyond the “hole” equivalent picture

From a theoretical point of view, a unified description of both Ce and Yb compounds is possible
through the electron-hole symmetry in the Anderson Hamiltonian. In both cases, the hybridization
between localized 4f and conduction electrons couples an empty 4f (full 44 for Yb) state with a
degenerate f1 (f13) state [Malterre 1996].

There are however, important differences between Yb and Ce. One of them has already been
mentioned: the deeper localization of the 4f electrons in Yb leads to a much narrower width, A,
of the 4f level and the hybridization, V', is weaker than in the Ce case. Both quantities are related
as follows:

A =V2N(EF) (1.16)
Another factor that reinforces the local atomic character of the Yb case is the stronger spin orbit
(SO) coupling \;s which splits the j =1 — s and j = [ + s 4f levels (j = 5/2 for Ce?* and j = 7/2
for Yb3*+). The SO coupling is almost five times higher for Yb than Ce [Brooks 1996].

20

(4]
1

Bandwidth (eV)
|

(6]
1

Atomic Number

Figure 1.14: Widths of the d and f bands compared with SO splitting for the transition metals, rare earths
and actinides [Brooks 1996].

As a result, there is a difference in the hierarchy of the relevant energy scales between Ce and
Yb, ie., CEF (Acgr), SO coupling (A) and 4f level width A. From figure 1.14 we can infer
the hierarchy between A and A for Ce and Yb and we know that in general the CEF splitting
in rare earths is less strong than the SO coupling (see section 1.2.4). So the hierarchy for Ce is
A >\ > Acgr whereas for Ybis A > A > Acgr.
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1.4. Ce versus Yb systems

The relevant result, as discussed in more detail in [Flouquet 2005, Flouquet 2009] is that in Yb
systems the formation of the heavy fermion state may take place for a much wider range of the
valence than in Ce.

Photoemission measurements support this argument by reflecting that the differences between
Ce and Yb are based on a smaller interconfiguration energy in the Yb case. The 4f% and the
4f' configurations for Ce are separated by about 2 eV whereas the energy separation between the
divalent and trivalent configuration in Yb can be less than 100 meV favoring a strong configuration
mixing [Malterre 1996].

1.4.2 Doniach picture for Yb HF compounds

Pressure is one of the cleanest ways to tune the competition of Tk and Trx xy and drive a system
through its magnetic instability at the QCP. The lattice parameters change by applying pressure and
thus the coupling between the conduction and the f—electron wave functions. In the case of strong
Coulomb repulsion within the f—orbital (U — oo) the exchange coupling J, the hybridization
matrix element V', the width A and the energy €4 of the 4f level fulfill the following relation

A V2
JN(EF) ~

PO (S — 1.17
ley — Ep| lef — Erl (L17)

where A = VEN(Ep).

For Ce systems, the f-level becomes wider under pressure and the energy of the 4f level also
increases moving towards Er. Thus, both effects combine to drive the system towards increasing
J in the Doniach phase diagram, which leads to the suppression of the magnetic order as reflected
in figure 1.7 even if the valence may still be close to the magnetic Ce3* configuration.

For Yb the situation is less straightforward as the dominant effect will be the relative change
of ey to Er. Notice that now e is the energy of the 4f hole and it lies above Er as indicated in
figure 1.15.

Er
Ce —
&
Yb —]
P
e

Figure 1.15: The position of € relative to Er is indicated for Yb and Ce systems. The arrow indicates
where €y moves with pressure.

Therefore, e — Ep| will increase with pressure, driving the system towards decreasing J, i. e.,
decreasing Tk and increasing Tri iy, in the Doniach diagram and so inducing magnetic order. So
Yb systems should behave as the mirror image of the Ce Doniach phase diagram. However, for Yb,
A also increases under pressure. This implies, that the terms in J may be in competition, leading to
a less effective pressure effect in ytterbium systems compared to cerium. As e is strongly linked to
the valence, if the valence change of Yb with pressure is weak, J may vary very little with pressure
or it could even increase.
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Figure 1.16: Schematic representation of Doniach phase diagram where the estimated locations of various Ce
and Yb compounds are indicated qualitatively. Ty is the magnetic ordering temperature, and o = |Jy N (Ep)|.
The position of a given Ce (Yb) system in this diagram moves to the right (left) as pressure is applied (see
more details in [Cornelius 1995]). The position of YbCuySiz has been added (P, ~ 8 GPa). Its position
has been chosen from a qualitative comparison with the position of YbCuAl (P. ~ 10 GPa).

To illustrate this “mirror image” between Ce and Yb systems, in figure 1.16 adapted from
[Cornelius 1995] the estimated locations for several Ce and Yb compounds are indicated in the
Doniach phase diagram. The position of YbCusSis (P, =~ 8 GPa [Colombier 2009]) has been
added. Its position has been chosen from a qualitative comparison with the critical pressure of
YbCuAl, P. ~ 10 GPa. The magnetic ordering temperature Tp/T]"** (Tp corresponds to the value
at ambient pressure whereas 73"*" is its maximum value in their respective P — T phase diagrams)
is plotted as a function of & = |JyN(EF)|, and oy, corresponds to the value where Ty = T3"**. The
position of a given Ce (Yb) system moves to the right (left) as pressure is applied as indicated by
the red (blue) arrow.

Nevertheless, this simple “electron-hole” Doniach picture is far from being universal and not all
the Yb-based HF compounds follow it as we will see throughout this work.

1.4.3 Pressure dependence of Tx in Ce and Yb systems

In Ce heavy fermions Tk increases continuously with increasing pressure whereas in Yb systems it

decreases. To characterize the dependence of T on pressure or sample volume,V | for a given system

the Griineisen parameter is a convenient parameter: ) = —aal?nT‘ﬁ?. It is positive for Ce systems

and negative for Yb compounds as reflected in table 1.3, where the value of () are summarized for
several compounds.

In a recent work, Goltsev et al. have given an explanation for the pressure dependence of Tk
for Ce and Yb systems and the negative Griineisen parameter in Yb by introducing an additional
mechanism of interaction between the localized f electrons and the lattice. In brief, this interaction
takes into account lattice deformations produced by fluctuations of the ionic radius of RE ions
which accompany valence fluctuations of the ions [Goltsev 2005]|. As this approach differs from the
previous Doniach picture (where no charge fluctuations are taken into account) we consider it was
worthy to mention the main results of this study.

Goltsev et al. have added an electron-lattice coupling term in the Anderson Hamiltonian that
takes into consideration the local lattice strain caused by a change of the valency of the f ions by
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1.4. Ce versus Yb systems

Ce compounds | € | Yb compounds |
CeRusSis 80 YbCusSis -48
CeCug 115 YbCuy s -23
CePt2Sis 26 YbCuAl -50
CelnCusy 83 YbCugAg -28

Table 1.3: Some values of Q for several Ce and Yb systems (from [Cornelius 1995]). Ce systems have in
general higher values of @ and opposite sign of Yb systems reflecting the different pressure dependence of
Tk.

a value of Av 8,
The energy of this interaction can be written as follows:

Efl = NfDZ'JBjZ‘AV (118)

where ej; is a strain tensor, i,j = x,y,2. Ny is the total number of f electrons in the lattice 9,
The conventional hybridization between f and conduction electrons is expressed here as

V = Vyexp(—rep) (1.19)

where r > 0.
For the sake of simplicity we skip here some of the steps and we go directly to the main results.
The Griineisen parameter in this model is expressed as follows:

dInTg dInTg 2r T
Q=-— = — = — 4+ —(nds+2 — F 1.20
— G| = Nt v+ 20— Eop) (1.20)

where I'g = I'(eg = 0) 1% and Ej; is the bare energy of the f—level without taking account this
lattice strain contribution.

The experimental Griineisen parameters for Ce and Yb systems can be understood in terms
of the two interactions (1.18) and (1.19). For Ce (n = 1) both give a positive contribution to 2
whereas in Yb (n = —1)the electron-lattice interaction gives rise a negative contribution and € is
negative for dy > 2r(T)/(m + p — Eoy).

In figure 1.17 there is a schematic behavior of the pressure dependence of Tk, the exchange
coupling, J and the ratio R = TRTI,‘%. For Ce compounds both, the Kondo temperature and the
antiferromagnetic exchange J increase monotonously with pressure whereas in Yb compounds both
decrease at low pressures and show a wide broad minimum at higher pressures. This result agrees
with the pressure dependence of the resistivity found in several Yb-based compounds like YboNig Al
[Winkelmann 1998|, YbCusSiz [Winkelmann 1999] and YbRhySis [Plessel 2003]. Additionally, the
Tk (P) dependence obtain in this model has been compared with experimental data for YbCusSia
and qualitative and quantitative agreement is found.

8The authors expressed the valency v of Yb and Ce as v = 3 + Av where v is positive for Ce and negative for
YD ions. The microscopic origin of this lattice strain is related with the Coulomb repulsion between f electrons and
electron shells from nearest neighboring atoms caused by a change in the ionic radius of the RE ion when the valence
fluctuates between two configurations f™ and f™!.

9For a cubic lattice the energy tensor is D;; = d;;dy and Ey; takes the form Ej; = djepAv where ep =
€zz + eyy + €. is the bulk strain related to a change of volume ,v, as eg = Av/v. The coupling constant D is
assumed to be positive.

1T = 7 |V|? 6 characterizes the broadening of the f level. Further details in [Goltsev 2005].
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Figure 1.17: Schematic pressure dependence of the normalized Tk, the normalized exchange coupling J
and the ratio R = TR%‘KY. The dashed curves in panel a) demonstrate the influence of the CEF splitting
on Tk (P) for the case Acpr = Tk (Acgr = 0)/3, for an independent pressure CEF. The dotted curve in
panel c¢) shows a critical value R, at the QCP [Goltsev 2005].

The competition between the Kondo effect and magnetic ordering is expressed by the ratio R.
In accordance with the Doniach approach, it is argued that a critical value R, of the ratio R exists
when a QCP occurs. For a Ce system R decreases monotonously and crosses the QCP R(FP,) = R,
at a critical pressure P.. For Yb compounds, R(P) has a different behavior and shows a very broad
maximum over a large pressure range.

At low P pressure moves Yb from the Kondo regime towards a regime with stable magnetic
moments as R(P) increases. As a function of the initial R(P = 0) value, the system may reach
a QCP (if R(P = 0) < R, and max(R(P) > R.) or not (if max(R(P) < R.). Unfortunately, for
a fully determination of the phase diagramn, other mechanisms as the CEF have to be also taken
into account. Nevertheless, the results obtained by Goltsev et al. may be useful to understand the
effect of pressure in the phase diagram of HF compounds, especially for certain Yb systems that
do not follow the Doniach picture (e.g: YbRhoSia).

1.4.4 First-order Valence instability

An intriguing aspect in intermediate valence systems is the nature of the valence change. Very often,
it corresponds to a smooth and continuous valence-crossover in P and T between the two 4f" and
4"~ configurations. Only few examples in literature show a sharp valence change corresponding
to a first-order valence transition'! (FOVT).

An archetypal example of a FOVT is the v — « transition in metallic Ce [Koshimaki 1978]. As
a function of temperature or pressure it undergoes a first-order isostructural (fcc — fec) phase

LA FOVT is an isostructural phase transition showing a valence jump of Ce or Yb ion when T and/or P are
varied.
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1.4. Ce versus Yb systems

transition from the y-phase, stable at ambient conditions, to a low-temperature (or high-pressure)
a-phase, with a loss of magnetic moments and a huge (15%) volume reduction [Dallera 2004]. The
FOVT line reaches a critical end point at (P,7) = (2 GPa,600 K) as shown in figure 1.18 a).
Above the CEP the valence change is not sharp anymore but a crossover, signaled by a valence-
crossover line, T)y. The 4f occupation varies between ny ~ 0.95 in 7-Ce and ny ~ 0.85 in a-Ce
[Dallera 2004].

In contrast to the FOVT in Ce, metallic Yb is divalent in the fcc phase (0-4 GPa) and trivalent in
the hep phase (above 30 GPa). A continuous valence transition towards the trivalent configuration
is observed in the bee phase (4-30 GPa) [Syassen 1982].

However, there is also a relevant example of a FOVT in Yb systems, YbInCuy [Felner 1986,
Kojima 1989]. At temperatures above T, > 42 K, YbInCuy is characterized by a Curie-Weiss
temperature dependence in magnetic susceptibility and a semimetallic behavior in transport mea-
surements due to its localized 4f electrons. At T, there is a FOVT accompanied by a volume
increase of +0.5%. The volume expansion induces strong charge hybridization and a change in
the Yb valence from 3+ at T" > T, to an intermediate-valence value of 2.94 below T, and an
enhanced Pauli-like susceptibility corresponding to a modestly large v = 50 m.J/molK?2. Applied
pressure stabilizes the high-temperature 413 configuration to progressively lower temperatures
and eventually drives T, to T'= 0 near 2.5 GPa as illustrated in figure 1.18 b).

a) Ce b) YbInCuy
I(K) ; I(K)
a 100E
phase F (71; large)
600F CEP

400r 10
o phase i
{71 small
200 !
IS TS SN E— l M e
0 2 P(GPa) 0 2 P(GPa)

Figure 1.18: (P —T) phase diagram of a) metallic Ce and b) YbInCuys. a) The FOVT between the v — «
transition terminates at the critical end point (CEP). Above CEP, T marks the valence-crossover line. b)
The FOVT is suppressed under pressure. The shaded area represents the magnetically ordered phase. ny
denotes the number of holes per Yb [Watanabe 2009].

Recently, critical phenomena associated with charge degrees of freedom, in particular valence
instability and its critical fluctuation, have attracted much attention. Valence fluctuations diverge
at the CEP of the FOVT (like density fluctuations diverge in the liquid-gas transition). When the
temperature of the CEP is driven to zero by an external control parameter a quantum critical end
point emerges (QCEP) or also known as valence quantum critical point (V-QCP). At the QCEP,
diverging valence fluctuations are considered to be coupled to the Fermi-surface instability and this
mechanism may be a key origin to understand the anomalies observed in many Ce- and Yb-based
heavy-fermion compounds [Watanabe 2011].
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For example, it has been recently discussed that the pressure-induced enhancement of the su-
perconducting transition temperature 7, and associated anomalies observed in CeCuz(Ge,Si)y may
be understood as due to the critical valence transition of the Ce ion under pressure [Miyake 2007,
Rueff 2011]. Other compounds that do not follow the conventional spin-fluctuation theory or the
Kondo breakdown scenario (see details in section 1.3), e.g., YbRhSiz'2, B-YbAIB, and YbAuCuy
suggest that quantum criticality of valence transitions may be an important mechanism to under-
stand unconventional critical phenomena [Watanabe 2010b].

The minimal model that describes the physics in Ce- and Yb-based HF compounds exhibit-
ing valence transition is based on the extended periodic Anderson hamiltonian |[Watanabe 2008,
Watanabe 2010b, Watanabe 2011]

H = H.+ Hy + Hpyp + Hy,, = Hpan + Huy,, (1.21)
N

Hy,, = Uy ning (1.22)
=1

where H., Hy and Hpyp, correspond to the PAM hamiltonian (1.8) and Hy,, is an extra term
that accounts the repulsion between f and conduction electrons (U fc). The occupation number
nt=y_ Zi\il <a;raaw> /N where a = f or ¢ and N is the number of sites in the lattice. Hy,, is
the key ingredient for explaining the valence transition as well as the anomalies caused by enhanced
Ce- or Yh-valence fluctuations: a T-linear resistivity, an enhancement of the residual resistivity,
the Sommerfeld constant and Ti. [Watanabe 2011]. Within this model the filling n = (ny + n.)/2
is set slightly smaller than 1 (half filling) as is often the case in Ce- and Yb- HF systems.

For the sake of simplicity we will focus only in the main results of the model. In figure 1.19 the
ground state phase diagram in the (Uf.-e5) plane is shown. When € is deep enough, the Kondo
regime with ny ~ 1 is realized. As ey approaches the Fermi level, the f electrons are moved into the
conduction band via hybridization, giving rise to the intermediate-valence (mixed-valence) regime
with ny < 1. Notice that the valence transition is a different process than the localized-to-itinerant
transition of f electrons. The FOVT between both regimes is caused by large Uy, since electrons
are forced to pour from the f level to the conduction band and then the level crossing between
the Kondo and the intermediate-valence regime shows a discontinuous jump in n; = 9 (H) /Oey.
The FOVT line in figure 1.19 a) finishes at the QCEP, at which the jump in ny disappears but
the valence susceptibility (i.e., valence fluctuation) x, = 0 (H) /85? = —0ny/0ey diverges. The
dashed line represents the crossover line where x, has a maximum as a function of €; and Uy,
implying that valence fluctuations are also developed. The Fermi surface is supposed to be always
large as the hybridization between f and conduction electrons is finite in all the Ug.-c¢ plane
[Watanabe 2011, Watanabe 2010a]'3. Up to now we have discussed the ground state (T = 0 K)
of the (Usc-cf) plane. When we add a temperature axis we obtained the (7" — Us. — €¢) phase
diagram as shown in figure 1.19 b). The previous FOVT line at T = 0 K now is the line at the
bottom FOVT surface (red surface). The critical-end line exhibiting diverging valence fluctuations
(xv» — 00) separates the FOVT surface and the valence-crossover surface (yellow surface).

Most of Ce- and Yb-based compounds have moderate Uy, due to its inter-site origin: the
conduction electrons are often supplied by other elements than Ce or Yb (e.g., the 4f electrons on

12The discussion of the nature of the quantum criticality in this compound has risen a big controversy and it will
be discussed in chapter 5.

13The Fermi-surface volume will not change as long as the system remains in a paramagnetic state in both sides
of the FOVT or valence-crossover.
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Figure 1.19: Schematic phase diagrams of a) Us. — ey plane at T =0 K and b) T — Us. — 5. a) The
FOVT line (red) terminates at the QCEP (filled point signaled as QCP) and sharp valence crossover occurs
above the QCEP (dashed line). b) the FOVT surface (red) and the valence-crossover surface (yellowish) are
separated by the critical-end line (blue thick line) [Watanabe 2009].

the Ce site and the 3p(4p) orbitals of Si are responsible for the bands in CeCusSiz). Hence they
are located in the intermediate valence crossover regime. This is consistent with the experimental
fact that most of those compounds do not show a FOVT, but a valence crossover. In contrast, Ce
metal, which shows a FOVT, has a large Uy, due to its on-site origin: f and conduction electrons
comes from the same Ce ion [Watanabe 2010a]. The magnitude of the valence jump in the FOVT
is not very large about 0.1 (e.g., in the v — « transition in metallic Ce and in YbInCu4). Therefore,
the magnitude of the valence change at the valence crossover for moderate Uy, compounds is
smaller than that at the FOVT, about only 0.01 as observed in YbAgCuy at the valence-crossover
temperature, T,) = 40 K [Watanabe 2010a]. Nevertheless, Ce- and Yb-based HF compounds can
be affected by the proximity to the QCEP by applying an external control parameter as pressure
or magnetic field.

Field-induced valence crossover

Watanabe et al. have proposed that the magnetic field is an efficient parameter to change the
critical end point of the FOVT to a QCEP [Watanabe 2008]| as shown in figure 1.21.
They applied the Claudius-Clapeyron relation for the FOVT temperature T5,:
dT, _ _mx —myy (1.23)
dh S K — S Jave
where m, S and h denote the magnetization and entropy in the Kondo (K) and the intermediate-
valence (IV) regime and the magnetic field respectively. It turns out that in the Kondo regime the
magnetization and the entropy are larger than in the IV regime [Watanabe 2008|, and T}, is then
suppressed by applying h and eventually a QCEP is reached [Watanabe 2009]. At the same time,
Teogrp (blue curve) is also supressed. To understand how the QCP of the FOVT is controlled by h
at T'= 0 is not trivial.
The ground-state phase diagram of the (Ug.-¢f) plane under magnetic field is shown in figure
1.21. It has been obtained by introducing the Zeeman term in (eq. 1.21)
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Figure 1.20: a) Schematic (T — P —h) phase diagram showing the FOVT surface. P is a control parameter
(pressure, doping). The critical end points form a continuous transition line that reaches T =0 at a QCP
(QCEP). b) FOVT line in the (T — h) phase diagram for a constant P [Watanabe 2009].

Hy=-hy (Sif” + S§Z> (1.24)
1

where h = gupH and g is the Landé factor. Under field, the system is forced to be closer
to the Kondo regime. Additionally, the QCEP can change significantly under h showing a non-
monotonic dependence. The origin of the upturn is related to the relative strength between h and
Tk (see |Watanabe 2008| for further details). If Ce- and Yb-based compounds are located just on
the locus of QCEP’s for h > 0 (the grey line), metamagnetism will be observed at h = h,, at
the QCEP. Therefore, not only the valence susceptibility x, diverges at the QCEP but also the
magnetic susceptibility, xg = —0m/0h [Watanabe 2008, Watanabe 2009)].
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Figure 1.21: Field dependence of the ground state phase diagram in the (Us.-<;) plane. The grey line
connects the QCEP under h, which is a guide for the eyes [Watanabe 2009].

In literature, measurements of the valence under magnetic field are still very scarce but highly
desirable to contrast them within the theoretical predictions. In this work we will present some
experimental data on the valence measurement under magnetic fields up to 10 T for several heavy
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fermion compounds (Ce, Yb and Sm-based HFC).

1.4.5 Unconventional superconductivity

Just a few years after the first HF compound was reported, CeAls, Steglich et al. discovered the
first HF superconductor, CeCugSia [Steglich 1979]. This finding definitively boosted the interest in
heavy fermions.

The discovery of superconductivity in HF compounds revealed new surprising features: the
anomalous large jump in the specific heat A ~ vT,.'* proved that superconductivity was indeed
coming from the heavy quasiparticles which form Cooper pairs instead of the light conduction
electrons. This discovery was initially surprising since the addition of magnetic impurities is usually
pair breaking in classical BCS superconductors with s-wave paring type [Tinkham 2004].

Magnetic fluctuations as a pair mechanism

In HF compounds, superconductivity often occurs in presence of magnetic ordering and at the prox-
imity of a QCP where strong spin fluctuations arise. This suggest the possibility of unconventional
pairing with a complicated order parameter.

There are several theoretical models that consider magnetic fluctuations as the mechanism to
form Cooper pairs instead of the classical electron-phonon interaction, especially after the discovery
of the high temperature superconductors. Among the theories concerning heavy fermion compounds
[Pines 1990, Moriya 2000, Monthoux 2001] we will briefly mention the main conclusions from the
work of Monthoux et al. based on mean-field theory for nearly antiferromagnetic and ferromagnetic
metals in two and three dimensions:

e ferromagnetic fluctuations favor a p-wave (spin triplet) pairing whereas antiferromagnetic
fluctuations favor a d-wave (spin singlet) pairing. Magnetic pairing is more robust in quasi-
2D than in 3D systems.

e Antiferromagnetic fluctuations are more favorable for magnetic pairing with a critical tem-
perature almost 10 times larger than for ferromagnetic fluctuations.

For both conventional and unconventional superconductivity the order parameter can vanish on
lines or points on the Fermi surface but for unconventional superconductivity there is a change in
the sign of the order parameter at these points which implies that there is no gap in these special
directions. Consequently, there are no exponential temperature dependence of physical properties
below the critical temperature but simple power laws.

Valence fluctuations as a pair mechanism

As previously mentioned, the magnetic fluctuations that arise around a QCP are held responsible
for electron pairing. However, in some HF materials, like CeCusSis the superconducting phase
extends beyond the QCP [Bellarbi 1984, Holmes 2004], sufficiently far from magnetic ordering to
consider other pairing mechanisms. CeCugSis exhibits a two-dome superconducting region under
pressure, where T, peaks at P. = 4 kbars and at P, = 45 kbars. Whereas around P., CeCusSis is
located close to a QCP, increasing pressure however suppresses magnetism while superconductivity
is enhanced. This suggests a different pairing mechanism around P,. Transport measurements

M is the superconducting transition temperature.
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[Bellarbi 1984] and more recently, valence measurements under pressure [Rueff 2011]| show hints of
intermediate valence behavior under pressure and the hypothesis that critical valence fluctuations
(CVF) may mediate electron pairing in this compound as it has been recently put on in a quan-
titative basis [Holmes 2007, Rueff 2011]. Therefore, CVF may also drive a superconducting state,
providing that the Coulomb interaction Uy. between the f and conduction states is sufficiently
strong as proposed in the theoretical model of Watanabe et al. discussed in section 1.4.4.

To conclude this section, I would like to point out that whereas superconductivity seems to be
a general trend in Ce-based compounds, it is very rare in Yb-based HF systems. The first (and up
to now unique) Yb-based heavy fermion superconductor, f—YbAIBy4, has been found in 2008 by
Macaluso et al. [Nakatsuji 2008]. An important target (and challenge) is to find new Yb heavy-
fermion superconductors. It has been one of the aims of this thesis, but unfortunately not reached.
However, the development of the in-situ pressure tuning device at dilution fridge temperatures is
an essential tool for this search.
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In this chapter I will present in detail the experimental setups and methods used during this
thesis. First, I will describe the crystal growth technique of the samples studied in this work
and especially I will present in detail the growth of YbAIB4 in which I was actively involved.
Secondly, the experimental setups in Diamond Anvil Cells (DACs) will be presented. Afterwards,
the most relevant contribution of my experimental work will be introduced: the setting up of the
in-sity, pressure tuning device in a dilution fridge and adapted for DACs. Finally, the different
measurements performed with DACs will be also described.

2.1 Crystal growth

The availability of high quality single crystals is a crucial step to study the physical properties of
strongly correlated electron systems as they are, in general, very sensitive to the quality of the sam-
ples, i.e., the presence of impurities and/or defects like dislocations (e.g.: YbAIB,) [Nakatsuji 2008]
and also to slight deviations in the chemical composition (e.g. CeCugSiz) [Steglich 1996].

Crystal growth and the research of novel materials have been an important and fruitful activity
[Aoki 2001] inside the SPSMS laboratory which is mainly carried out by D. Aoki and G. Lapertot.
The present equipment allows the growth of single crystals of either 4f (Ce, Yb or Sm-based HFC)
and 5f systems (U-based HFC).

The samples used in this work were grown mostly by G. Lapertot at the SPSMS/CEA Grenoble:
YbCusSiz [Colombier 2008, Colombier 2009], YbRhySis [Knebel 2006a] and YbNigAlg, whereas
YbCoyZngy was grown by the group of R. Settai in Osaka [Saiga 2008| following the procedure as
described in detailed in |Torikachvili 2007].

At the beginning of this work we were very interested in 8-YbAIB4 and I carried out the growth
of YbAIB4 via a flux method technique which will be described in the next section.

Flux technique

All the crystals in this work were grown from a flux which consist of a solution of a metallic element
with a low melting temperature T,, which is in excess, in general more than 95 % of the total
molar concentration and the basic materials which are present only in a few %. This is one of the
advantages of this technique: small amounts of the materials, which some of them can be very costly,
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are needed. Also it is convenient for the growth of Ytterbium based-compounds because diluted
Yb has a much lower vapour pressure. The flux permits to lower the temperature at which the
syntesis takes place (less than 1000 °C) compared to other techniques, like melting, where generally
higher temperatures are needed (e.g. T;, of Boron is 2500 °C). As there is no thermal gradient
in the solution, internal strain or defects during the crystallization are minimized. However, when
working with metallic fluxes some caution must be taken to contain the liquid metal and prevent
its reaction with the container to avoid the presence of impurities in the crystals [Kanatzidis 2005].
Chemical gradients are also minimized as crystals grow freely in the liquid metal media. They
develop crystallographic forces which will be useful for optical measurements or visual orientation.

YbAIB,

B-YbAIB, is the first Ytterbium-based heavy fermion (v =~ 300m.J/mol.K?) [Macaluso 2007| su-
perconductor found to date [Nakatsuji 2008|. It has arisen a lot of interest and at the beginning of
this work, we considered it an ideal candidate for pressure studies. That was the main motivation
that lead us to grow our own B-YbAIB, samples. Unfortunately, it turned out to be much harder
than expected and after many trials we finally discarded it.

There are actually two polymorphs of YbAIB,4. According to Macaluso et al. the plate-shaped
crystals correspond to 5-YbAIBy which crystallizes with the orthorhombic ThMoBy structure type
whereas the needle-shaped crystals correspond to the a-YbAIB,4 which crystallizes in the orthorhom-
bic YCrBy structure. In both polymorphs the Yb and Al atoms reside in the same ab-plane and are
sandwiched between two B layers. The main difference between them is the packing arrangement
of the B layers as shown in figure 2.1 [Macaluso 2007].

- a-YbAIB, F-YbAIB,

Figure 2.1: a) Crystal structure of 3-YbAIB,. Boron (orange spheres) forms 2D sheets along the ab-plane.
Yb atoms are depicted in blue and Al in green. Dashed lines show the orthorhombic unit cell. b) Boron
layers along [020] for a-YbAIB, and 3-YbAIBy. The unit cell is outlined with gray lines. For o-YbAIB,, the
B1, B2, B3, and B4 atoms are shown as blue, orange, green and yellow spheres respectively. For $-YbAIBy,
the B1, B2, and B3 atoms are shown as blue, orange and green spheres respectively. Mirror planes are
depicted as solid red lines [Macaluso 2007].

As it was pointed out earlier, the sample quality in strongly correlated materials often plays
a critical role and it can have dramatic effects in their physical properties as shown in figure 2.2.
A wusual test of sample quality is the RRR coefficient which is defined as RRR = % where

p(300K) is the resistivity at room temperature, which is mainly dominated by the scattering of
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the electrons with phonons, and pg is the residual resistivity measured at very low temperatures,
theoretically at absolute 0, which is due to the impurities of the crystal. At high temperatures all
samples will have a similar value of the resistivity but pg will be smaller for better samples and
thus they will have a higher RRR. Curiously, superconductivity has been detected so far only in
B-YbAIB, but for very high quality single crystals with a RRR > 300 (Fig. 2.2) [Nakatsuji 2008].

2 Sample B
E

S

31T B-YDAIB,

h B=0T Sample A

0 | I P _/_ L |
0 20 40 60 80 100 120
T(mK)

Figure 2.2: Low temperature dependence of the in-plane resistivity pay(T) for two samples: sample A with
a RRR =~ 300 and for a lower-quality sample B with RRR =~ 70. See details in text [Nakatsuji 2008].

Growth of single crystals: YbAIB,

In order to grow high quality single crystals the first point is to use basic materials as pure as
possible. In our case, they had a very high purity: Yb 99.99 %, Al 99.98% and B 99.99%. All the
batches were grown from Al flux. The procedure we followed was similar as the one described in
more detail in Macaluso et al. : First we put the basic materials Yb, B and Al in a Al,O3 (alumina)
crucible in the chosen stoichiometric proportions (see table 2.1). Then an upper crucible is filled
with quartz wool and introduce in a quarz ampoule. This second crucible is placed on top of the
first one to filter the liquid phase when the ampoule will be centrifuged. The ampoule is sealed

with 0.3 At. of Argon before putting it in the furnace. Four different heat treatments were used as
summarized in figure 2.3.

a)

b)

25h _1450°C/12h 3h  1450°C/12h
—
1200°C 550 h 1200°C 394 h
1 h/ 1 h/
1000°C 900°C 1000°C 1000°C
4 hl |4 h 4 h| 4h
c) d)
1200°C /7 h 1450°C /130 h
3h 402 h
1000°C 1000°C 6 h
4 h| | 4h

Figure 2.3: Summary of the heat treatments that were used to grow the samples reported in table 2.1.
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We wanted to see if the crystallization of the S-phase could be favored somehow by changing the
following parameters: heating ramp, maximum temperature, waiting time at that temperature and
the cooling ramp. In [Macaluso 2007] it is suggested that the a-form might be the high-temperature
phase as they found more alpha phase crystals in the heat treatment at 1873 K than at 1673 K. We
worked at slightly lower maximum temperatures than in their study: 1723 K (1450 °C) for heat
treatments (A),(B) and (D), and 1473 K (1200 °C) in (C).

Once the crucibles were removed from the furnace, we applied two different methods to etch
the excess of Al flux: a chemical attack (ch. at.) using a NaOH solution and spinning, which
requires to heat again the crucible in order to remove the Al. We obtained a mixture of both
needle and plate-like crystals as in [Macaluso 2007]. Three selected samples are shown in figure 2.4:
a) Plate-like sample B3 from Lap 508 IIT (548x341x30 wm?) b) needle-like sample B6 from Lap
508—— (652x185x100 um?) with the 4 contacts to measure resistivity and c) a needle-like sample
from Lap 684 (364x100x 115 pum3).

aj b)

Figure 2.4: Three selected samples from different growth: a) sample B3 from Lap 508 III b) sample B6
from Lap 508—— and c) a sample from Lap 684. See details in text.

In table 2.1 are shown the main crystal growth parameters of our samples: the stoichiometry,
the heat treatment and the etching method. The last column summarizes the measurements carried
out on the selected samples to characterize them: resistivity, heat capacity and X-ray diffraction
measurements.

Physical Property Measurements

The temperature dependence of the resistivity and specific heat capacity were measured using
a commercial Quantum Design cryostat PPMS (Physical Property Measurement System). We
measured the resistivity via a standard 4 point technique and we used the ACT transport option
of the PPMS which is more convenient for small samples. The specific heat is measured with a
relaxation technique (PPMS): the sample is glued with some grease to the puck of the PPMS which
sends a known amount of heat and it measures the relaxation of the temperature via a thermometer
located on the puck. The heat capacity of the puck and the grease are subtracted to obtained the
specific heat of the sample. It is possible to use a He? cryostat adapted for the PPMS and then the
temperature range can be sweep from 300 K down to 0.3 K instead of 1.8 K.

Figure 2.5 shows the resistivity curves of 10 samples from 300 K to 1 K (color curves). The
resistivity of 5-YbAIB, from [Nakatsuji 2008] in the same temperature range is also shown (open
circles)!.

!The resistivity dependence of the alpha polymorph is not shown because no published data has been found at
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Batch Compound | Stoichiometry| Temperature| Etching | Measurement
cycle method
Lap 478 T YbAIBy (Yb:By)oy, a Ch. at. | 3 samples: p(1-300 K),
Alggy, XR diffraction
Lap 508 —— | YbAIB, (Yb:By)oy, a Ch. at. | p(1-300 K)
Alggy
Lap 508 || YbAIB4 (Yb:By)og;, a Ch. at. | p(1-300 K)
Alggy
Lap 508 ||| | YbAIBy4 (Yb:By4)oy. a Ch. at. | 3 samples p(1-300 K),
Alggy, XR diffraction
Lap 683 YbAIB, (Yb:By)ay, b Spinning | C(0.5-20 K)
Algsy,
Lap 684 YbAIB, (Yb1.3:By)ay, b Ch. at. | C(0.5-20 K),
Alggy, 1 sample p(0.7-300 K)
Lap 686 YbAIB, (Yb:By) 19, d Ch. at. | p(0.7-300 K)
Alggy
Lap 691 YbAIBy 4 (Yb:By)og, ¢ Ch. at. | C(0.5-20 K)
Alggy
Table 2.1: Details of the growth parameters: stoichiometry, heat treatment and etching technique are

shown. In the last column the number of samples on each batch and the measurements (resistivity, p(T),
heat capacity, C(T), and X-ray diffraction, (XR) ) that were performed are also indicated.

120}
100}
gob 4
E
)
g
2 eof O B-YbAIB,
+ Lap 478 (B2) 17
+ Lap 478 (D4) 10
0 Lap508 11l (B3) 5
: + Lap5081Il(B4) 3
Lap 508 Il (B5) 3
Lap 508 - (B6) 14
20} Lap 508 1l (B7) 5
+ Lap684(B9) 23
. Lap686(B10) 21
0 50 100 150 200 250 300
T(K)

Figure 2.5: Temperature dependence of the resistivity, p(T), from 300 K to 1 K and the RRR coefficient
from selected samples of different batches (color curves) are shown. The resistivity curve of 3-YbAIBy is
plotted in open circles [Nakatsugi 2008].

35




2.1. Crystal growth

Actually, the quantity we measure at the PPMS is the resistance of the sample not the resistivity.
Both quantities are related as follows: R = p x F', where F' = L/S is the geometrical factor and
L and S are the length and the section of the sample respectively. An estimation of F' can be
done by normalizing the room temperature resistance we measure to the resistivity value obtained
in literature at 300 K. Here, we have normalized the experimental resistance curves using the
resistivity value of S-YbAIB,4 at 300 K to estimate F. The error of the resistivity is mainly due to
a wrong normalization but it will not have a deep impact on the interpretation of the results.

Even though several nice plate-shaped samples were measured, which in principle corresponds
to the 8 polymorph, we can conclude from figure 2.5 that only the experimental curve of sample B9
(Lap 684) is similar to the actual curve of 5-YbAIB4. This sample, B9, has also the highest quality
obtained in this work, with a RRR =~ 20. Certainly, this value is significantly lower compare to the
high quality samples from Nakatsuji et al. with RRR = 70 — 300 [Nakatsuji 2008].

Figure 2.6 shows the specific heat capacity curves divided by temperature, C/T, of 4 samples
and the curves of the two polymorphs [Macaluso 2007]. None of these samples belongs to the
form but to the a. The "offset" between the experimental and the « specific heat curves can be
ascribed to the small masses of the measured samples and probably a contribution of the grease is
still present, specially above 5 K. Actually, to measure properly the specific heat of a material with
the PPMS a minimum mass of =~ 0.1 mg is necessary. Three of them, A116, A119 and A120 are
very close to this limit and they show bigger deviations than sample A115 (m = 0.29 mg) which
follows the a curve below T' < 5 K.

30
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Figure 2.6: Temperature dependence of the specific heat divided by temperature, C/T, for 4 samples (color
curves) with their corresponding masses are shown. The specific heat curves from 5-YbAIB, (black filled
circles) and a-YbAIB, (open circles) [Macaluso 2007] are also plotted.

The last test we performed was a powder x-ray diffraction spectrum on two different batches to
clearly identify the crystal structure of our samples. In figure 2.7 the powder diagram simulation
using the Poudrix program and the crystal structure parameters from [Macaluso 2007] for a-YbAIB,

the time of writing this work.
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(left) and B5-YbAIB4 (right) are shown. The x-ray diffraction spectrum of a powder from several
samples, nearly 20, from Lap 508 III is shown in figure 2.8 2. The experimental pattern and
the corresponding peaks from the « (squares) and [ (triangles) polymorphs are visible. Each
polymorph has a few peaks which characterized them and permit to identify the experimental
crystal structure. We can observe that the spectrum from the samples of Lap 508 III perfectly
matches with the simulated diagram of a-YbAIBy, the pink squares.

-YbAIB
a-YbAIB, B .
a(A)=5.92 a(h)=730
b (A) =11.47 bi(A) =931
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Figure 2.7: Simulated powder diagram of a-YbAIBy (left) and 3-YbAIB, (right) using Poudriz.

In conclusion, we have grown several batches of YbAIB4 by Al flux and 16 samples, from several
batches, have been characterized. Only one of them, the sample B9 (Lap 684), may be the sought
B-YbAIB4 but the quality it is not high enough to detect superconductivity as the RRR ~ 20. The
other samples are likely to be a-YbAIB4. Up to now, all the changes in the crystal parameters
either in the heat treatment, the stoichiometry or in the etching method do not seem to improve
the quality of the crystals nor to favor the growth of the 8 polymorph. Even though I stopped
the growth of YbAIB4 after all these trials, G. Lapertot is still working on it and hopefully he will
succeed (very) soon.

2.2 Extreme conditions

From an experimental point of view, heavy fermions are very challenging as in general extreme
conditions, i.e, low temperatures, high pressures and/or high magnetic fields are required to study
their physical properties.

Hydrostatic pressure is known to be one of the cleanest ways to tune a system to its quan-
tum critical point (QCP). The different physical phenomena that arise near a QCP like suppres-
sion/appearance of magnetic order, non Fermi liquid (NFL) behavior and/or superconductivity,
generally exhibit a strong pressure dependence and thus it is highly convenient to have an accurate
control of this parameter.

One of the strong motivations of this thesis was to develop an adequate setup to enable in-situ
pressure tunning device at dilution fridge temperatures with the following performances:

2The x-ray diffraction spectrum of the Lap 478 I is not shown here as similar results were obtained.
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Figure 2.8: Powder diffraction spectrum of samples from Lap 508 III. Pink squares correspond to peaks of
a-YbAIB, and black triangles to 3-YbAIB, peaks.

e low temperatures: a home-made dilution fridge with base temperature < 50 mK.

e high pressures: to achieve above 10 GPa by modulating the pressure in-sity in a DAC.

e and magnetic fields: a superconducting coil up to 7 T.

Changing the pressure at low temperatures offer several advantages that largely compensates
all the effort that has demanded:

e An important amount of time is spare. There is no need to warm the dilution fridge at each
pressure. We can keep the dilution continuously running as long as we need (e.g: more than
10 weeks) in order to perform all the measurements with only one thermal cycle.

e The risk of breaking the contacts is therefore highly reduced.

e We have a greater control of the tuning of the pressure (e.g. the precision is about 1 kbar).
This can be relevant when exploring the phase diagram of certain compounds that show
abrupt changes in the pressure dependence of the critical temperatures.

e If needed, we can also decrease the pressure inside the DAC about 1-4 GPa without rigks for
the contacts. This can be very useful in order to confirm a particular region of the phase
diagram.

The technical design work of the pressure tuning device was done by B. Salce before 1 joined
the laboratory. In Fig. 2.13 it can be seen the bottom part of the mixing chamber level of the
dilution fridge at the beginning of this work (left side) and after I installed the pressure in-situ
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device (right side). Nowadays the setup works great after overcoming several long lasting problems
mostly related to He leaks in the thin capillary and worst in the bellows. Several measurements
have been performed proving its efficiency and potential (see Chapter 3, 4 and 5).

2.2.1 Low temperatures

In order to fully explore the (P — T') phase diagram of the sought heavy fermion compounds in
this work very low temperatures were required, i.e., below the Kelvin range. For that a home-built
dilution fridge refrigerator (from an initial insert Kelvin-ox from Oxford, Ty, = 1.2 K) was used
in several experiments throughout this work. The base temperature of the dilution is 40 mK and
50 mK without and with magnetic field respectively. The principles of dilution cryostats as they
are exhaustively described in the literature [White 1979, Lounasmaa 1979, Ennss 2005] will not be
mentioned here.

2.2.2 High pressure techniques

All measurements throughout this thesis were performed using diamond anvil cells (DACs). There-
fore, in the next paragraphs I will present the main characteristics of a DAC: their elements, the
preparation of the gasket, the loading process, the pressure transmitting media and the pressure
measurement. Secondly, I will present the characteristics and performance of the in-situ pressure
tuning device.

2.2.2.1 Diamond anvil cell

The choice of the pressure cell depends on the pressure range which is sought and to technical
limitations. Up to 4 GPa, other pressure cells as piston cylinder or indenter are in general more
suitable than DAC as they have bigger working volumes and so the sample preparation and the
manipulation of the cell is often easier.

In this work, however, we need to reach pressures as high as 10 GPa in order to study the
physics near the QCP of our systems, especially in YbCusSis, where the QCP is located close to 8
GPa. This high pressure range is only possible with DACs which depending on the size of the anvils
can attain pressures as high as 300 GPa. On the other hand, as we plan to change the pressure
in-situ , we need to measure the pressure at low temperatures. As diamonds are transparent, optical
measurements are possible. Thus, we can use the standard ruby fluorescence technique in order to
measure the pressure inside the sample chamber.

Versatile and small DACs working at any temperature and under magnetic field have been
widely used in a routinely way for many years [Jayaraman 1983, Dunstan 1989, Spain 1989]. How-
ever, experiments requiring electrical feedthroughs into the sample chamber for a long time was
a challenge |Thomasson 1997, Gonzalez 1986]. A rather simple technique to perform transport
measurements in DAC was developed by Thomasson et al. at the SPSMS [Thomasson 1997].
Throughout the years and the accumulated experience it has been consolidated and nowadays the
success rate of loading a DAC is reasonably high.

Figure 2.9 shows the main elements, general scheme and typical dimensions of a diamond anvil
cell currently used at the laboratory. For resistivity and ac-calorimetry measurements we work
with diamonds with 1 mm culet whereas for ac-calorimetry measurements we use diamonds with
0.7 mm culet 3. These dimensions are a good compromise between the minimum working space

3In the ac-calorimetry setup there are less wires inside the sample chamber so we can work with a smaller diamonds
and thus higher pressures are easily achieved.
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which is required to introduce the wires, the price of the diamonds and also the maximum pressure
that is reached, about 20 GPa, which in general is enough to explore the phase diagrams of heavy
fermions and other strongly correlated systems.

rrr
®*e
= 1.
3.

6.

Figure 2.9: The elements of our diamond anvil cell (left): 1. bottom fixed diamond, 2. body of the cell, 3.
the gasket, 4. the mobile diamond fized in the piston, 5. Belleville spring washers, 6. top closing element.
On the right there is a scheme with all the elements pieced together and the standard dimensions are also
indicated.

The design of a DAC is rather simple: one anvil is fixed at the bottom of the cell (1.) 4 while
the other is glued to the mobile piston (4.). The preformed gasket with a hand-drilled hole in its
center (the sample chamber) is placed between them (3.). The sample and the pressure transmitting
medium are placed inside the hole. The piston is well guided through the body of the cell (3.) and
several Belleville spring washers (5.) minimize pressure changes due to thermal cycling. Finally,
when the cell is closed, the locking nuts are screwed and a force is applied on the surface of the
top element (6.) which is transmitted to the diamonds. The volume of the sample chamber will
decrease and its internal pressure increase. The pressure at the sample is applied indirectly via the
transmitting medium in hydrostatic conditions.

Even though the design is simple, loading a DAC for transport measurements turns out to be
complicated by the necessity to introduce wires in the sample chamber and at each stage there is a
possibility of failure: there is a risk of leakage and that the diamond breaks the wires at the border
of the hand-drilled hole. The metallic gasket has to be insulated to avoid short circuits and this is
a crucial stage 5. Failures during the loading stage of the pressure transmitting medium may also
happen. Finally, if pressure is changed at room temperature, the successive cooling-heating cycles
can damage the wires.

The main stages of a DAC setup are:

Gasket

Initially the gasket is a stainless sheet of 500 pm. It is preformed by applying a force of 7000 N
(5000 N) 6 to reduce its width to 100-120 um. Then a hole of 500 gm (350 pum) is drilled by hand

“The numbers in brackets correspond to the elements shown in figure 2.9.

Of course, a nonmetallic gasket it would be great help but unfortunately we do not know any other material
with the required compromise of malleability, shear strength, and low compressibility under pressure.

SThe values without or in brackets correspond for DACs with diamonds of 1 mm and 0.7 mm respectively.

40



Chapter 2. Experimental techniques

at the center of the gasket and it is chamfered at both sides to avoid breaking the wires. The
gasket is insulated to prevent short circuits. The insulating layer consist of a mixture between an
epoxy (white Stycast 12%) saturated with alumina powder to improve its mechanical strenght (the
grains are about 1 um). The mixture covers all the surface of the gasket where the wires will pass
through. Then it is polimarized during 7 min at 70 °C in the furnace. The hole is drilled again and
its contour is insulated only with the epoxy (see Fig. 2.10). Next, the gasket is placed between the
anvils. It is pressed with a force of 2000 N (1000 N) to get a flat and thin surface and hardened
again at the furnace during 1 h. The ideal thickness of the insulating layer is about half of the
height of the gasket, thus around 50 pm. If it is too thin or not saturated enough with alumina
powder, there are big chances of short circuits whereas if it is too thick, when pressure is applied,
the gasket deforms and the insulating layer may slide inside the sample chamber and it can break
or damage the wires.

= “ gasket

~= ¥~ insulation

epoxy + Alz03

electrical wire

\ sample

diamond

Figure 2.10: (Left) Gasket with the insulating layer. (Right) Scheme of the setup of a DAC cell (gasket,
wires, sample, anvils) see details in section 2.3.

Sample

As the sample chamber is not very big, the size of the samples is rather small, typically between
150-300 pm of length and up to 50 pum of height. Therefore, their manipulation is very delicate.
As each measurement (resistivity, ac-calorimetry and ac-susceptibility) implies several specificities
in the setup, the details will be given separately in section 2.3.

Pressure transmitting media and loading

Argon has been used as pressure transmitting medium due to its high hydrostaticity up to 10
GPa [De Muer 2000]. Even though Helium has a higher hydrostaticity than Argon 7, its strong
compressibility at low temperatures ® and its loading makes it less confortable to work with. Argon
is liquified with nitrogen and then the DAC (which is slightly closed) is simply submerged in it during
30 minutes. Finally, we pressurize with a force of 5000 N (3000 N). Typical sealing pressures at room
temperature are about 10-15 kbars ?. Argon is not liquid anymore at the pressure and temperature

"The pressure gradient of He inside the pressure chamber is about 0.1% whereas that for Argon is 0.6% at 10
GPa [De Muer 2000].

8Tt implies a large change of the volume in the sample chamber and thus, higher risks of breaking the wires.

“The international unit for pressure is Pa (1 GPa = 10 kbars) which I will use for all the graphics of this work.
But for convenience, sometimes I will also use bars, kbars or GPa in the text.
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range where we perform our measurements but as a noble gas, even when its compressed and
becomes solid, its interatomic forces are weak and thus its quite malleable and isotropic.

Pressure measurement

The ruby fluorescence is a well-known technique to measure the pressure in DACs [Forman 1972.
Some ruby chips are placed inside the sample chamber and they serve as pressure sensors. The
wavelength of the ruby R-line fluorescence is pressure and temperature dependent but below 35 K
the lines only depend on pressure. The rubies are excited by an Argon laser via an optical fiber that
passes trough all the cryostat. A second fiber directs the out coming light to the monochromator
(HR 100) and the spectrometer (Andor Technology CCD). It is calibrated with a spectra at room
temperature and ambient pressure where two lines are observed, Ap; = 694.239 nm and Apo =694.82
nm, and with the help of a reference Ne lamp. The lines shift 0.365 nm/GPa independently of the
temperature (within 3%) [Noack 1979]. At low temperatures, the excited state which leads to
the Rg line is not populated anymore and thus it is not detectable. When there is a loss in the
hydrostaticity because of strain in the pressure transmitting medium the different rubies will have
slightly different emission lines which will lead to a broadening of the detected line. Hence its width
indicates the homogeneity of pressure.

In figure 2.11 the ruby spectra at 4 K for selected pressures are plotted. In this example,
pressure was changed using the pressure in- situ device.

Intensity (arb. units)
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Figure 2.11: Ruby spectra at selected pressures measured at 4 K. In this setup pressure was changed at low
temperatures using the pressure in-situ device.

The experimental spectra can be fitted with Gaussian functions to estimate the line width, A,
and the position of the maximum of the peak, Ao, to precisely estimate the pressure. An example
is shown in figure 2.12. Here, the peak is centered at Ag = 694.3 nm which corresponds to 2.5 GPa
and its width is A = 0.235 nm.

Technically, the measured A does not only correspond to the intrinsic width of the ruby fluo-
rescence. It can be decomposed in three different terms:

A= A0 + Aspec + Ainhm’m (21)
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where A corresponds to the intrinsic width of the ruby signal (which in general is larger at 300 K
than at 4 K), Agpec is the limiting sensitivity of the transfer function of the spectrometer (Agpec)
and finally Ajupom corresponds to the broadening due to pressure inhomogeneity in the sample
chamber, not only in the sample.

In Figure 2.12 a) we compare the A of the ruby line when the pressure is changed at room
temperature (black diamonds) and at low temperature (red diamonds). At room temperature, up
to 2 GPa, the line width corresponds to the first two terms of eq. 2.1, A = Ag + Agpec =~ 0.18
nm, i.e., there is no broadening effects due to inhomogeneity in the sample chamber. For higher
pressures, a slight pressure inhomogeneity appears and at 5 GPa, Ajppom =~ 0.06 nm.

We find that up to 4 GPa the line width is roughly proportional to pressure when changing
pressure at low temperatures (red solid line). Clearly, the homogeneity is higher when the pressure
is changed at room temperature. At P =~ 2 GPa, the measured A when pressure is changed at 4
K is as large as the value at 5 GPa when pressure is changed at 300 K. In the ideal case, pressure
is applied on a liquid but even at room temperature, Argon solidifies within the pressure range
attained in our measurements (at 300 K the solid-liquid transition takes place at P = 12 kbars),
but it stays more malleable at high temperatures, i.e., with better hydrostatic conditions and thus
with narrower line widths. Despite this broadening effect, we still have a good precision of the
pressure and we can distinguish two spectra with a difference of +0.5 kbars.
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Figure 2.12: a) Line widths for two different setups: when pressure is changed at low temperatures (red
diamonds) and at room temperature (black diamonds). b) Gaussian fit (in black) to a ruby line to obtain
the line width, A, and the position of the mazimum of the peak, .

2.2.2.2 Force generating devices

Devices that generate forces at low temperatures exist since many years [Silvera 1985]. In Salce et
al. detailed information can be found of an in-situ pressure device adapted to an * He fridge which
can generate forces up to 25 kN at 1.4 K and thus it permits to sweep a pressure range from 0 to
~ 20 GPa in a DAC with a diamond table of 0.7 mm. This device was developed at the SPSMS
laboratory more than ten years ago and it was used during this work for several measurements (see
Chapter 3 and 4) [Salce 2000].
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Even though there are fewer examples of force generating apparatus working at very low tem-
peratures |Webb 1976], the operation principle is basically the same: pressurized bellows with He
coupled to a mechanical amplifier force system. The main difficulty to overcome is the thermaliza-
tion of the device which is placed at the bottom part of the calorimeter, after the mixing chamber
level of the refrigerator. A preliminary development was carried out with success in a dilution fridge
in the laboratory [De Muer 2000] and it proved its feasibility. However, further efforts to improve
the design of the device (to lighten its mass and reduce its dimensions as much as possible) had to
be done to minimize the thermal leakage and to adapt the device to the new dilution fridge with a
magnetic superconducting coil with a standard 52 mm hole.

2.2.2.3 In-situ pressure tuning device at dilution fridge temperatures
Description

The main parts of the device are shown on the right side of figure 2.13:

e the bellows: they are made of stainless steel. Their external diameter is 56 mm and the
internal about 39 mm. Their original height before being expand is about 35 mm. They are
designed to stand pressures up to P & 19 bars but we actually use them up to 24 bars'® and
they expand more than 13 mm.

e the capillary: it is made of Ni-Cu alloy which is convenient because of its weak thermal
conductivity. Its internal diameter at the bottom part is about ®;,; =~ 0.1 mm to minimize
the thermal leaks.

e the mechanical amplifier system: it consists of two levers made of Cu-Be (2% of Be) alloy.
e the cage of the mechanical amplifier system: also made of Cu-Be alloy.
e the optical fibers: two plastic fibers of diameter ® = 0.5 mm placed at the top of the DAC.

e force sensor: a piezoelectric sensor is placed above the DAC in order to monitor the applied
force.

e DAC

e thermometer: a RuOs thermometer is located at the external surface of the DAC to measure
the temperature as close as possible to the sample.

Performance

The pressure circuit remains under vacuum until the dilution fridge is cold. The pressure in the
bellows is controlled via a regulator fixed to a gaseous helium bottle at 200 bars and it is measured
by an absolute pressure sensor in the pressurization circuit at 300 K. The helium passes trough a ni-
trogen trap to avoid any blockage in the capillary at low temperatures. The capillary is thermalized
at each stage of the cryostat: 1.2 K pot, the still and the mixing chamber.

The force is generated when the bellows are pressurized and it can be measured at any time by
the piezoelectric sensor placed just above the DAC. The bellows can generated a force F' = 3 kN
for an Helium pressure of Py, = 21 bars and its effective surface is S.rf = F/Pge =15.3 cm?. The

10We could apply up to 25 bars which corresponds to the Helium liquid-solid phase transition at low temperatures.
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Figure 2.13: Before (left) and after (right) the pressure device was set in placed.
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temperature has no effects on the performance of the bellows as shown in figure 2.14. However, the
response of the mechanical amplifier system was found to be temperature dependent: at 300 K the
amplifying factor is about 4.5 whereas at low temperature this ratio decreases to ~ 3.5. This force
loss has not been observed in the other pressure in-situ devices [Salce 2000, De Muer 2000].
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Figure 2.14: Performance of the bellows at room temperature and at 100 K (open and full triangles respec-
tively). Circles (open and full) correspond to the force generated with the amplifier system at 300 K and 90
K respectively.

All the elements (the levers, their cage, the cage of the bellows and the one of the DAC cell)
are made of the same non-magnetic Cu-Be alloy which is a good compromise between mechanical
endurance and thermal conductivity. So thermal contractions are not responsible of the force loss.
We tested the piezoelectric sensor which measures the force applied at the DAC and its response
is not temperature dependent. We have not fully clarified the origin of the force loss but it has to
be mechanical. In fact, there is a difference in the design of the cage of the levers between the *He
and the dilution fridge mainly because the dimensions and the mass had to be reduced in the later
and they are less well guided. If during the cooling process they move (although we apply by hand
about 1 kN of force to block the levers in the good position before we run an experiment) that
could explain this loss of force. Nevertheless, we have achieved the pressure range we sought: for a
DAC of 0.7 mm pressures up to 14 GPa (for a Py, = 13 bars) (see Chapter 4) have been achieved
and for a DAC of 1 mm culet about 10 GPa (with Py, = 19 bars). Another design of the cage
would probably clarify the origin of this loss. The pressurizing process is reflected in Fig 2.15 where
it can be seen how the bellows expand for different P, up to 15 bars (corresponding to about 10
GPa in the DAC).

In order to measure the pressure via the ruby fluorescence two optical fibers are passed through
all the dilution fridge down to the DAC. Due to room limitations we could not measure in transmis-
sion mode as in the * He fridge where one fiber is placed at the top of the DAC, and the other one
at the bottom. In this case, we had to place both fibers on the top of the DAC, hence the change to
0.5 mm fibers, and measured the ruby fluorescence in reflection mode. Even in this configuration,
which is less favorable, the signal was enough intense to be detected.
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Figure 2.15: From left to right: different moments of the pressurizing process of the bellows. Py is
indicated and also the expansion of the bellows. The red line are a guide to the eyes.
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In-situ pressure modulation at low temperatures

Changing the pressure in a DAC at room temperature has several disadvantages like a noticeable
reduction of the pressure when cooling from 300 K to low temperatures (=~ 8-10 kbars) which is not
completely reproducible. Also several thermal cycles can weaken the contacts and the probability
to have problems increases (e.g: breaking of the wires and short circuits). Moreover, the contacts
rarely stand pressures above 6 GPa and several Yb-based heavy fermion compounds have higher
critical pressures P, =~ 8 GPa. This technical difficulty is one of the reasons why Yb systems have
been far less studied compared to their Ce counterparts. Another specificity of Yb compounds is
their rather low energy scales which often implies transition temperatures below the Kelvin (e.g:
YbRhsSis and YbCo2Zn20) so the use of a standard ‘He fridge is not enough. These disadvantages
are avoided by modulating the pressure at dilution fridge temperatures where only one thermal
cycle is needed and pressures above 10 GPa are attainable.

When we pressurize the bellows we can monitor the process by acquiring simultaneously the
Helium pressure (Ppge), the generated force (F) and the temperature at the outside part of the
DAC (T). Figure 2.16 shows two different situations: a) filling the bellows at the beginning of an
experiment and b) changing the pressure in the DAC during an experiment between 18 to 20 kbars.

As we have previously mentioned, when we cool down for the first time the bellows are under
vacuum. The filling process is quite long, a few hours, as we try to keep the temperature at the
mixing chamber below 1 K to avoid the evaporation of all the mixture, even though a partial
evaporation is very difficult to avoid. That is why we keep a low Helium pressure, Py, ~ 1 bar,
during the He condensation process (see Fig. 2.16a). For t> 330 min the force starts to increase,
indicating that the bellows are filled. Another way to check when the bellows are filled is by
closing the valve from the He bottle and see if the P, decreases or remains almost constant. The
temperature will rise for quick ramps in Py, but as soon as the pressure is stable, the force will
be constant and the temperature will decrease again. The strong increase of T up to 3 K are due
to laser heating when we measure the ruby fluorescence to check if the pressure in the DAC has
changed.

But it is in Fig. 2.16 b) where the advantages of changing the pressure at low temperatures can
be plainly observed: even though the temperature will tend to increase a little bit, it remains below
1 K and thus the dilution keeps on running. Secondly, once the bellows are filled, changing the
pressure is quite fast: in this example it has taken only 15 min to change from 18 to 20 kbars. A
lot of time is spared compared to changing the pressure at room temperature. But not only time,
also all the risks associated to the heating-cooling cycles in DAC are greatly reduced.

The mechanical amplifier system has a non reversible behavior under pressure. For t> 12 min
when the pressure circuit is pumped, the Py, decreases but the force remains constant. This
behavior is interesting for temperature sweeps above 4 K. If we kept the same liquid He volume in
the bellows the pressure would increase as He would become gaseous and consequently, the pressure
in the DAC would also increase. With this “hysteretic” behavior this problem is avoided. Usually
we pump until the force starts to decrease. This step is important when working with the ‘He
fridge as often we measure up to 20 K but it is less critical with the dilution fridge because we
rarely measure above 2 K where He is still liquid and no noticeable changes in pressure have been
detected.

Despite all the advantages there is one weak point: changing the pressure at low temperatures is
less hydrostatic than changing it at room temperature as it was already discussed in section 2.2.2.1.

In summary, we have been able to perform experiments for more than 10 weeks, if necessary,
without warming up the cryostat.

48



Chapter 2. Experimental techniques

b)
0.75}
0.70}
0.65
0.60

! 2.24
| 2.20F
2.16
212F
2.08

F (kN)
oN b O

Pie (bars)

- 3.2 - - - -
0 100 200 300 400 o 4 8 12 16

t (min) t (min)

Figure 2.16: Changing the pressure at low temperatures: a) filling the bellows for the first time during an
experiment and b) changing the pressure between 18 to 20 kbars (see details in text).
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2.2.3 High Magnetic fields

Two different high-magnetic field experiments were carried out: resistivity measurements under
pressure up to 35 T at the LNCMI (Grenoble, France) facility, and magnetization and resistivity
measurements at ambient pressure at the high-pulsed magnetic field facility, LNCMI (Toulouse,
France), up to 53 T.

Magnetoresistivity measurements in high magnetic fields

The setup used for the resistivity measurements at the LNCMI-Grenoble was similar at the one
we used in our laboratory which is based in the synchronous detection at low frequencies and it is
described in the next section.

Measurements in high-pulsed magnetic fields

There are several constraints when working with high pulsed magnetic fields. One of them is that
the pulse duration (typically some hundreds of milliseconds) is too short to perform an average
measure of the acquired data. Then numerical filters are needed. Transport measurements are
performed also by a synchronous detection technique but the working frequency of the Lock-in
amplifier, F', is much higher than the one used in constant magnetic fields (e.g., between 20 kHz
and 60 kHz instead of 17 Hz). The necessity of such high frequencies is due to the duration of
the pulsed but also to avoid different sources of noises like vibrations from the magnetic coil when
working at low frequencies at the shot pulsed. The signal is acquired through different acquisition
carts and it is treated by a digital Lock-in which performs the synchronous detection as a Lock-in
amplifier but in this case at the end of the measurement. There is an optical fiber between the
acquisition cart (PXI) inside the box (where the measurements are performed) and the computer
outside the box to treat and recover the data [Levallois 2008|.

2.3 High pressure measurements

2.3.1 Electrical resistivity

The electrical resistivity p is an intrinsic property of a given material while its resistance R depends
on its dimension. For certain geometries, there is a simple relation between resistivity and resistance:

VvV _ pxl
R=T="%,

where F' = é is the so-called geometrical factor.

Resistivity is a true quantitative measurement under high pressure except for geometry limita-
tions which induces an uncertainty to the geometrical factor F. This is a systematic error, mainly
because of a wrong normalization. Absolute values of the resistivity are obtained by normalizing
the measured room temperature resistance to the resistivity value obtained in literature at 300
K so we can deduce the geometrical factor which we suppose to be pressure independent at low
pressures.

Resistivity measurement

Resistivity is measured via the standard four-point contact ac-technique with a lock-in detection
(Stanford SR830). Four gold wires (12 pm) are spot welded on the sample. Typical welded
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parameters for the samples of this work were U=5 V and 7 =10 us. Then, four flattened 25
pm golden wires are glued with silver paint in four sides of the diamond anvil where they contact
the wires that are fixed at the bottom of the DAC (see Fig. 2.10). The edge of the flattened wires on
the diamond plate are cut so they do not enter inside the pressure chamber as shown in Fig. 2.17.

Figure 2.17: Resistivity setup for a DAC. The insulation layer of the gasket, the sample with the golden
wires (12 um), the flattened golden wires (25um) and several ruby chips are shown.

In order to maximize the signal-to-noise ratio we wanted to use the largest excitation current
without heating the sample. A value of I = 100 pgA was found to be a good compromise, i.e.
no significant changes in the signal were detected by decreasing the current. We measured at a
frequency of 17 Hz. The signal was amplified at room temperature by a transformer and then by
a pre-amplifier before the Lock-in with a total gain of 10°.

2.3.2 Specific heat

The specific heat C' is the amount of heat per unit mass required to raise the temperature by one
degree Celsius. In this study, the measurement of the specific heat was helpful to determine the
transition temperatures as a function of pressure because at a bulk transition it generally shows an
anomaly. As it will be detailed in the next section, we did not work with absolute values of the
measured signal so we could not determine thermodynamic properties like entropy, S, as can be
usually done when working at ambient pressure.

Ac-calorimetry measurement

The main difficulty when working under pressure is the thermal coupling between the sample and
its environment (the thermocouple, the Argon, the gasket and the body of the cell itself). As this
coupling is temperature and pressure dependent, it is not easy to determine. The ac-calorimetry
technique which is described in detailed in [De Muer 2000], is well adapted for small samples where
the time constant needed to achieve the thermal equilibrium is rather small. In a simple model
proposed by Sullivan et al., the sample is coupled to the bath (the environment) by a thermal
conductance, , as shown in Fig. 2.18 [Sullivan 1968]. The sample is heated with an alternative
power P = Py(1 + coswt), where Py is the mean value and w is the oscillating frequency. The
induced temperature oscillations, T,., are related to the specific heat of the sample as follows
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Ca’c - w};oac X T](;C.
The frequency w has to be chosen high enough to decouple the sample from its environment
but small enough to achieve the thermal equilibrium in the sample.

P(t)=Po(1+cos(wt)) NS

Figure 2.18: Principle of the ac-calorimetry technique proposed by Sullivan et al. An alternating power P
is applied to the sample with a specific heat C. The sample is coupled via a thermal conductance k to the
bath TB.

In practice, to measure the specific heat we use a thermocouple made of Au:Au(0.07%Fe). The
Au wire is about 12 pum whereas the AuFe which originally is about 25 pm is flattened to reduced
the risks of short circuits. The setup of the DAC is a little bit less complex than for resistivity and
it is shown in figure 2.19. There are only two wires to weld on the sample. In these measurements
we use diamond anvils with 0.7 mm.

[

Figure 2.19: Setup for ac-calorimetry measurements in a DAC. A thermocouple Au:Au(0.07%Fe) is welded
on the sample.

The temperature dependence of the sensitivity of the thermocouple was determined by Chaussy
et. al and it is about Sy (1K) ~ 7uV/K [Chaussy 1982]. At our pressure range it is assumed
to be pressure independent [Itskevich 1978]. A Lock-in amplifier measures the oscillating voltage
of the thermocouple V,. at the same frequency w which is proportional to Ty, Vie = SipTye and
also the phase shift to the heating. The signal is amplified by a factor of 10° like in the resistivity
measurement.

The power heating is generated via an argon laser (A = 476.5 nm) with a maximum power of
50 mW coupled to a chopper with a modulable frequency when we measure with the  He pressure
in-situ device. In the dilution fridge, in order to achieve the lowest temperature possible, which
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was about 200 mK, we have used a red laser diode with a maximum power of 20 mW coupled to a
filter to reduce its intensity. We detected T, =~ 1.7 mK at 200 mK.
There are several advantages when working with the laser diode:

e the power is electronically regulated and thus more stable than the power of the argon laser.
This is reflected in the measured signal which is more stable in time when using the diode
laser [Measson 2005].

e the range of frequencies is wider in the diode laser than using a chopper.
e the phase shift can be better known as the heating power in the diode is sinusoidal.

Nevertheless there are also some disadvantages: it will be more difficult to measure a big specific
heat (Tac x %) due to the limiting maximum power of the diode laser and secondly, we need to
use a second laser to to measure the ruby fluorescence.

This method is semi-quantitative (i.e., absolute values of C' are not obtained) because the
average heating Py on the sample is not known as there is an unknown fraction of heat that goes to
the sample environment. Another source of error is that even though we work at a frequency that
in principle decouples the sample and the bath, in practice it is not a perfect decoupling so there
is still a contribution of the environment in the measured signal. This gives rise to a background
signal which is pressure and temperature dependent. Nevertheless, this technique allows us to
determine the temperature transitions where C shows an anomaly and we can therefore plot the
phase diagram of the sample.

Frequency test

In order to choose the working frequency at the beginning of each experiment we have measured
the frequency dependence of the signal at a constant temperature. Then we plot in a log-log plot
the measured signal multiplied by the frequency as a function of the frequency. The frequency test
for the ac-calorimetry measurements on YbCusSis is given as an example in figure 2.20. At low
frequencies, a linear dependence is observed which indicates that the sample is not thermally un-
coupled from the bath because in one period the heat can propagate not only inside the sample but
also in its environment. An almost flattened (frequency-independent) region is visible in the appro-
priate frequency range, where quasi-adiabatic conditions can be assumed, i.e., the heat propagates
throughout the sample but not in the bath. Finally, at higher frequencies, we observe again a fre-
quency dependence of the signal. The increase of V. x f at high frequencies is surprising: normally
a decrease is expected when the sample starts to be decoupled from the thermometer. Probably
the excitation is heating directly the thermocouple as discussed in more detailed in [Measson 2005].

The working frequency used in this work was between 77 and 733 Hz. And all pressures are
compared at the same frequency.

2.3.3 Ac-susceptibility

Magnetic susceptibility is the response of a material with a magnetization M when a dc-magnetic
field H is applied. In this study the magnitude we measured is the alternating current (ac) sus-
ceptibility which is defined as x4 = ddT]\;[c where Hg. is an oscillating magnetic field. In the dc
measurement, the magnetic moment of the sample will not change with time whereas in an ac mea-
surement the magnetic moment of the sample is changing in response to H,.. Thus the dynamics
of the magnetic system, in principle, can be studied.

53



2.3. High pressure measurements

6 T T
;| 1GPa
4K

3

2
- 10 1
8
> 5

5

4

3

2

[

1456 I 2 3 456 I

100 1000

f (Hz)

Figure 2.20: Typical frequency dependence of the signal of the thermocouple multiplied by the frequency
in a log-log plot. This example corresponds to the frequency test performed in the ac-calorimetry study in
YbCuySio at 1 GPa and 4 K.

Ac-susceptibility measurement

The technique we use has been adapted from a technique firstly developed in Cambridge [Alireza 2003].
The main problem they encountered was the small sample volume that is available in a DAC which
gave a very poor signal-to-noise ratio. This obstacle was solved by placing the detection coil, made
of 10 turns with a 12 pym Cu wire, inside the sample chamber as shown in Fig. 2.21. In this way,
the filling factor was strongly increased, the background was reduced and so the sensitivity was sig-
nificantly enhanced allowing the detection of magnetic transitions in materials with weak magnetic
moments [Alireza 2003].

In this setup there is no need to make contacts on the sample and at first sight seems easier
than the other examples. But the pick-up coil is a tricky stage. It is not easy to wind, is very fragile
and can be easily broken during the process of inserting it in the sample chamber. Moreover, it
has to be insulated electrically from the gasket and thus some mixture of epoxy and alumina will
be placed on the contour of the hole of the gasket. Finally, two grooves are made in the gasket and
they are also insulated in order to pass the wires of the coil to avoid that the top diamond breaks
them. This coil has to be made each time we load a new sample. On the contrary, the primary
coil which has about 300 turns with a 30 pm Cu wire is safely placed around the bottom diamond,
under the gasket.

We apply with the Lock-in amplifier an ac-current to the primary coil about 1 mA and with
a frequency f = 720 Hz. A magnetic field of about 0.1 mT is generated and it induces a voltage
in the pick-up coil that we measured and it is amplified by a factor of 10°. To simplify the setup,
we do not have a compensating coil and thus there is a background contribution which is not well
determined. Nevertheless the sensitivity is rather good, for example a superconducting transition
represents about 7% of the total signal.

The susceptibility x of the sample is related to the measured voltage, e, as follows

1
«

e= ( ) Viar fHY, (2.2)
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Figure 2.21: Ac-susceptibility setup: the pick-up coil (10 turns, 12 uym Cu wire) and the sample are inside
the pressure chamber.

where « is the system calibration coefficient which depends on the characteristics of the pick-up

coil as follows
5+

= ) >

Vs is the sample volume, H the magnetic field, f the frequency, L the height of the pick-up coil,
N the number of turns and a its radius.

1/2

As the excitation signal has a frequency w, it can be expressed in a complex notation and also
the response signals (e, x):

h(t) = hg exp iwt
e =¢ +ie” ociwh(t)(x' +ix")
e/ X X//
e// x X/

The signal e that we measure has two components a real part €/, the in-phase, and an imaginary
part €”, the out-of-phase contribution, which corresponds to the imaginary and real parts of the
susceptibility of the sample respectively. In practice, we use to work and analyze only the imaginary
part of the measured signal ¢’ o« x’. The detailed principles of this technique are presented
in [Guillaume 1999].

2.3.4 Magnetization

The Magnetic Property Measurement System (MPMS) from Quantum Design is one of the most cur-
rently used Superconducting Quantum Interference Device (SQUID) magnetometers. The MPMS
can measure magnetic moments as small as 10~® emu and can measure over a wide range of tem-
peratures (1.9-400K) and magnetic fields (up to =7 T). One of the main constrains for pressure
measurements is the reduced sample space which is limited to 9 mm, demanding a big effort on
the miniaturization of the pressure cell. Nowadays the use of several piston-cylinder cells up to
few GPa is quite extended |[Uwatoko 2005, Kamenev 2006]. But our interest was to measure the
magnetization of YbCugSie, whose critical pressure is about 8 GPa, requiring the use of a DAC.
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Even though its development for commercial SQUID magnetometers is more scarce, there are at
least two DAC which achieve pressures above 100 kbars [Easylab , Alireza 2009].

ey

Anvils

F N

Figure 2.22: (Left) Schematic view of the miniature cell designed for the MPMS [Alireza 2009]. (Right)
Actual view of the cell where the piston, the anvils and the gasket are indicated [L-A ].

Magnetization measurements under pressure of YbCugaSia were carried out using a miniature
DAC (L-A cell) [Alireza 2009] in a MPMS in collaboration with P.L. Alireza (Cavendish Laboratory,
Cambridge). The cell is 8.4 mm in diameter and 64 mm in length. The anvils are made of Moissanite
(SiC) which is less hard than diamond and thus easier to break but less expensive, with 0.8 mm culet
and they can stand pressures up to 12 GPa. The body of the cell is made of a CuTi alloy instead of
the standard BeCu to avoid its ferromagnetic component which requires a demagnetization process.
The main advantage of this pressure cell is the low background which allows to detect transitions
in the 1079 emu range, one order of magnitude lower than the other model [Easylab |. For samples
with a bigger magnetic moment this difference it is not significant but it turned out to be crucial
in our study as the sample signal was lower than 10~°emu as shown in Fig. 2.23 (see details on
Chapter 5). The gasket is made of BeCu due to its higher strength. It is pre-indented to 100 pum
and the diameter of the pressure chamber is 350 um. The sample size was 170¥180*60 ym. We
measured the temperature dependence of the magnetization at different pressures (above and below
the critical pressure) at 50 Oe in order to keep the background contribution as low as possible. The
pressure was determined via the ruby fluorescence.

These measurements turned out to be more complex than firstly expected because we had to
work at the limiting conditions of the MPMS system and the DAC: the transition temperatures
are rather low, a few K, and the MPMS can only reach 1.9 K so we could not measure the whole
saturation curve. The signal of the sample was very small and the background removal process was
not easy. Measuring the magnetization as a function of the magnetic field would have been very
desirable but as the background of the DAC is field dependent and the signal of the sample was so
weak the results we got were not conclusive because even after extracting as carefully as possible the
background we observed hysteresis curves above and below the magnetic temperature transition,
indicating that there was still a background contribution mainly due to the CuBe gasket.
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YbCu,Si,

8.9 GPa
H =50 Oe

M (10 °emu)

0 5 10 15 20
T (K)

Figure 2.23: Magnetization at 8.9 GPa of YbCuySis measured at 50 Oe. The red point corresponds to the
magnetic temperature transition at this pressure taken from [Fernandez-Paniella 2011].

2.4 X-ray spectroscopic measurements

X-rays

X-rays are a powerful tool to study the structural and electronic properties of a wide variety of
materials in condensed matter physics as their wavelengths are the same order of magnitude as the
typical interatomic distances in solids, a few angstroms. “Soft X-rays” are usually considered in
the range of 0.1-2 keV whereas “hard x-rays"’ would start above 4-5 keV. The region in between is
sometimes called “tender x-ray”.

When a solid sample is illuminated by a X-ray beam of intensity Iy several processes take place.
In general, one observes that the transmitted intensity I has been attenuated after the beam has
crossed the sample. Some of the processes that contributes to this attenuation are summarized in
figure 2.24:

The transmitted intensity can be related with the initial Iy via the Beer-Lambert law:

I = Iyexp(—pzp),

where x is the thickness of the sample, p is its density and pu is the absorption cross section which
depends on the energy and polarization of the incident beam.

2.4.1 Valence measurement under extreme conditions

The development of third-generation synchrotron radiation sources with extremely high-brilliance
light have permitted the development of spectroscopic techniques like resonant inelastic x-ray spec-
troscopy (RIXS)!L.

" The intensity of inelastic scattering processes is much weaker than for elastic (Rayleigh) scattering.
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Figure 2.24: a) Some of the processes that take place when a solid is illuminated by a X-ray beam. b) A
microscopic view: when a photon with energy hv is absorbed, a core electron is excited from an initial state
g to an empty final state f above or at the valence band. The different detection modes: measuring the
secondary electrons, transmission, elastic/inleastic scattering and fluorescence are related to the transition
probability between [ and g. If we take into account multielectronic processes this scheme becomes more
complex(From [Joly 2011]).

RIXS is a photon-in/photon-out, bulk sensitive '? technique where a core electron is excited by
an incident photon with energy hy;, and then this excited state decays radiatively by emitting a
photon to fill the core hole. RIXS is element and orbital specific. Figure 2.25 shows the energy level
scheme for the case of a mixed-valent Yb ion where the relevant transitions in x-ray absorption
spectroscopy (XAS) and RIXS are indicated with arrows. The final states in XAS correspond to the
intermediate state in RIXS [Dallera 2002, Rueff 2007]. The degeneracy of the initial mixed-valent
state |g) = ¢ ‘f13> + ‘f14> is lifted in the RIXS intermediate states. By tuning the incident
energy to a particular intermediate state (in our case, in presence of a 2p core hole), one of the
multiple f-states can be specifically enhanced through resonance [Rueff 2007].

2p54fm+1 vn
2p54fm vn+l

3d94fm+1 vn
— 3d°4f"V""!

cn|4f'"v"+1>+cl‘4f'"+l v">

Figure 2.25: Total energy level scheme for an Yb ion in YbCusSiy in XAS and RIXS. Those in light grey
indicate less probable transitions (from [Rueff 2007]. Here the chosen resonance is at the Ly—edge (2p — 5d)
of the Yb ion and the emission line is the L, (3d — 2p).

The spectroscopic measurements under extreme conditions (high pressure and low temperature),
were performed in collaboration with J. P. Rueff (Synchrotron SOLEIL and CNRS, Paris) and
V. Balédent (Synchrotron SOLEIL, Paris) at the ID 16 beam line of the European Synchrotron

12The penetration depth is about several pm.
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Radiation Facility (ESRF, Grenoble). The undulator beam was monochromatized with a pair of
Si(111) crystals and focused to a size of 40 pum (vertical) and 100 pum (horizontal) at the sample
position. The scattered x-rays were analyzed by a Rowland circle spectrometer equipped with
a spherically bent Si (620) crystal. The energy resolution was about 1.5 eV. A sample about
20 pm thick was loaded in a membrane-driven diamond anvil cell (DAC) with silicon oil as a
pressure transmitting medium. The DAC was mounted in a helium circulation cryostat for low-
temperature measurements. The lowest temperature achieved was 7 K. Pressure was estimated
from the fluorescence of a ruby chip placed in the sample chamber.
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Figure 2.26: a) PFY spectra at 7 K and for selected pressures recorded at the Yb Loy line. b) RIXS spectra
at 7 K at the resonance of the Yb** component (hv;, =8.9404 keV) and normalized at the mazimum of the
Y02t intensity.

In figure 2.26 the x-ray absorption (XAS) spectra at 7 K and for several pressures measured at
the Yb L3 edge and recorded in the partial fluorescence yield (PFY) mode *? at the Yb Lay * are
shown. In figure 2.26 b) there are summarized the RIXS spectra measured at the Yb?* resonance
(hvi, = 8.9404keV) at selected pressures and also at 7 K. They were normalized at the intensity
of the Yb?* intensity to enhanced spectral changes. The two main features peaking at an energy
transfer, Fy = hvy, — hig, of 1525.5 and 1530.5 eV respectively, correspond to transitions from
the Yb?* and Yb3t component. The advantage of selectively enhance either the Yb?t or Yb3+
component is that the measured spectra have simpler line shapes compared to the XAS spectra.
Thus, they provide a higher accuracy in the estimation of the valence [Fernandez-Panella 2012].

2.4.2 Valence measurement under magnetic field

In order to better understand the origin of the magnetic field effects in the physical properties
of heavy fermions compounds like metamagnetism in YbCosZngy or the field-induced QCP in

13n the total fluorescence yield (TFY) mode it is recorded the integrated scattered intensity in function of hviy,
which is varied across an absorption edge. When only one radiative decay channel is observed as in PFY all the
spectra features are better resolved. (See more details in [Dallera 2002, Rueff 2007]).

YTn order to reduce lifetime broadening effects and to sharpen spectroscopic features.
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2.4. X-ray spectroscopic measurements

YbRhsSiy and especially, if they are related to the valent degrees of freedom, we performed X-ray
absorption spectroscopic measurements as a function of temperature and magnetic field at 10 T
in ID 20 at the ESRF (Grenoble, France) in collaboration with J. P. Rueff, V. Balédent and L.
Paolasini. The energy of the x-rays in ID20 was between 3.5 to 12 keV. Thus, the K and L edges
of transition metals, rare earth elements and also uranium are accessible. The resolution in energy
was about 1074 eV.

We measured the Ls edge XAS spectra in the fluorescence mode for 8 different heavy fermion
single crystals: YbCuaSia (H ||c), YbRhaSiy (H |la), YbCo2Zngy, YblraZngy, SmS (gold), SmS
(black), CeCusSia, CeColns and CeRhlns. The L3 edge for the Yb ion is located at an energy
E =8.943 keV, for Ce at £ = 5.723 keV and for Sm at F = 6.716.
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Figure 2.27: XAS spectra a) at different temperatures and zero field b) at zero field and 10 T at 2.1 K at
the L3 edge in Yblry Znog.

In figure 2.27 the XAS spectra at different temperatures (a), and at zero field and 10 T at 2.1 K
(b) in YblIraZngg are shown. The main peak centered at E = 8.9448 keV corresponds to Yb3 and
the weak feature at around E = 8.939keV corresponds to Yb?>t. There are no perceptible changes
in the line shapes when the temperature is decreased or when the magnetic field is applied. Similar
results were obtained for SmS, CeCusSig, CeColns and CeRhIns (not shown here). The spectra of
YbCusSis, YbRhsSis and YbCooZngg will be shown in the respective chapters but we can anticipate
that the magnetic field has no significant effects on the valence in any of these compounds.
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3.1 Introduction

YbCusSis is a well known intermediate-valence compound and a moderate heavy fermion, v =
150 m.J(K2mol) ! (figure 4.4 a)) [Dung 2009], with the ThCr,Sis-type tetragonal crystal structure
as shown in figure 4.1. The lattice parameters are a = 3.9237(3) A and ¢ = 9.9908(13) A. Its
valence at low temperature is about 2.8 and increases near 2.9 at room temperature [Lawrence 1994,
Moreschini 2007].
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Figure 3.1: Crystal structure of YbCuzSiz. The green, fuchsia and blue spheres correspond to Yb, Cu and
Si ions respectively.

The magnetic entropy, Spmag, is shown in figure 3.2 b). Sy gradually increases with tem-
perature and it reaches the value of RIn2 corresponding to the doublet ground state with S =

!This value was reported recently in [Dung 2009]. A value slightly weaker v ~ 135 mJ/(K?mol) was obtained in
other studies [Sales 1976, Colombier 2008].
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1/2, N =2 around 40 K, which is consistent with a Kondo temperature of 50-60 K estimated from
the neutron quasi-elastic line width which is about 4-5 meV [Holland-Moritz 1982].
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Figure 3.2: a) T?-dependence of the specific heat expressed in the form C/T for YbCuzSia [Dung 2009).
b) Temperature dependence of the magnetic entropy Smag [Takeda 2008].

The susceptibility (figure 3.3) is quite anisotropic, reflecting the tetragonal structure. At high
temperatures, it follows a Curie-Weiss law above 200 K with an effective magnetic moment fi.rr =
4.47up/Yb very close to the free moment of Yb*T, yic s = 4.54pp [Dung 2009]. The susceptibility
shows a maximum around 40 K for H || [100] and it becomes almost temperature independent
below 10 K for H || [100] and H || [001]. This is consistent with the onset of the Kondo effect at
low temperatures where f-electrons become itinerant and heavy quasiparticles are developed below
T

Yarae ~ 40 K which approximately corresponds to T .
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Figure 3.3: Temperature dependence of the magnetic susceptibility in YbCuySiz for H (100) and H (001)
[Dung 2009].

Figure 3.4 a) shows the temperature dependence of the electrical resistivity p for the current
J along the [100] direction measured at the PPMS in two samples. p(7) shows a shoulder at
Trrae = 140 K and decreases monotonically with decreasing temperature. The resistivity is also
anisotropic. The position of Tyyq, is significantly higher for the [001] direction, Thsq, =~ 200 K
[Colombier 2008]. As previously mentioned, Thsq, is in general considered proportional to Tk.
However, we note that for this system Thsq, also depends on CEF effects. At low temperatures,
T < 1.8 K, p follows the FL relation as shown in figure 3.4 b), p = pg+ AT? with pg = 0.26 uQ.cm
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and A = 0.054 u2.cm/K?2. The high quality of the samples is reflected with the residual resistivity
ratio: RRR = p3oox/po, RRR = 307 and 270 for sample A112 and A114 respectively.
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Figure 3.4: a)Temperature dependence of the electrical resistivity in YbCusSis for two different samples
A112 (blue curve) and A114 (red curve) used in this work normalized at 65 uQ.cm at 300 K and with
the current J along the [100] direction. The solid and the broken black lines correspond to p(T) measured
for J along [100] and along [001] respectively as reported in [Colombier 2008]. b) T?-dependence at low
temperatures for sample A114. The Fermi-liquid relation is verified for T < 1.8 K with py = 0.26u2.cm and
A =0.054 uQ.em/K?2.

Crystal electric field

In the tetragonal crystal field the J = 7/2 Hund’s rule ground state splits into four doublets. Five
independent parameters are needed to determine the crystal field

Hie = BYOY + BYOS + BYOY + BjOj + BSOS (3.1)

where O} are the equivalent Stevens operator and B;" is the set of crystal-field parameters to be
determined which can be found via inelastic-neutron scattering experiments.

In figure 5.2 a) and b) are shown the CEF scheme levels deduced by Muzychka [Muzychka 1998|
and by Walter et al. [Holland-Moritz 1982]. There are slight differences between the energies of the
CEF levels, especially in the first excited level which corresponds to a temperature of Té gr ~ 130
K and T, clv pr ~ 190 K 2 for each scheme respectively. These values are close to the value of Thrqs.
The overall CEF splitting, Acgpr ~ 31 — 32 meV (= 350 K), is almost the same in both cases and
it is much larger than the CEF splitting ( about 100 K) in other RCu2Sis (R= rare earth) systems
with a stable 4 f-shell 3. In general there are three main sources that significantly contribute to the
observed crystal splitting: the 4f electron hybridization with conduction electrons, exchange and
coulomb interactions with conduction electrons, and the electrical fields due to ionic point charges
[Walter 1992|. Thus, the presence of hybridization leads to big differences between the crystal field
of a rare-earth ion with a stable or a fluctuating 4f shell ion. This is reflected in the crystal-field
parameters of YbCugSis. For example, the fourth-order parameter shows a large anomaly that has

?The error in the CEF levels in b) is about 10% [Holland-Moritz 1982].
3The IV compound CeCu2Si» has also an “anomalous” large CEF splitting, about 31 meV [Dung 2009].
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been related to the hybridization contribution to the CEF potential: in contrast to CeCusSis where
a strong hybridization takes place between the 4 f and the Si p conduction electrons, in YbCugSia
the hybridization takes place between the 4f and the Cu electrons [Muzychka 1998|.

a) Muzychkaetal. b)Holland et al.
32.89 meV 31 meV
23 meV
20.64 meV
18 meV
11.42 meV
¥ 0 meV A 0 meV

Figure 3.5: Two crystal field schemes for YbCuySia from inelastic-neutron scattering measuremnts a) by
Muzychka [Muzychka 1998] and b) by Holland-Moritz et al. [Holland-Moritz 1982].

3.2 P — T Phase diagram - comparison with previously reported
data

YbCusSis is a clear example where magnetic order can be induced with pressure. In 1996, Alami
Yadri et al. observed that a distinctive anomaly appeared in the resistivity curves above 8 GPa
which was attributed to the onset of a magnetic order [Yadri 1996, Alami Yadri 1998|. Further
studies using Mossbauer spectroscopy [Winkelmann 1999] and micro-calorimetry [Colombier 2009]
have all confirmed the presence of long range magnetic order at high pressures.

The work of Alami Yadri et al. was performed on polycrystals with a residual resistivity of
several pf).cm and in quasi-hydrostatic conditions [Alami Yadri 1998, Winkelmann 1999] up to 25
GPa and down to 300 mK. A few years ago, the first high-purity single crystals were grown in the
laboratory, with a RRR ~ 120 and a weak residual resistivity, pg < 0.5 pf2.cm. Colombier et al.
determined the (P — T') phase diagram using these high purity single crystals by ac-calorimetry
measurements in a DAC up to 11 GPa and down to 1.5 K using the *He pressure in-situ device
[Colombier 2009].

In this work, we have performed a new set of measurements with a new generation of higher
quality single crystals (RRR = 300, pp = 0.26 uQ.cm ) via ac-calorimetry and ac-susceptibility
measurements up to 13 GPa and down to 1.5 K using the *He pressure in-situ device, and by
resistivity measurements up to 9 GPa and down to 0.04 mK using the in-situ pressure tuning
device at dilution fridge temperatures.

Several aims motivated these experiments:

e Ac-susceptibility measurements were performed to verify the (P —T') phase diagram and they
were expected to shed some light on the nature of the pressure-induced magnetic order which
will be discussed in the next section.
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e To measure at very low temperatures in the pressure window AP ~ 6 — 8 GPa, close to the
critical pressure P, ~ 8 GPa, to look for the onset of the magnetic transition because so far
magnetism seems to appear suddenly at P, and it has not been yet detected below 1 K.

e To look for superconductivity through the whole (P — T') phase diagram using high-purity
single crystals (so far all attempts to find superconductivity have been in vain).

e To study the effect of the magnetic field at very low temperature close to P..

Ac-calorimetry under pressure

Figure 3.6 a) shows the low-temperature dependence of the ac-calorimetry curves expressed as C/T
at selected pressures. All curves were measured at 730 Hz. Above 7.6 GPa we detect an increase of
the signal for T< 3 K. A clear bump appears in the C/T curves above 8 GPa which we associate
to the magnetic transition. Above 10 GPa the peak gets broaden probably because of homogeneity
effects inside the sample chamber. Figure 3.6 b) shows the criterion we used to determine the
magnetic ordering temperature, T)y.

a)

a
- - o
® @ 3
2 2 3
> =} o
g g b
8 &) S
= - i
O O =

a

1 2 3 4 5 6 7 8 20 3.0 4.0 50
T (K) T (K)

Figure 3.6: a) Low-temperature dependence of ac-calorimetry at selected pressures. b) The criterion used
to determined Ty .

Ac-susceptibility under pressure

Ac-susceptibility was measured with an ac-field of 0.1 mT generated by the primary coil outside the
pressure chamber at a frequency of 721 Hz. The magnetic field was applied parallel to the easy c
axis of magnetization. Figure 3.7 a) shows the low-temperature dependence of the ac-susceptibility,
X', at selected pressures. For pressures above 6.5 GPa we find the onset of an increase of x’ for T < 4
K, which again becomes a clear peak for P > 8 GPa corresponding to the magnetic transition which
we followed up to nearly 13 GPa. The broadening of the peak and the decreasing intensity of the
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signal with increasing pressures, especially above 9 GPa, are probably due to a loss of homogeneity
as also observed in the ac-calorimetry curves above.
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Figure 3.7: a) Ac-susceptibility versus temperature for different P below and above the critical pressure,
P.~ 8 GPa. b) The criterion used to determined Tyy.

Resistivity under pressure

The electrical resistivity, p, was measured at a frequency of 17 Hz. Figure 3.8 shows the p curves
at low temperatures for several pressures up to 9 GPa. A clear kink arises for P > 8 GPa which
corresponds to the signature of the magnetic transition.

We have performed a detailed study of the Fermi-liquid behavior under pressure. At low tem-
peratures, in the paramagnetic state, for P < P., a Fermi-Liquid behavior, p(T) = po + AT?, is
always found at low temperatures. If the upper interval boundary is extended to higher temper-
atures, a power law with a smaller exponent (n < 2) can be plotted to the data. To determine
the Fermi-Liquid temperatures, Trr, shown in figure 3.9 a), we have plotted p(7') as a function
of T? and we have fitted the low temperature data with a linear fit. Tr;, was taken as the highest
temperature of the linear fit before it starts to diverge as indicated in figure 3.9 b).

The Fermi-Liquid region is reduced with increasing pressure when approaching the QCP. In the
magnetic ordered phase, the FL behavior is also found at low temperatures. The values of Try,
obtained in this study are in good agreement with those reported in |[Alami Yadri 1998| as shown
in figure 3.9, except for the value at ambient pressure.

In figure 3.10 the pressure dependence of the A coefficient and the residual resistivity pg are
shown. They were obtained by fitting the resistivity curves with the 72 power law using different
temperature ranges, AT. The choice of AT becomes relevant for P > 5 GPa. Below 5 GPa, we
fitted systematically between 40 mK and 500 mK. But above 5 GPa, we reduced the temperature
range from 500 mK to 300 mK to not underestimate the A coefficient. The values of py are less
sensitive to AT, so we use the same AT as for the A coefficient in each pressure range.
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Figure 3.8: a) Temperature dependence of the electrical resistivity, p, at selected pressures below and above
P.. b) The criterion used to determined Th;. The blue-left axzis corresponds to p and the red-right azis to
the d?p/dT?. The arrows indicate Ty; for both curves.
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Figure 3.9: a) Pressure dependence of the Fermi-Liquid temperature obtained from the resistivity curves in
this work and by [Alami Yadri 1998]. b) For each pressure, here we give an example at 4.8 GPa, we plotted
the p as a function of T? and we did a linear fit to determine Try, (indicated by an arrow).
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Figure 3.10: Pressure dependence of a) the coefficient A and b) the residual resistivity po. See details in
text.

The pressure dependence of the coefficient A shows a maximum near P,. A strongly increases
with pressure: about two orders of magnitude from A = 0.054 uQ2.cm/K? (ambient pressure) to
A =58 uQ.em/K? (P. ~ 8 GPa). Above P., we found that A decreases in the magnetic ordered
state but at 9.3 GPa the value is still rather large, A = 2.5 ufd.cm/K?2. This strong increase of A
is often observed in heavy fermions near a magnetic instability due to the presence of strong spin
fluctuations.

This enhancement of the coefficient A by a factor of 100 should correspond to a decrease in
Thaz (Tk) by a factor of 10 using the relation

Tonaz x T = 1/VA (3.2)

which is valid in the FL picture. This value is in good agreement with that from [Alami Yadri 1998].
However, in the cited study A still increases above P, while in the present work it decreases.

The residual resistivity increases smoothly with pressure but above P, it is strongly enhanced
and in contrast to the coefficient A, it does not decrease in the magnetic ordered phase but keeps
on increasing.

P-T Phase diagram

The (P—T') phase diagram of YbCusSis is shown in figure 3.11. Red squares, blues circles and green
triangles correspond to Th; values obtained in this work by ac-susceptibility, ac-calorimetry and
resistivity measurements respectively. Black crosses and stars correspond to Tj; values obtained
by |Colombier 2009] and [Winkelmann 1999] respectively.

The values of Ths from the three different techniques (ac-calorimetry, ac-susceptibility and
resistivity) are quite similar and in good agreement between them. Curiously, the values obtained
via ac-calorimetry in this work are higher than those obtained by [Colombier 2009] measured in
similar conditions (i.e., in a DAC with argon as pressure transmitting media in the * He pressure in-
situ device). Maybe the difference is due to sample quality (RRRpis work =~ 300, RRRColombier =
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120). However, up to 9 GPa, the values differ about 350 mK, but at higher pressures the discrepancy
increases, reaching 800 mK at 11 GPa. This suggests that hydrostatic effects could be related to
this discrepancy. Even though we did not measure above 13 GPa, if we extrapolate our values of
Ty to higher pressures, they could agree with those from [Winkelmann 1999| (black stars).
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Figure 3.11: Pressure-temperature phase diagram of YbCusSia. Red squares, blues circles and green tri-
angles correspond to Th; values obtained in this work by ac-susceptibility, ac-calorimetry and resistivity
measurements. Note that the green triangles below P, indicate the pressures where we measured p down to
40 mK but no magnetic transition was found. Trr is also shown (purple symbol). Black stars and crosses
correspond to the values of Ty from [Winkelmann 1999] and [Colombier 2009] respectively.

At first sight, the (P —T) phase diagram of YbCusSis follows the “mirror” image of a Ce system
phase diagram, as derived from the Doniach phase diagram discussed in chapter 1. However, there
are some significant differences with the phase diagram of its Ce-counterpart, CeCugSiz. First
of all, despite the considerable experimental efforts to measure very close to the critical pressure
and at low temperatures, we have not detected the transition below 1 K. Magnetic order occurs
suddenly, at a pressure of P. = 7.5-8 GPa and a temperature of about 1.5 K. In fact, the possibility
of a first-order transition, in contrast to the second-order tramsition of the AFM phase in the
Doniach phase diagram, was already proposed from Mossbauer results where the coexistence of a
magnetic and non-magnetic component was found over a pressure range of several GPa above P,
[Winkelmann 1999]. This inhomogeneous state could be the cause of the strong increase of pg at P..
Another relevant difference with the phase diagram of CeCugSis is the absence of superconductivity
in YbCusSis in the whole P — T phase diagram. At least, down to 40 mK.

3.3 Nature of the pressure-induced magnetic order

At the beginning of this thesis, the nature of the pressure-induced magnetic order in YbCusSiy was
still an unsolved question because resistivity, calorimetry and Mossbauer studies can not distinguish
between antiferromagnetic (AFM) and ferromagnetic (FM) order. Moreover, the critical pressure is
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3.3. Nature of the pressure-induced magnetic order

too high for neutron scattering measurements, and hence, no direct determination of the magnetic
structure is possible. Finally, the ac-susceptibility technique adapted for DACs, firstly developed
in Cambridge and afterwards adapted in the laboratory, has succeeded in solving this long lasting
question.

As shown previously in figure 3.7, the magnetic transition appears as a peak in the ac-susceptibi-
lity. Unlike with a dc-magnetization measurement, distinguishing between a FM and an AFM
transition with ac-susceptibility is not as trivial due to irreversibility effects in the FM state as x’
can decrease with decreasing temperature below the Curie temperature (T¢) and frequently shows
a peak as observed in figure 3.12. Indeed a similar effect was seen in YbInCuy [Mito 2007].

In order to determine the nature of the magnetic order we have made an estimation of the
absolute value of the susceptibility. This has been done using two methods. First, we calculated
the value using estimations of the sample and pick-up coil geometries using equation 2.2 and 2.3
(see chapter 2) with the following parameters: f = 721 Hz, Vi = 26.25 x 10° um?, L ~ 144 pm,
a~175 um, N =12, H =86.9 A/m.

Second, we compared the signal from the sample with the superconducting transition of a Pb
sample with the same dimensions in the same set-up. The two methods gave similar results with
less than 20% difference.
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Figure 3.12: Susceptibility at 8.9 GPa compared with expected Curie dependences for: psr = 4.54up
(dashed line) and pesr = 1.25up (dotted line).

In figure 3.12 the susceptibility at 8.9 GPa is compared with two Curie laws (red lines) and
a Curie-Weiss law (green line). The experimental X’ contains an unknown but roughly constant
background, so the zero has been taken at the highest temperature measured (15 K). First we
compare the experimental curve with the Curie law corresponding to the effective moment of
tepr = 1.25pp which was determined experimentally by Mossbauer spectroscopy at a similar
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pressure [Winkelmann 1999]. This value is similar to that found in other Yb systems with the
tetragonal (ThCraSis) structure showing magnetic order and compatible with the moment expected
for Y3+ taking into account the effects of the crystalline electric field (CEF) and Kondo screening
[Hodges 1987, Bonville 1991, Bonville 1994]. The experimental data show clearly a much larger
magnetic signal. In fact, with the present resolution, an AFM system with a moment of 1up would
be lost in the noise, as is probably the case for YbCoyZngg (see chapter 4).

We also show the Curie law for an effective magnetic moment corresponding to the theoretical
value for the Yb3" free ion, perr = 4.54p5. Even in this case the experimental data still diverges
much more quickly than the theoretical curve below 5 K. The agreement of the experimental data
above 5 K is probably coincidental and it can also be compatible with a smaller moment and a
positive Curie-Weiss temperature. Finally, the green line shows the best fit for this data with a
Curie-Weiss law (with T = 2.9K and piefs = 3.52up). This value for p.rs is surprisingly large.
This could be due to a combination of pressure and sample inhomogeneity, and the very strong
slope of dTy/dP, causing a spread of ordering temperatures within the sample. Nevertheless, all
these points strongly lead toward ferromagnetism. Of course from these results we can not exclude a
more complex magnetic structure like canted antiferromagnetism as recently suggested in YbInNiy
|[Willers 2011] but we need at least a significant FM component.

3.3.1 Ac-susceptibility measurements under magnetic field

Further proof of ferromagnetism is found in the behavior when a small constant magnetic field is
superimposed along the c-axis. Ac-calorimetry and ac-susceptibility curves for selected pressure
around 8.5 GPa are shown in figure 3.13 a) and b) respectively. In both cases, the amplitude of
the transition decreases with the application of low magnetic fields but at the same time, T} is
clearly shifted towards higher values for increasing fields. This trend can be better observed in the
phase diagram (T, H) of figure 3.13 d) were we have plotted the transition temperatures versus
the applied magnetic fields. This response, where T increases with field, is consistent with the
usual behavior observed in a ferromagnetic system under magnetic field [Willers 2011, in contrast
to the usual behavior of an antiferromagnet where Tn¢; decreases when a magnetic field is applied.
Surprisingly, as shown in figure 3.13 ¢), at 7.5 GPa where no transition is visible down to 1.5 K
at zero field we found we could induce a metamagnetic transition by the application of dc fields
above 0.2 T. The rapid decrease of the intensity in X’ is similar to the effect seen in YbInCuy
[Mito 2003] and probably mainly reflects the loss of any ac response in the FM state once a single
domain has been created with the dc field, as well as the fact that under dc field the transition
becomes a crossover as the magnetic field also breaks time-reversal symmetry from a partially to
fully polarized state.

3.3.2 P-T-H phase diagram

A complete (P, H,T) phase diagram of Ty is shown in figure 3.14. The red points correspond to
the values of T)s at zero field (the values of the ac-susceptibility from the (P — T') phase diagram
of figure 3.11). The Ty, values under field correspond to the green circles and the values of T
for the magnetic-field induced transition at 7.5 GPa are signaled with orange dots. We can observe
that the trend of the increase of Tjs under magnetic field at 8.5 GPa is valid for all pressures we
measured and simultaneously the transition is rapidly suppressed under field. Interestingly, we find
that Ths does not significantly change for any pressure at very low magnetic fields (up to 0.1 T).
We suspect that it could be the field necessary to obtain a single domain and that below this value
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Figure 3.13: Effect of magnetic field a) ac-calorimetry curves at 8.5 GPa and magnetic fields up to 0.45 T.
b) Ac-susceptibility as a function of temperature at 8.6 GPa and selected magnetic fields. ¢) Susceptibility
curves at 7.5 GPa under magnetic field. The transition is induced for fields greater than 0.2 T. d) Magnetic
field dependence of Tyy near 8.5 GPa (blue and green curves) and 7.5 GPa (fuchsia curve) obtained from
specific heat (diamonds) and susceptibility (circles) measurements.
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the internal field depends weakly on the applied field. These trends are experimentally consistent
with the behavior of a FM system under magnetic field.
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Figure 3.14: Complete phase diagram (P, H,Ty;) at low-magnetic fields and high pressures. Red and green
circles correspond to the values of Ty at zero field (from 8.11) and under field above the critical pressure
respectively. Orange dots are the values of Thy at 7.5 GPa (from figure 3.13), close to the critical pressure,
and the black points indicate where ac-susceptibility curves detected no transition down to 1.5 K.

3.3.3 Magnetization measurements under pressure

Magnetization measurements are currently used as a probe for magnetic properties. Nevertheless,
performing such measurements under high pressure is still quite challenging from an experimental
point of view. In figure 5.11 a) the low-temperature dependence of the magnetization for three
different pressures in YbCusSiy are shown. We measured at 50 Oe. As it was expected, at ambient
pressure, when the system is paramagnetic M is almost zero. At 7 GPa, close to P,, a clear increase
in M is detected for T < 6 K. At 8.9 GPa, above P,., the signal starts to increase earlier, for T < 7
K. The relevant point is that below the magnetic ordering temperature at this pressure?, the
magnetization keeps on increasing. We performed two temperature cycles at each pressure and the
values in both measurements (blue squares and circles) are consistent with each other. This is the

4The position is marked with an arrow and its value has been taken from the (P —T') phase diagram of YbCusSi..
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behavior expected for a ferromagnetic material in contrast to an antiferromagnetic system, where
the magnetization would decrease below Th¢e;. Unfortunately, we could not measure the whole
saturation curve as the magnetic ordering temperatures are very close to the limiting temperature
range of the SQUID magnetometer (Tpqse ~ 1.8 K).
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Figure 3.15: a) Temperature dependence of the magnetization curves for three different pressures: ambient
pressure, 7 GPa and 8.9 GPa. b) Here the magnetization is expressed in pup per formula unit instead of
emu.

From Mossbauer measurements, Winkelmann et al. deduced the magnetic moment of the Yb
ion at a similar pressure: p~ 1.25up at 8.9 GPa. Assuming that this would be the value that we
should obtained in our curve at the same pressure once the magnetization achieves its saturated
value, if we express M in pp per formula unit instead of emu we could estimate how far we are
from the saturation.

To express M in pup we use the following expression:

M

M ) = Mlemu) X ———
[ILLB/f ] [ ] msampleNAv,U*B

(3.3)

where M is the molar mass and Ny, is the Avogadro’s Number. As we do not know the Msample
but its dimension, thus its volume, V ~ 100 x 95 x 503, we can make an estimation of Msample 38

Msample = d X V,
ZM (3.4)

f=—
Vunit cellNAv

where Z is the number of Yb atoms per formula unit and Vj,;; the unit cell volume. YbCusSis
has a tetragonal symmetry, Z = 2 and Vi = a? x ¢ = 153.8 x 10~ 24em3.
Substituting the mggmpre value obtained in eq. 3.4 in eq.3.5 we obtain
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Vunit cell
M ul = Mlemu| X ————
i/ fu) = Mermu] x = .

Mlup/ fu] =~ 16584 x M [emul]

Figure 5.11 b) shows the magnetization in pp. Even though the values obtained are an
estimation rather than an exact value, we can conclude that we are still far from the estimated
saturated magnetization value of 1.25up. Unfortunately, very few SQUID magnetometers are
equipped to measure below the Kelvin range. Finally, we also measured the field dependence of
the magnetization at 9.7 GPa at two different temperatures, 1.8 K and 7K, below and above the
magnetic ordering temperature, to see any hysteresis behavior. But these measurements were not
conclusive because in both curves there was an hysteresis loop. This is due to the difficulty on
removing the background contribution which is field dependent to the weak measured signal.

3.4 Metamagnetism

In principle, the magnetic field is also a suitable external parameter like pressure to tune the
competition between Kondo and RKKY interaction, i.e., to tune the strength of the 4 f —conduction
electron hybridization. When the Zeeman energy gupH becomes comparable to the thermal energy
kT, the heavy fermion behavior is suppressed and local moment behavior is recovered. Similarly,
long-range (AFM) ordering is suppressed when the Zeeman energy is larger than the inter-site
coupling strength. Furthermore, applying a magnetic field will introduce a ferromagnetic component
to the spin fluctuations. Historically, metamagnetic-like behavior was firstly ascribed to AFM
systems but nowadays we talk about metamagnetism when an abrupt non linear increase of the
magnetization is observed at a magnetic field Hy,.

Many heavy fermion systems show a metamagnetic-like behavior at a magnetic field H,, for
temperatures T' < Ty, .. =~ Tk [Ohya 2010]. For example, YblIryZngy, with a T' < T}, ... =74 K
metamagnetism is observed at a H,, ~ 100 kOe |[Takeuchi 2010]. In CeRusSis, H,, = 80 kOe
(T, = 10 K) |Haen 1987] while in UPt3, H,, = 200 kOe and T\, ~ 20 K [Sugiyama 1999].

Xmazx
As a general rule, the higher T; the greater magnetic field is required to observe metamagnetism.

Moreover, the ac-susceptibility curves at 7.5 GPa showed that we could induce the magnetic tran-
sition by applying weak magnetic fields. This finding motivated us to look for metamagnetism in
YbCusSip at ambient pressure and for pressures below P.. However, in YbCusSig, Ty,,.. ~ 40 K
(for H ||[100] , see figure 3.3). From the former examples we expect that metamagnetism, if it takes
place, will require magnetic fields above H > 200 kOe =~ 20 T'.

In the literature there are no reported studies in such high magnetic fields in YbCusSia s0
far. In the next paragraphs we show the results of two experiments. The first one was carried
out at the LNCMI (Toulouse, France) in the high magnetic pulsed facility where we measured
the magnetization at ambient pressure up to 53 T and the second was carried out at the LNCMI
(Grenoble, France) where we measured the resistivity under pressure (for P < P.) at constant fields

up to 28 T.

3.4.1 Magnetization at high magnetic fields

Figure 3.16 shows the field dependence of the magnetization of YbCugSis for H ||c up to 53 T, at
ambient pressure and at low temperatures, for T < T,

mazx *
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Figure 3.16: Field dependence of the magnetization of YbCuySis up to 53 T for three different temperatures:
4, 12 and 30 K for H || c.

Initially the magnetization increases linearly up to Hy ~ 15 T at 4 K (indicated by a dashed
black curve). With increasing temperature the linear dependence is slightly reduced to Hj =
11 T at 30 K. Above Hy, M(H) keeps on increasing continuously with the applied magnetic field
without any anomaly or sudden increase for all temperatures. Thus, no metamagnetic-like behavior
is detected at least up to 53 T for H || ¢ at ambient pressure. However, we can not exclude the
possibility that metamagnetism could appear at even higher magnetic fields or when the magnetic
field would be applied along [100] which is the direction where T, .. ~ 40 K is observed in the
susceptibility curve (figure 3.3). If we apply the experimental relation in YbCuySiy between H,,,
the metamagnetic field, and T,,,,. proposed by Takeuchi et al. for heavy fermion compounds
| Takeuchi 2011a)

H,,(kOe) = 15T

Xmax

(K) (3.6)

we obtained a value of H,,, = 600 kOe = 60 T'. This value should be taken only as an estimation,
not an exact value, but it suggests that 50 T is indeed not enough to detect metamagnetism in
YbCugSie. Only a few facilities, LNCMI (Toulouse), Los Alamos National Laboratory and Dresden
High Magnetic Field laboratory can reach, in the present, higher non-destructive pulsed fields, up
to 82 (pulse duration, ¢, = 300 ms), 100 T (¢, = 20 ms) and 90 T (¢ = 10 ms) respectively. So
the door to detect metamagnetic-like behavior in YbCusSis is not definitively closed.

3.4.2 Magnetoresistivity under pressure

Pressures below P.

We have not detected metamagnetism at ambient pressure at least up to 52 T. However, in the
ac-susceptibility measurements a metamagnetic-like transition was induced at 7.5 GPa (very close
but slightly below P.) by applying a weak magnetic field of 0.2 T (see figure 3.13). So we did not
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give up and we looked again for metamagnetic signatures but this time in the resistivity under
pressure(for P < P.) and under high magnetic fields up to 28 T.

Figure 3.17 a)-e) shows the magnetoresistivity curves normalized at the value at zero field,
p(H)/p(0), for different temperatures and for several pressures. In order to examine a single ion
scaling relation, as it is the case for several heavy fermions such YbNisGes ([Knebel 2001] and
YbCo2Zngg [Saiga 2009], we have plotted p(H)/p(0) as a function of H/(T +T*). We did not find
a value of the characteristic temperature 7™ that could scale on a single curve all the p(H)/p(0)
curves for any of the pressures. Figure 3.17 f) shows the best fit we found among all the pressures
which corresponds to 7" =1 K at 6.1 GPa. Even in this case, the scaling is still not unique. The
failure of the Kondo scaling is somehow not surprising if we bring to mind that YbCusSis is at
low pressures in an intermediate valence regime ( nj < 1) whereas YbCosZnyg is already trivalent
(see chapter 4) with nj, ~ 1. As pressure increases ny, also increases, the Yb ion tends to the Y53+
state and the Kondo regime will be reached at some point. From these results, we might infer that
YbCusSis is still in an intermediate-valence regime up to at least 6 GPa.

At low pressures, 1.2 and 2.0 GPa, decreasing the temperature tends to smear out the large
bump observed for ' > 4 K in p(H)/p(0) centered at 12 T and 7 T for 1.2 and 2.0 GPa, respectively.
So, at low pressures, lowering the temperature favors a positive magnetoresistance.

At intermediate pressures, 3.0 and 3.9 GPa, the pressure dependence of the magnetoresistivity
gets more complex. The bump observed at low pressures now is very pronounced and it has
shifted to lower magnetic fields, at H, ~ 4.4 T (3.0 GPa) and 2 T (3.9 GPa). The position
of the maximum of this bump is weakly temperature dependent. Only above 6 K it shifts to
higher field values, up to 5.7 T (3.0 GPa). We can differentiate three different field-dependent
regions in p(H)/p(0): at low fields, H < Hj the magnetoresistivity is positive. Above Hj it
becomes negative and again positive at higher magnetic fields (12-15 T'). Pressure tends to shift
the bump to lower magnetic fields, hence, reducing the region of positive magnetoresistivity and
at 6.1 GPa, we observe a negative magnetoresistivity up to 7-15 T depending on the temperature.
The positive magnetoresistivity at high magnetic fields is recovered for all pressures we measured
and independently of the temperature.

In figure 3.18 we have plotted the magnetoresistivity, p(H), as a function of pressure for three
selected temperatures: 2 K, 4 K and 6 K.

Now the effect of pressure in p(H) is highlighted. For example, at 2 K, we clearly see how
pressure increases p(0) and how the bump arises and shifts to lower fields until only the negative
magnetoresistivity is observed at 6.1 GPa (H < 10 T). Above 10 T, we recover the positive mag-
netoresistivity for all the pressures. As previously discussed, the temperature has no big effects
on the magnetoresistivity except that it becomes slightly less sensitive to the magnetic field (the
bump smears out). Moreover, p(0) also increases with increasing temperature, as expected from
the phonon contribution.
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