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Introduction

Introduction

Ces derniéres années, les oxydes pyrochlores R,M,Oy, o les ions de terre rare R*" et
les ions de métal sp ou de transition M** occupent deux réseaux tridimensionnels de tétraédres
jointifs par les sommets, ont suscité beaucoup d’intérét. Dans ce type de réseau, les
interactions magnétiques d’échange entre premiers voisins peuvent étre géomeétriqguement
frustrées, c'est-a-dire que la géométrie particuliere du réseau ne permet pas a toutes ces
interactions d’étre satisfaites simultanément. D’un point de vue microscopique, de tels
systemes possedent une trés grande dégenérescence de I’état fondamental, et donc ne peuvent
s’ordonner magnétiquement comme des systémes classiques. lls présentent des ordres
magnétiques a courte portée exotiques, qui ont recu le nom de liquides, glaces ou verres de
spin, par analogie avec les états correspondants de la matiere condensée. En pratique, la
dégénérescence de I’état fondamental peut étre levée par une perturbation comme I’énergie
dipolaire ou I’anisotropie de champ cristallin. L’application d’une pression, qui change
I’équilibre énergétique entre les différents types d’interactions peut induire de nouvelles
phases magnétiques, dont I’étude renseigne aussi sur I’état a pression ambiante.

Ce travail est structuré en six chapitres. Son objet est d’étudier comment la
substitution chimique et/ou la pression influence I’ordre magnétique dans certains pyrochlores
de terbium : (i) Th,Sn,O; qui n’a qu’un seul type d’ion magnétique Th*" sur un réseau
pyrochlore (Chapitre I11) et (ii) la série de composés (Th;xLayx),M0,0; avec x=0-0.2, ou les
deux types d’ions Tb*" et Mo* sont magnétiques (Chapitres IV-VI). L’utilisation des
techniques microscopiques nous a permis d’obtenir une description précise et détaillée a la
fois des corrélations statiques de spins et de la dynamique de fluctuations de spins dans ces
COMPOSES.

Le chapitre | constitue une introduction aux propriétés des pyrochlores
géométriquement frustrés. Nous définissons d’abord les concepts de base de la frustration
géométrique, et considérons les pyrochlores parmi les autres systemes géométriquement
frustrés. Ensuite nous présentons les composés qui n’ont qu’un seul ion R** magnétique sur
un réseau pyrochlore et introduisons les concepts de liquide de spin, glace de spin et verre de
spin. En regard des définitions de base, nous donnons pour chaque cas un exemple réel et
représentatif, relié directement a I’objet de notre étude, pour illustrer les signatures
expérimentales du comportement liquide, glace ou verre de spin. Puis, nous abordons les
systémes avec deux ions magnétiques R*" et Mo** sur un réseau pyrochlore et nous détaillons
les résultats expérimentaux les plus importants obtenus dans ce domaine avant notre étude.
Nous donnons les détails de la structure cristalline, qui sont aussi valables pour les composes
avec un seul type d’ion magnétique. Pour tous les systéemes ci-dessus nous présentons
quelques modeles théoriques qui tentent d’expliquer leurs propriétés.

Le chapitre 1l présente les techniques expérimentales essentielles utilisées dans ce
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travail : la diffraction de neutrons et de rayons X et la rotation et relaxation de spin du muon
(USR), a pression ambiante et sous pression. La diffraction de rayons X permet d’obtenir une
description précise de la structure cristallographique des composés étudiés. Nous portons une
attention spéciale aux techniques de diffraction de neutrons et de uSR, les plus utilisées dans
ce travail, et qui sont aussi parmi les techniques le plus puissantes pour I’étude du magnétisme
de la matiere condensée. Nous donnons plus de détails concernant les instruments utilisés et
les méthodes d’analyse.

Un des composés les plus étudiés ces derniéres années est Th,Ti,O. Il constitue un
exemple classique de liquide de spin, ou les moments magnétiques, corrélés
antiferromagnétiquement sur les distances entre premiers voisins, fluctuent jusqu’aux
températures les plus basses mesurées (70 mK suivant la Référence [Gardner'99]). Comme
indiqué au Chapitre I, la compréhension théorique de son comportement est toujours sujette a
discussion. Pour mieux comprendre I’équilibre énergétique qui induit cet état fondamental
original, nous avons décidé de le perturber. Nous dilatons le réseau en remplacant I’ion Ti**
non magnétique par un ion plus gros Sn**, non magnétique également. Le Chapitre Il
présente les résultats expérimentaux dans Th,Sn,O;. L’ordre magnétique est tout d’abord
étudié par susceptibilité magnétique, puis par diffraction de neutrons et chaleur spécifique.
Nous montrons que, contrairement a Th,Ti,O;, a basse température, Th,Sn,O; montre un
ordre magnétique a longue portée original. Nous avons appelé ce type d’ordre “glace de spin
ordonnée”, car dans un tétraedre donné il présente la structure locale d’une glace de spin, tout
en conservant un ordre a longue portée ferromagnétique des tétraedres. Dans le cadre des
modeles théoriques existant dans la littérature, et en utilisant les valeurs des constantes
d’interactions proposées pour Th,Ti,O;, nous étudions I’équilibre énergétique des deux
composés et tentons de comprendre leurs différences de comportement.

Nous considérons ensuite les systémes ayant deux ions magnétiques, R** et Mo*",
chacun des types d’ions occupant un réseau pyrochlore. Par rapport au cas précédent, ces
systemes permettent d’étudier les interactions entre deux réseaux frustrés. Par I’introduction
de I’ion magnétique Mo**, le systéme devient donc plus complexe, mais aussi plus riche, et
plus facile a étudier, puisque la température d’ordre magnétique augmente de prés de deux
ordres de grandeurs, d’environ 1K pour Th,Sn,O; jusqu’a 20-100K pour les composés
R,Mo0,0. Les pyrochlores de molybdéne peuvent donc avoir des applications potentielles.
Ces derniéres années ils ont attiré beaucoup d’attention a cause de la variation anormale a la
fois de leurs propriétés de conduction et de leurs propriétés magnétiques, qui sont gouvernées
par la variation du parameétre de réseau. Celle-ci peut étre pilotée en jouant sur le rayon
ionique moyen de la terre rare R;. Quand R; augmente, les composes R,Mo0,0; présentent

une transition d’un état verre de spin isolant (SGI) (pour R=Y, Dy, Th) vers un état
ferromagnétique métallique (FM) (pour R=Gd, Sm, Nd). Dans ces systemes, outre les
moments localisés 4f des ions de terre rare, il y a aussi les moments 4d des ions de transition
Mo**, qui ont un caractére partiellement itinérant. La transition isolant-métal résulte de la
position spécifique des niveaux tyq des ions Mo*" prés du niveau de Fermi. Les ions R* sont
polarisés par le champ moléculaire des ions Mo**. Les mesures macroscopiques sur les séries
substituées (RR’),Mo0,0; [Katsufuji'00, Kim'03, Miyoshi'03, Moritomo'01, Park'03] et les
calculs de structure de bande [Solovyev'03] suggerent que la transition SG-F est gouvernée
par le changement des interactions Mo-Mo d’un état antiferromagnétique (frustré par la
géométrie du réseau) vers un état ferromagnétique. Notre idée est d’étudier au niveau
microscopique I’évolution de I’ordre magnétique en traversant la région du seuil de
transition.

Le Chapitre IV concerne de I’influence de la substitution chimique sur I’ordre
magnétique. A partir de Th,Mo0,07, qui présente des propriétés verre de spin en dépit de
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I’absence de désordre chimique, nous dilatons le réseau en substituant les ions Th** par des
ions La** (non magnétiques) et nous étudions la série (Tbi.xLay),Mo0,0; avec x=0-0.2. Par
diffraction de rayons X, nous étudions les propriétés cristallographiques de la série. Puis nous
nous consacrons aux propriétés magnétiques. Les mesures de susceptibilité magnétique
permettent de déterminer la température d’ordre, tandis que les neutrons combinés aux muons
donnent acces a la fois aux corrélations de spins et aux fluctuations. Nous montrons que la
substitution Th/La induit une transition d’un état verre de spin frustré vers un etat original
“réentrant” de type ferromagnétique, ordonné a longue portée, mais ou existe une deuxiéme
transition en dessous de la température d’ordre ferromagnétique observée par les muons.

Le Chapitre V concerne I’influence de la pression sur les propriétés structurales et
magnétiques de la séries (TbixLax),M0,0;. Par diffraction de neutrons et PSR, nous
analysons I’évolution des corrélations de spin et des fluctuations sous pression pour un
composé ferromagnétique et un composé verre de spin. Nous montrons que sous pression
appliquée, I’ordre ferromagnétique se transforme en verre de spin. La diffraction sous
pression de rayons X utilisant le rayonnement synchrotron permet de déterminer la
dépendance du parameétre de réseau avec la pression (I’équation d’état).

Le Chapitre VI fait la synthése des résultats dans la série (Th;xLax)2M0,07, x=0-0.2.
En utilisant I’équation d’état, nous pouvons reporter toutes nos mesures des températures de
transition a pression ambiante et appliquée sur un méme diagramme. Nous proposons un
nouveau diagramme de phase qui posséde, outre la région paramagnétique, une région verre
de spin, une région ferromagnétique, mais aussi une région mixte. Nous discutons en détail
chacune de ces régions et tentons de déterminer leur origine. Nous comparons nos résultats
dans la série (Th;xLax),M0,0; a ceux obtenus dans deux autres composés Gd,Mo,0; et
Nd,Mo,0;, composés ordonnés respectivement proches et loin du seuil de la transition
ferromagnétique-verre de spin. Finalement, nous comparons les effets de la pression chimique
et de la pression appliquée sur les propriétés magnétiques et électriques des pyrochlores de
molybdene.

Nous terminons cette étude par une conclusion générale sur les principaux résultats
obtenus et leur suite possible. Deux calculs spécifiques sont également reportés en Appendice.
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In the recent years there has been a great deal of interest in the pyrochlore oxides
R,M,0-, where both rare earth R** and transition or sp metal M** ions form three dimensional
networks of corner sharing tetrahedra. In this type of network the first neighbour exchange
magnetic interactions may be geometrically frustrated, i.e. the specific geometry of the lattice
prevents these magnetic interactions from being satisfied simultaneously. From a microscopic
point of view such systems possess an enormous degeneracy of the ground state and therefore
they cannot order magnetically in a classical way. They show exotic types of short range
magnetic orders, which are called spin liquids, spin ices or spin glasses due to their striking
similarities with the states of the condensed matter. In practice the degeneracy of the ground
state may be lifted by a perturbation like dipolar energy or crystal field anisotropy. The
applied pressure, which changes the balance between different types of interactions, may
induce new magnetic phases. The analysis of these new phases yields a better understating of
the ambient pressure state.

This study is structured in six chapters and analyses how the chemical substitution
and/or the applied pressure influences the magnetic order of some terbium pyrochlores: (i)
Th,Sn,07, having Th** as unique magnetic ion on a pyrochlore lattice (Chapter 111) and (ii)
(Tby.xLay)2M0,07 series, with x=0-0.2, where both Th>* and Mo** ions are magnetic (Chapters
IV-VI). Microscopic techniques allowed us a detailed and precise analyse of both spin statics
and dynamics of the above compounds.

Chapter | is an introduction to the properties of the geometrically frustrated
pyrochlores. We first define the main concept of geometrical frustration and consider the
pyrochlores among other geometrically frustrated systems. Then we focus on systems having
only R* as magnetic ions on pyrochlore lattice and define the concepts of spin liquid, spin ice
and spin glass. Besides the basic concepts in each case we choose a real and representative
example, directly related to the present study, to illustrate the experimental fingerprint of a
spin liquid, spin ice and spin glass behaviour. Then we focus on systems with two magnetic
ions, R** and Mo*", on pyrochlore lattices and detail the most important experimental results
previously obtained in this field. We give some details about their crystal structure, which are
also valid for the compounds with only one magnetic ion R**. For all the above systems we
also present some theoretical models which try to explain their properties.

Chapter Il presents the main experimental techniques used in this study: the neutron
and X ray diffraction and the Muon Spin Rotation and Relaxation (uSR), at ambient and
under applied pressure, and also the macroscopic magnetic susceptibility, at ambient pressure.
X ray diffraction allows the determination of the crystallographic structure of the analysed
compounds. We pay special attention to the neutron diffraction and uSR techniques, mainly
used in this work and which are among the most powerful techniques used to investigate
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magnetism in condensed matter physics, and give more details concerning both the
instruments and data analysis.

One of the most studied compounds of the recent years is Th,Ti,O5. It is a text book
example of spin liquid, where the magnetic spins antiferromagnetically correlated only on
first neighbour distances fluctuate down to the lowest measured temperature (70 mK
according to Ref. [Gardner'99]). As shown in Chapter I, at theoretical level its behaviour is
still under discussion. In order to better understand the energy balance which induces its
original ground state, we decided to perturb it. We expand the lattice by chemical substitution
of the non-magnetic Ti** by the bigger non-magnetic Sn** ion. Chapter Il presents the
experimental results on Th,Sn,O;. The magnetic order is first studied by magnetic
susceptibility measurements and then by neutron diffraction and specific heat measurements.
We show that, contrary to Th,Ti,O, at low temperature Th,Sn,O; shows an original long
range magnetic order. We called this type of order an “ordered spin ice”, since in a given
tetrahedron it possesses the local spin structure of a spin ice, together with a ferromagnetic
long range order of the tetrahedra. Within the theoretical models given in the literature and
using the interaction constants proposed for Th,Ti,O;, we analyse the energetic balance for
the two compounds and try to understand their different behaviours.

We then consider the systems having two magnetic ions, R** and Mo**, each of them
belonging to a pyrochlore lattice. This allows the study of the interaction of two frustrated
lattices, with respect to the above case. By introducing the Mo*" magnetic ion, the system
becomes more complex, but also “richer” and easier to study experimentally since the
transition temperatures increase by roughly two orders of magnitude, from ~ 1 K for
Th,Sn,07 to ~ 20-100 K for RoMo0,0;. Therefore the Mo pyrochlores could have more
potential applications. In the recent years they have attracted great attention due to an unusual
variation of both their conduction and magnetic properties, which are governed by the
variation of the lattice constant. The lattice constant may be tuned by varying the rare earth
average ionic radius R,: when R; increases the R,M0,07 pyrochlores undergo a transition

from a spin glass insulating (SGI) state (R=Y, Dy and Tb) to a ferromagnetic metallic (FM)
one (R=Gd, Sm and Nd). In these systems, besides the localized 4f rare earth magnetic
moments, there are also the 4d Mo*" moments, with partially itinerant character. The I-M
transition comes from the specific position of the Mo** tog Orbitals situated nearby the Fermi
level. The R ions are polarized by the molecular field of Mo* ions. Macroscopic
measurements on substituted series (RR’);Mo0,0; [Katsufuji'00, Kim'03, Miyoshi'03,
Moritomo'01, Park'03] and band structure calculations [Solovyev'03] suggest that the SG-F
transition is determined by a change of Mo-Mo interactions from antiferromagnetic
(frustrated by the lattice geometry) to ferromagnetic. Our idea is to study at microscopical
level the evolution of the magnetic order throughout the threshold region.

Chapter IV focuses on the influence of the chemical substitution on the magnetic
order. Starting from Th,Mo0,07, which shows spin glass properties despite the absence of
chemical disorder, we expand the lattice by chemical substitution of Th*" by the non-magnetic
La** and study the series (Thy.xLax)2M0207, with x=0-0.2. By X ray diffraction we analyse the
crystallographic properties of the whole series. Then we focus on the magnetic properties.
The magnetic susceptibility measurements allow the determination of the ordering
temperature, while the neutron diffraction combined with uSR give access to both spin static
correlations and spin dynamics. We show that the Th/La substitution induces a transition from
a frustrated spin glass state to an original “reentrant” ferromagnetic type order, long range
ordered, where a second transition below the ferromagnetic one is probed by uSR.
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Chapter V focuses on the effect of the applied pressure on the structural and magnetic
properties of the (Tb;.xLax),M0,07 series. By neutron diffraction and uSR we analyse the
evolution of spin correlations and fluctuations under applied pressure for a ferromagnetic and
a spin glass compound. We show that under applied pressure the ferromagnetic order
transforms to spin glass. X ray synchrotron diffraction under pressure allows the
determination of the lattice parameter pressure dependence (the equation of state).

Chapter VI makes a synthesis of the results obtained for (Tb;.xLax)2M0,07; x=0-0.2
series. Using the equation of state we put together all our measurements of the transition
temperatures, at ambient and under applied pressure, and propose a new phase diagram
having, besides the paramagnetic region, a spin glass, a ferromagnetic but also a mixed
region. We discuss in more details each of these regions and try to determine their origin. We
compare our results for (ThixLax):M0,07 series with those for the ordered compounds
Gd;Mo0,07 and Nd;Mo,0-, situated close and far from the threshold region, respectively.
Finally, we compare the effects of chemical and applied pressure on the magnetic and
conduction properties of Mo pyrochlores.

We close this study by a general conclusion about the main obtained results and the
future perspectives. Two specific calculations are also quoted in the Appendix.
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Chapitre I.

Le cadre de I’étude: les pyrochlores géométriquement
frustrés — liquides de spin, glaces de spin et verres de
spin sans désordre chimique

Ce chapitre est une introduction. Son premier but est de définir les concepts de base et
le second de présenter les résultats les plus importants obtenus au préalable dans le domaine
des pyrochlores géométriquement frustrés R,M,07, ou R est une terre rare ou yttrium et M un
métal de transition ou sp.

Nous définissons d’abord le concept de frustration géométrique, en soulignant la
différence avec la frustration qui résulte de la compétition d’interaction et du désordre
chimique (verres de spins classiques). Nous donnons aussi quelques exemples de réseaux
géométriquement frustrés et parmi eux nous introduisons le réseau pyrochlore.

Puis nous considérons les systemes ayant un seul ion magnétique sur un réseau
pyrochlore et présentons quelques uns des états fondamentaux induits par la frustration
géométrique : liquides de spins, glaces de spin et verres de spin sans désordre chimique. A
coté de concepts de base, nous donnons chaque fois des exemples réels de systémes
pyrochlores caractérisés par de tels états magnétiques. Pour I’état liquide de spin et glace de
spin, nous mentionnons aussi les approches théoriques qui tentent de décrire ces
comportements. Parmi eux nous présentons Th,Ti,O;, qui est un exemple canonique de
liquide de spin. Il est le point de départ de la premiére partie de ce travail, I’étude de
Tb,Sn,O; (Chapitre 111) dans lequel Th** est aussi le seul ion magnétique, mais ou la
substitution de Ti*" par I’ion plus gros Sn** dilate le réseau et modifie I’équilibre énergétique
des interactions.

Ensuite nous considérons les systemes ayant deux ions magnétiques, chacun sur un
réseau pyrochlore. Les pyrochlores de molybdéne R,Mo,0- attirent beaucoup d’intérét car
leurs propriétés électriques et magneétiques dépendent fortement des distances inter atomiques,
et essentiellement du parametre de réseau, dont la variation peut étre pilotée en changeant le
rayon moyen R; de la terre rare. Une transition d’un état verre de spin isolant (SGI) vers un

état ferromagnétique métallique (FM) a éte observée quand R; augmente. Nous présentons les

résultats les plus importants sur ces composés. Nous décrivons de fagcon détaillée leur
structure cristalline, qui influence directement leurs propriétés. Finalement, nous présentons
un modele de structure de bande qui sans étre complet, explique les propriétés générales des
pyrochlores de molybdene au seuil de transition verre de spin isolant - ferromagnétique métal.
La deuxiéme partie de ce travail (Chapitres IV-VI) est consacrée a I’étude expérimentale
microscopique du magnétisme de ces composés dans la région de transition verre de spin-
ferromagnétique.
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Chapter I.

The framework of this study: the geometrically
frustrated pyrochlores - spin liquids, spin ices and
chemically ordered spin glasses

The first chapter is an introduction to this study. Its first goal is to define the main
concepts: the geometrical frustration and the original magnetic ground states which it
generates, i.e. the spin liquids, the spin ices and the spin glasses. The second goal is to present
some of the most important results previously obtained in the field of the geometrically
frustrated pyrochlores R,M,07, with R= rare earth or yttrium and M=transition or sp metal.

We define first the concept of geometrical frustration underlying the difference in
regard to the frustration which results from competing interactions and chemical disorder
(classical spin glasses). We give few examples of geometrically frustrated lattices and among
them we present the three dimensional pyrochlore lattice. In the pyrochlore compounds both
R and M ions occupy pyrochlore lattices.

Then we focus on systems having R** as unique magnetic ion on the pyrochlore lattice
and define the original magnetic ground states induced by the geometrical frustration, i.e. the
spin liquids, the spin ices and the spin glasses. Besides the basic concept we give each time
real and representative examples of pyrochlore systems characterized by such magnetic
ground states and directly related to this study. For the spin liquids and spin ices we also
mention the theoretical approaches that try to explain their behaviour.

Finally, we focus on systems having two magnetic ions on a pyrochlore lattice: the
molybdenum pyrochlores R,Mo0,07, which have attracted special attention since the discovery
of a crossover transition from an insulating spin glass state to a ferromagnetic metallic one,
which can be tuned by the rare earth average ionic radius. We present the most important
experimental results in this field. We detail their crystallographic structure, since it is directly
related to their properties. We also present a band structure model, which without being
complete explains the general properties of Mo pyrochlores.

I.1. The geometrical frustration

The geometrical frustration is a central theme in contemporary condensed matter
physics. The conditions for magnetic frustration are satisfied in many real materials. On a
more fundamental level the geometrically frustrated systems have attracted a great deal of
interest over the past few years due to their propensity to adopt unusual, even exotic magnetic
ground states, which in some cases still remain poorly understood.
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Magnetic frustration arises when the system is not able to find its classical ground
state energy by minimizing the energy between pairs of interacting magnetic moments
(spins), pair by pair.

When frustration is determined purely by the geometry (topology) of the lattice it is
termed geometrical (topological) frustration. The canonical example is an equilateral
triangular “plaquette”, which depicts the situation for the three nearest neighbour spins (see
Figure 1a). As the Hamiltonian for the exchange interaction between any two spins i and j

can be written as the scalar product of the spin operators:
Hox=-215;-S, [1.1]

the energy is minimized for collinear (parallel or antiparallel) spin alignments. Under the
conditions that J is negative, which favours the antiparallel (antiferromagnetic) correlation
and that J is equal for all nearest neighbours (n.n.) pairs, it is clear that only two of the three
spin constrains can be satisfied simultaneously, i.e. the system is geometrically frustrated.
This can be contrasted with the situation for the square planar plaquette (Figure 1b), which
under the same constraints is clearly non-frustrated.

We note that in order to understand the concept of geometrical frustration it is
important to emphasize the difference in regard to frustration due to competing interactions,
which is schematically illustrated in Figure 1c for a square plaquette. In this case the
frustration is determined by the insertion of randomly ferromagnetic (F) n.n. interaction in an
antiferromagnetic (AF) matrix. This kind of frustration is usually put into light when speaking
about spin glasses. In the spin glasses, both microscopic conditions of site disorder and
competing interactions give rise to frustration. For examples and more details one may see the
reviews from Ref. [Ramirez'94, Ramirez'01]. Here we only point out a diagram proposed in
these references (Figure 2), with site disorder and frustration treated as independent control
parameters, which depicts natural interrelationships between magnetic classes. The
conventional magnetic ground states (ferromagnetic, antiferromagnetic, ferrimagnetic...) lie
in the upper-left-hand quadrant and correspond to both weak frustration and low disorder.
Introducing disorder without frustration, the phenomena of random field magnetism and
percolation effects are found. Both high frustration and high disorder are exhibited by spin
glasses. The subject of our study, geometrically frustrated systems, lies in the upper-right-
hand quadrant.

a. b. C.

AF/ \,AF AF_( %)AF AF( TIAF

A6 NN b= B 4

Figure 1. a. Equilateral triangle plaquette with antiferromagnetic (AF) nearest neighbours (n.n.)
interactions showing geometrical frustration occurring among spins in a site-ordered system; b.
Square lattice with AF n.n. interactions corresponding to non-frustrated case; c. Square lattice with
one n.n. AF interaction replaced by a ferromagnetic (F) one showing the frustration induced by the
site disorder common to the most spin glasses. Plots are from Ref. [Greedan'01, Ramirez'94,
Ramirez'01].
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Figure 2. Different classes of magnetic ground states from the perspective of site disorder and
frustration, as presented in Ref. [Ramirez'94, Ramirez'01].

The example shown in Figure 1a (AF n.n. spin coupling on triangular lattice) is just a
convenient illustrative one. The geometrical frustration is not strictly confined to two
dimensions, not even strictly to triangular plaquetts. The tetrahedron (Figure 3a), is a
polyhedron comprised of four edge-sharing equilateral triangles and is also geometrically
frustrated since in this case only two of the four equivalent AF n.n. interactions can be
satisfied simultaneously. Even the square plaquette can be rendered frustrated if one goes
beyond the nearest neighbour (n.n.) interactions, and also considers the next-nearest
neighbour (n.n.n.) interactions which satisfy the condition J_, ~J,.. (Figure 3b).

nnn

7
Jnannnn
Figure 3. Other frustrated units (see Ref. [Greedan'01]): a. the tetrahedron; b. the square plaquette

with J . ~J -

The examples of geometrical frustration showed in Figure 1 and in Figure 3 can
obviously be extended to infinite systems. We note that in addition to geometry, the sign of
the interaction and its range are important. It is possible, in principle, to realize frustration on
square lattice either with a mixture of precisely tuned AF and F n.n. interactions (Figure 1c)
or with n.n.n. interactions (Figure 3b). However, compounds most likely to exhibit strong
geometrical frustration possess triangle based lattices and AF n.n. interactions.

Figure 4 shows some examples of frustrated lattices that are based on the triangle (the
two dimensional frustrating plaquette) or tetrahedron (the three dimensional frustrated
plaquette): the edge shared triangular lattice, the corner shared triangular lattice (known as
Kagome lattice), the edge shared tetrahedral lattice (face centered cubic lattice) and the corner
sharing tetrahedral lattice. The last type is known as the pyrochlore lattice and occurs in
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spinel, Lave phases and pyrochlore compounds. This is not an exhaustive listing but many

real materials can be understood in terms of one or more of these lattices.
a. A—A—A—A b.
xwoe s
T
e
W W

Triangle
P6./mmc; 2a

fce Pyrochlore
Fm3 Fd3m; 16¢

Figure 4. Magnetic lattices that are frustrated when occupied by spins (black dots) with AF n.n.
interactions: a. the edge shared triangular lattice; b. the corner shared triangular lattice (Kagome); c.
the edge sharing tetrahedral lattice (face centered cubic); d. the corner sharing tetrahedral lattice
(pyrochlore). See Ref. [Greedan'01, Ramirez'94, Ramirez'01].

Since we are speaking about real systems, it is important to know a criterion which
allows the identification of magnetic frustration from the experimentalist point of view. One
knows that for all systems of interest the magnetic interactions are expected on an energy

scale set by the exchange energy, F€ex~ —2JS% ~ KT , where T >>0. A simple experimental
measure of the exchange energy is provided by the Curie-Weiss constant 6., , given by the
Curie-Weiss law:

_ C
T -6,

X [1.2]

where C=N,zuip?/3k, is the Curie constant with x, the Bohr magneton, N, the

Avogadro’s number, k; Boltzmann’s constant and p =g./S(S+1) the effective magnetic
moment expressed in ;. From mean field theory it can be shown that:

Ocy =ﬁ8(8 +1)ZZan [1.3]
3Kk
with n the n™ neighbour and J, the corresponding exchange constant, i.e. &, Iis the

algebraic sum of all exchange interactions in any magnetic system and therefore it sets the
energy scale for the magnetic interactions. In the absence of frustration one expects the onset

of strong deviations from the Curie-Weiss law for T ~|6,,,| and the establishment of a long
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range order also near |6,,,|. For ferromagnetic order this is nearly realised, since|6,, |/ T, ~ 1.

T, is the critical temperature below which sets the long range order. For antiferromagnetic
order the situation is a little bit more complex, but typical values for non-frustrated lattices
show |6, |/T. in the range of 2 to 4 or 5. Consequently, it was proposed that the somewhat

arbitrary condition:

f=|9$—w|>1o [1.4]

c

to be taken as a criterion for the presence of frustration, where f is the frustration parameter.
For examples of f values for strongly geometrically frustrated compounds see the review
References [Greedan'01, Ramirez'94, Ramirez'01] and the References therein.

It has long been recognized that the geometrically frustrated systems possess an
enormous degeneracy of the ground state. However in reality this degeneracy can of course be
lifted by a perturbation, which may have various origins: longer range interactions, as dipolar
or exchange beyond n.n. interaction, and anisotropy. Thermal or quantum fluctuations,
chemical or bond disorder may also relieve the degeneracy of the ground state, by selecting in
this case a particular state in an order by disorder process, as well as pressure or applied
magnetic fields.

The subject of this study is represented by the geometrically frustrated pyrochlores,
which have the chemical composition R;M,0;. These compounds crystallize in the cubic,
face centered space group Fd3m. The atomic sites are R 16d [1/2,1/2,1/2], M 16c [0,0,0], O1
48f [u,1/8,1/8] and O2 8b [3/8,3/8,3/8]. R-site is occupied by a trivalent element (rare earth or
yttrium) and M-site by a tetravalent element (transition or sp metal). R** and M** ions form
two interpenetrating three dimensional networks of corner sharing tetrahedra. Details on
crystal structure of these compounds will be given in section 1.3. There are three possibilities:
(i) R-site occupied by a magnetic ion; (ii) M-site occupied by a magnetic ion; (iii) both sites
so occupied. In most cases such systems are characterized by an enormous degeneracy of the
ground state. Therefore they cannot order magnetically in a classical way and show original
magnetic ground states, short range ordered, named spin liquids, spin ices and spin glasses
[Greedan'01]. In the next sections we analyse first the geometrical frustrated pyrochlores
having just one magnetic ion (R* or M*"). Using real examples, directly related to this study,
we give simple approaches for the concepts of spin liquid, spin ice and spin glass. Then, we
focus on systems having two magnetic ions (R** and M**) on pyrochlore lattices.

I.2. The geometrical frustrated pyrochlores: systems with one
magnetic ion

1.2.1. The spin liquids. Experimental results on Tb,Ti,O,

The problem of antiferromagnetic n.n. exchange interactions on pyrochlore lattice was
first considered in Ref. [Anderson'56], who predicted on qualitative grounds a very high
ground state degeneracy and that no long range order would exist at any temperature for Ising
spins. Villain [Villain'79] reached basically the same conclusion for Heisenberg spins and
chose to describe such a system as a “cooperative paramagnet”. Through the years these ideas
have been tested at many levels of theory. Both classical and quantum models ([Canals'01,
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Canals'98, Moessner'98b, Moessner'98c, Reimers'92, Reimers'91]) show clearly that
Heisenberg spins coupled with n.n. AF interactions on pyrochlore lattice do not support static
long range Néel order. Nowadays these systems are referred to as either “cooperative
paramagnets” or “spin liquids” by analogy with condensed matter liquids. Liquids are
expected to crystallize at low temperature, but there is one exception, helium, which remains
liqguid down to T =0, due to quantum fluctuations [Keeson'42, Simon'50]. Similarly, in
magnetism the atomic magnetic moments (spins) are expected to order at a temperature scaled
by the Curie-Weiss temperature 6, , but there are also the “spin liquids” which remain in an

unusual state of short range correlated fluctuating spins down to very low temperatures.
Actually, the Fourier transform of the spin correlations is quite similar to the pair correlation
function of a casual liquid.

When analysing the ground state of geometrically frustrated systems, it is convenient
to consider the basic unit/plaquette (triangle or tetrahedron in case of pyrochlores)
[Reimers'91]. One may do that since such a system is formed by weakly connected units and
hence its energy can be expressed as a sum of the unit’s energies. For a base unit having p

n.n. AF (J <0) Heisenberg spins, the reduced energy per spin is:

E is?s” (ZS]——ZSZ [é§ij2—l [1.5]

p|~]| Piia -1 P

The ground state has the reduced energy e, =—1 and is determined by the condition:

Zp:sj =0 [1.6]

If generalizing for a pyrochlore lattice, this means that any configuration in which the
spins of each tetrahedron satisfy the above criterion is a ground state. This can be obtained for
the case wherein each tetrahedron has two pairs of antiparallel spins, but there is no
correlation between tetrahedra.

The canonical example of spin liquid is considered the pyrochlore Th,Ti,O5.

Figure 5 presents few experimental results on Th,Ti,O (powder samples), which show
a spin liquid behaviour. The dc susceptibility studies show no anomalies or history
dependencies in the susceptibility, indicating the absence of a transition to a long range
ordered Néel or spin glass like state above 2 K. A fit with the Curie-Weiss law (Figure 5a)
gives a Curie-Weiss temperature 6., =-19 K, which indicates that the n.n. interactions
between Th* moments are antiferromagnetic [Gardner'99a, Gingras'00]. Neutron diffraction
measurements show a magnetic diffuse scattering that starts to appear below around 50 K and
develops down to at least 2.5 K (Figure 5b) [Gardner'99a, Gardner'01]. The fit with a cross
section proposed in Ref. [Bertaut'67], 1(q)~sin(gR,)/qR,, with R, the n.n. spin distance,
provides a relatively good description of the experimental data and shows that in Tbh,Ti,Oy
spins are correlated over a single tetrahedron only. The low temperature paramagnetic
behaviour of Th,Ti,O7 is confirmed by uSR measurements (Figure 5c) [Gardner'99a]. As one
may see at all temperatures the decay of the muon spin polarisation is an exponential one,
suggesting fluctuating internal fields. The muon spin relaxation rate A is temperature
independent at high temperatures, it then increases and finally it saturates at a finite value
down to 70 mK. We note that 70 mK is well below the energy scale set by 6, =-19 K,

giving a significant frustration factor f > 270.
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Figure 5. Th,Ti,O; : a. The temperature dependence of the inverse dc susceptibility along with a
Curie-Weiss fit of the high temperature region giving 6., =—-19K [Gardner'99a, Gaulin'98,
Gingras'00]; b. Two magnetic neutron diffraction patterns at 2.5 and 50 K, respectively, showing
short range spin correlations [Gardner'99a, Gardner'01, Gaulin'98]. q=4zsin@/ A is the
scattering vector. A spectrum at 100 K was each time subtracted and a correction for the Th** form
factor was made. Solid lines correspond to a calculation of the scattering expected from spin
correlations extending over a single tetrahedron only; c. The temperature dependence of muon spin
relaxation rate 4, in a small longitudinal applied field of 50 G, showing the persistence of spin

fluctuations down to 70 mK. In inset the muon spin depolarisation function for several temperatures
T=2, 5,50 and 250 K [Gardner'99a].

Th,Ti,O; magnetic properties were also investigated by inelastic neutron scattering on
single crystal in the temperature range 0.4-150 K [Yasui'02]. This study shows that when
decreasing temperature below ~ 30 K the short range correlations become appreciable. Spins
continue to fluctuate down to the lowest measured temperature. These results are in rather
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good agreement with previous ones. However, an interesting behaviour is observed at low
temperatures, where for a scattering vector q=(0,0,2.1) a sharp upturn of intensity and
hysteresis effects are observed below 1.5 K (Figure 6a). Other analyses bring also to light
interesting low temperature features. DC susceptibility measurements on powder samples
indicate substantial history dependence below 0.1 K [Luo'01]. The zero field cooled (ZFC)
and field cooled (FC) curves diverge substantially below this temperature (Figure 6b).

Furthermore, ac susceptibility y = y'—iy" measurements on single crystal sample show that
both real »'and imaginary part »" are characterized by the presence of a peak at ~ 0.2 K
(Figure 6c¢). The peak temperatures for both »' and »" shift towards higher temperature when

increasing frequency [Hamaguchi'04]. Specific heat anomalies are also see in this temperature
region [Hamaguchi'04]. Despite the little differences concerning the temperature at which
these effects are seen, all suggest a low temperature spin freezing corresponding to a spin
glass or cluster glass state, which coexists with spin fluctuations.
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Figure 6. Th,Ti,O;: a. The temperature dependence of the scattered neutron intensity along the
scattering vector q=(0,0,2.1), with E=0 meV and the energy resolution AE=81 zeV. The inset shows
the hysteresis on intensity-temperature curves when warming and cooling. There is also a cooling rate
dependency [Yasui'02]; b. Inverse dc susceptibility versus temperature below 1 K. History
dependence is visible in the difference between zero field cooled (ZF) and field cooled (FC) data

below about 0.1 K [Lu0'01]; c. Temperature dependence of the ac susceptibilities " = y' —iy" for

several frequencies (95, 175 and 315 Hz) of the ac field sH applied along the [001] direction of the
single crystal [Hamaguchi'04].

In order to understand better the ground state of Th,Ti,Oy, its behaviour was analysed
under the effect of a perturbation: the pressure. Figure 7 shows first results on powder
neutron diffraction under high pressure [Mirebeau'0O4a, Mirebeau'02]. At T=1.4 K and
P =0, the diffuse intensity arising from liquid like magnetic correlations shows no indication
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of long range magnetic order. At P =1.5 GPa small magnetic Bragg peaks start to emerge
from the diffuse background and at P =8.6 GPa the average intensity becomes much lower,
but the magnetic peaks are clearly seen. Simultaneously, the diffuse intensity shows a
stronger modulation (Figure 7a). The magnetic Bragg peaks start to appear below T, =2.1 K|
whose value is almost pressure independent (Figure 7b). The analysis of the modulation
amplitude A(P,T) =1, — I, defined as the difference between the extremes of the diffuse
intensity for a given pattern and expected to be proportional to the thermal average of the n.n.
spin correlations [Gardner'99a], shed new light on the magnetic state below T, . A is found to
increase when decreasing temperature, showing the enhancement of the magnetic correlations
in the spin liquid phase. This effect is more pronounced as pressure increases (Figure 7c¢). The
onset of long range order at T coincides with a sharp kink of A. Below T, the decrease of

A mirrors the increase of Bragg intensity, showing that long range ordered phase coexists
with the spin liquid one in a mixed solid-liquid phase, with both static and dynamic character.
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Figure 7. Th,Ti,O; [Mirebeau'02]: a. The raw powder neutron diffraction spectra for three pressures
P=0, 1.5 and 8.6 GPa at T=1.4 K. Intensity scales are chosen to show the magnetic peaks as
compared with the (111) structural peak; b. The temperature variation of the integrated intensity of
the (210) magnetic Bragg peak for P=7.1 GPa. In inset the pressure dependence of the Néel
temperature Ty ; ¢. The temperature dependence of the modulation amplitude A(P,T) for P=0, 5 and
7.1 GPa, with A(P,T)=Inax-Imin the difference between the extremes of the diffuse intensity.

Neutron diffraction measurements on single crystal allowed the comparison between
the effects of a hydrostatic pressure P, an uniaxial stress P, or a combination of both

[Mirebeau'05, Mirebeau'04b]. It clearly shows that both components play a role in inducing
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the long range order and that the Néel temperature and the ordered magnetic moment can be
tuned by the direction of the stress. A stress along the [110] axis, namely along the n.n.
distances between Th** ions, is the most efficient in inducing the magnetic order.

Both powder and single crystal studies [Mirebeau'04a, Mirebeau'05, Mirebeau'02,
Mirebeau'04b] show magnetic Bragg peaks of the simple cubic lattice which can be indexed

from the crystal structure of the Fd3m symmetry, considering a propagation vector

k =(1,0,0). FULLPROF refinements [Rodriguez-Carvajal'93] of the single crystal data
allowed the determination of the local spin structure within a Th*" tetrahedron. The main
characteristics of the pressure induced magnetic structure are: (i) it is a non-collinear AF

k =(1,0,0) structure, meaning that in the unit cubic cell with four Tb*" tetrahedra, two are
identical and two have reversed moments; (ii) inside a tetrahedron, the magnetization is not
compensated, namely the vectorial sum of the spins in non-zero (although it is of course
compensated within the unit cell, since the magnetizations of the four tetrahedra cancels two
by two). This means that in the pressure induced ground state, the local order does not
correspond to any configuration which minimizes the energy in the spin liquid phase. In other
words, pressure does not select any energy state among those belonging to the degenerated
ground state of a spin liquid (ground state expected if one considers Heisenberg spins coupled
via n.n. AF interactions only).

We note that in the literature there are several studies which also analyzed the
behaviour of Th,Ti,O; under an applied magnetic field (at ambient pressure or under
pressure). We do not discuss these studies since the effect of the magnetic field is not the
subject of this study.

1.2.2. The spin ices. Experimental results on Ho,Ti,O; and Dy,Ti,O,

The antiferromagnetic n.n. Heisenberg spins on pyrochlore lattice is expected to form
a fluctuating spin liquid state at low temperatures. On the contrary, n.n. Heisenberg spins on
pyrochlore lattice and having a ferromagnetic coupling give rise to a long range ferromagnetic
order. In this case there is a unique spin arrangement (collinear), which minimizes the energy.
However, Ref. [Bramwell'01a, Bramwell'98, Harris'97] show that frustration can arise even
for a ferromagnetic spin coupling, if there is a strong local single-ion anisotropy and the spin
are constrained to orient along the <111> anisotropy axes.

Figure 8 shows that with simple “up-down” Ising spins the antiferromagnet is highly
frustrated and the ferromagnet is not. Ising-like anisotropy (uniaxial) could be realized for
systems having a unique privileged crystalline axis. In pyrochlore structures with cubic
symmetry there is not such an axis. There are, however, local Ising anisotropy axes
compatible with the cubic symmetry: the <111>-type directions which connect the center G of
the tetrahedron to its vertices. The AF ground state is now unique, consisting of alternate
tetrahedra with “all spins in” or “all spins out” (Figure 8d). The degeneracy is broken and
there is a phase transition to an ordered state, observed in the pyrochlore FeF; [Ferey'86].
With the F coupling the ground state has the configuration “two spins in, two spins out”
(Figure 8c).

This model maps exactly onto the ice model (Figure 9). In the low temperature phase
of water ice (hexagonal or cubic ice) each oxygen atoms has four nearest neighbours. Bernal
and Fowler [Bernal'33] and Pauling [Pauling'35] were the first to propose that the hydrogen
atoms (protons) within the H,O lattice are not arranged periodically, but are disordered. The
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hydrogen atoms on the O-O bonds are not positioned at the mid-point between the two
oxygen atoms, but rather each proton is near (covalently bonded) one oxygen and far
(hydrogen bonded) from the other such that the water solid consists of hydrogen bonded H,O
molecules. In the Pauling model, the ice is established when the whole system is arranged
according to the two ice rules: (i) precisely one hydrogen is on each bond that links two n.n.
oxygen atoms; (ii) precisely two hydrogen atoms are near each oxygen and two are far from
them (Figure 9). A consequence of this structure is that there is not a unique lowest energy
state, but an infinitely large number of states that fulfil the ice rules. This degeneracy manifest
itself by a residual entropy at zero temperature (called the zero-point entropy). Pauling

[Pauling'35, Pauling'60] estimated theoretical the residual entropy as (R/2)In(3/2) =1.68 J
mol™* K™,

F AF
S R
uniaxial
anisotropy
S e N
<111>
anisotropy \

Figure 8. The ground state of a single tetrahedron of spins with various combinations of exchange
coupling (F and AF) and uniaxial or local <111> anisotropy [Bramwell'98].

O O
e H -

Figure 9. The local proton arrangement in ice, showing the oxygen atoms O* and the hydrogen atoms
H™ arranged to obey the “ice rules” [Bramwell'98]. The displacements of the hydrogen atoms from
the mid-points of the oxygen-oxygen bond are represented as arrows, which translate into spins on

one tetrahedron of the pyrochlore lattice represented in Figure 8c.

Returning to the magnetic Ising pyrochlores the analogy to the water ice arises if the
spins are chosen to represent hydrogen displacements from the mid-points of the O-O bonds.
The ice rule “two protons close, two protons further away” corresponds to the configuration
“two spins in, two spins out” of each tetrahedron on the pyrochlore lattice. Because of this
direct analogy with water ice the Ising pyrochlore is called “spin ice”.

21



Chapter I. The framework of this study: the geometrically frustrated pyrochlores
-spin liquids, spin ices and chemically ordered spin glasses

The best experimental realization of the spin ice is represented by the pyrochlore
compounds Ho,Ti,O; and Dy,Ti,O;. As Th,Ti,O; (and all rare earth titanate pyrochlores),
these compounds are chemically ordered insulators.

In Ho,Ti,O7 the magnetic ion is Ho®**, which has a °lg free-ion ground state. Inelastic
neutron scattering has been employed to study the crystal field parameters and the
corresponding energy level scheme. It was found that the crystal field ground state is almost a

pure ‘J_r8> doublet well separated from the first excited state at ~ 240 K, with a strong <111>

local Ising anisotropy axis [Rosenkrantz'00, Siddharthan'99]. Similar results were found for
Dy, Ti,O; where the magnetic ion is Dy*", which has a ®Hys, free-ion ground state. Inelastic

neutron scattering show that the crystal field ground state is almost a pure ‘115/2> doublet

well separated from the first excited state by ~ 380 K, having also a strong <111> local Ising
anisotropy axis [Rosenkrantz'00]. Bulk magnetization data analysis in a wide temperature
range and variety of fields [Bramwell'00, Harris'97], confirms for both compounds the above
ground states and the strong <111> single anisotropy. The assignment of Ho®*" in Ho,Ti,O; as

a ‘J_r8> doublet is the same as that reported by Ref. [Bl6te'69] for Ho®*" in the related

compound Ho,GaSbO;. Also based on heat capacity measurements the same Ref. [Blote'69]
confirms the ‘J_r15/ 2) doublet ground state of Dy, Ti,O. The fit of inverse susceptibility with

the Curie-Weiss law gives the Curie-Weiss temperatures 6., ~1-2 K for Ho,Ti,O7
[Bramwell'00, Harris'97, Kanada'02, Matsuhira’00] and 6., ~0.5-1 K for Dy,Ti,O7

[Bramwell'00, Ramirez'99], suggesting ferromagnetic interactions. Due to the presence of
strong anisotropy along the <111> axes coupled with ferromagnetic interactions between the
rare earth spins, both Ho,Ti,O; and Dy,Ti,O; would appear, at first sight, to be spin ice
materials. A more detailed study of the exchange and dipolar interactions (see section 1.2.3)
will shed into light new information. We note the difference in regard to Th,Ti,O7, with Th**
having a ‘Fg free ion ground state, where the Ising anisotropy is reduced to much lower
temperature due to narrowly spaced crystal field levels. Inelastic neutron scattering show a

|+4) ground state doublet followed by [+5) doublet as first excited state, with a doublet-

doublet energy splitting of only 18 K [Gardner'99a, Gardner'01, Gingras'00, Mirebeau'07a].
Contrary to Ho,Ti,O; and Dy,Ti,O7 the Curie-Weiss constant 6., ~-19 K [Gardner'99a,

Gingras'00] shows antiferromagnetic interactions between Th** spins.

For Ho,Ti,O7 neutron diffraction measurements on single crystal sample show that
there is no magnetic long range order down to temperatures of at least 0.35 K, but instead
there is a diffuse scattering which develops when decreasing temperature [Harris'97,
Harris'98]. Powder neutron diffraction confirm the appearance of the short range order when
decreasing temperature (see Figure 1la) [Mirebeau'O4a]. Low temperature muon spin
relaxation analysis also finds no evidence for a magnetic transition down to at least 0.05 K
[Harris'97, Harris'98].

In the case of Dy,Ti,O; specific heat measurements [Ramirez'99] give a direct
experimental evidence that the similarity between water ice and spin ice goes beyond a simple
analogy. The Figure 10a shows the temperature dependence of the magnetic specific heat
C(T), for a powdered sample Dy,Ti,O;. The data shows no sign of a phase transition, as

would be indicated by a sharp feature in C(T). Instead, one observes a broad maximum at ~
1.2 K, which is on the order of the energy scale of the magnetic interactions as measured by
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6., - The specific heat has the appearance of a Schottky anomaly, the characteristic curve for

a system with two energy levels. At low temperature C(T) falls rapidly to zero, suggesting a
freezing of the magnetic moments. The most surprising aspect of these data is found when
calculating the magnetic entropy by integrating C(T)/T from 0.2 in the frozen regime to 12 K
in the paramagnetic regime where the expected entropy should be RIn2 for a two state
system. Figure 10b shows that the magnetic entropy recovered is about 3.9 J mol™ K, a
number that falls considerably low in regard to the value RIn2~5.76 J mol™ K. The
difference, 1.86 J mol™ K™ is quite close to Pauling’s estimation for the entropy associated

with the extensive degeneracy of water ice (R/2)In(3/2) =1.68 J mol™ K, consistent with
the existence of spin ice state in Dy, Ti,O.
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Figure 10. Specific heat and entropy of the spin ice compound Dy, Ti,O; showing the agreement with
Pauling prediction for the entropy of the water ice I, (R/2)In(3/2) =1.68 J mol™ K™ [Ramirez'99]:
a. Specific heat divided by temperature; b. The corresponding entropy found by integrating C/T from
0.2to 12 K. The value R(In2—(1/2)In(3/2)) is that found for I, and RIn 2is the full spin entropy.

Lines are Monte Carlo simulations as described in the next section.

The behaviour of Ho,Ti,O; when analysing the effect of the applied pressure is
different in regard to that of Th,Ti,O;. In Ref. [Mirebeau'04a] is shown that as at ambient
pressure (Figure 11a), under pressure the diffuse magnetic scattering strongly increases when
decreasing temperature. However there is no effect of pressure itself. Figure 11b shows the
temperature dependence of the modulation amplitude A(P,T) for three different pressures

P=0, 5 and 6 GPa (in inset are shown the corresponding magnetic diffuse scattering for P=0
and 6 GPa). Its behaviour is clearly different from that observed for Th,Ti,O; (Figure 7c). For
Ho,Ti,O7, A increases also when decreasing temperature showing the enhancement of the
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magnetic correlations, but there is no indication of a low temperature transition to long range
magnetic order. Additionally one may clearly see that there is no effect of the applied pressure
to at least 6 GPa.
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Figure 11. Powder neutron diffraction on Ho,Ti,O; [Mirebeau'04a]: a. Diffuse magnetic intensity for
several temperatures T=1.4, 2.3, 5.2 and 9.6 K; b. The temperature dependence of the modulation
amplitude A(P,T) for P=0, 5 and 6 GPa, with A(P,T)=Imax-Imin the difference between the extremes of
the diffuse intensity (see inset). In inset the magnetic scattering at P=0 and 6 GPa plotted versus the
wave vector transfer ga in reduced units. This procedure allows all data to be compared qualitatively
and to distinguish the effect of pressure from casual lattice contraction.

1.2.3. Theoretical approaches

After presenting few experimental results on Th,Ti,O; (spin liquid), Ho,Ti,O; and
Dy, Ti,O; (spin ices) we focus on some theoretical approaches that try to describe the
magnetic behaviour of these compounds.

In all these systems the rare earth is the only magnetic ion and therefore the rare earth
magnetism controls the ground state of the system. This ground state is determined by the
special balance between the exchange, dipolar and crystal field energies. At the time being
there are several theories that are trying to describe the magnetic ground state of pyrochlore
magnets (some of them already mentioned when defining the concept of spin liquid and spin
ice, respectively). They involve different combinations of the above mentioned energies:
antiferromagnetic (J,, < 0) or ferromagnetic (J,,> 0) nearest neighbour exchange energy,

ferromagnetic dipolar energy (D,,,> 0) and also the strength of the local anisotropy D, .

First models [Canals'01, Canals'98, Moessner'98b, Moessner'98c, Reimers'92,
Reimers'91] consider Heisenberg spins coupled via AF n.n. exchange interactions, where the
Hamiltonian is defined as:

3€eX=—JZ§i-§j [1.7]

with J <0 for AF interactions. These models describe rather well the spin liquid behaviour of
Th,Ti,O7as shown in Figure 12.

24



Chapter I. The framework of this study: the geometrically frustrated pyrochlores
-spin liquids, spin ices and chemically ordered spin glasses

Then there is the spin ice model [Bramwell'0la, Bramwell'98, Harris'97] that show
how the local Ising anisotropy reverses the roles of ferromagnetic and antiferromagnetic
exchange couplings with regard to the frustration, such that the ferromagnet is highly
frustrated and the antiferromagnet is not. Almost in the same time Ref. [Moessner'98a] shows
that a strongly anisotropic classical Heisenberg magnet on the pyrochlore lattice can be
mapped onto an Ising model with an exchange constant of an opposite sign.

fonte Carlo simulations
[Reimers'92]

Intensity / A(T)

P=0

Mean field calculations Mirebeau'02]
[Canals'01]
) 10 15 20 25
ga

Figure 12. Magnetic diffuse scattering in Th,Ti,O; at ambient pressure versus the reduced unities ga,
with a the lattice parameter [Mirebeau'02]. A (T) is the modulation amplitude. Continuous lines
represent fits with: (i) 1(q), representing a cross section proposed in Ref.
[Bertaut'67], 1(q) ~ sin(gR,)/gR,, with R, the n.n. spin distance; (ii) 1'(q), calculated accordingly

to Monte Carlo simulations [Reimers'92] and mean field calculation [Canals'01]. L marks the liquid
peak position resulting from these models. For more details see [Cadavez-Peres'02].

However, the simple spin ice model raises some problems when analysing more
carefully the two representative compounds Ho,Ti,O;and Dy,Ti,O;. First we should mention
that the nearest neighbour exchange coupling J,, was determined by fitting the peak
temperature of the electronic magnetic heat capacity. The obtained values are negative,
indicating antiferromagnetic exchange interaction: J, (Ho.Ti,O7) ~ -0.52 K [Bramwell'01b]
and J., (Dy,Ti,07) ~ -1.24 K (see Figure 10) [denHertog'00]. According to the spin ice

model, such a behaviour would by itself cause a phase transition to a Néel long range ordered
state, which is not the case. Another interesting aspect is that the magnetic cations Ho** and

Dy** carry a large magnetic moment p of approximately 10 pg. Consequently, in these
systems there should be strong long range dipolar interactions. Generally, the magnitude of

2
the dipole interactions between nearest neighbours is given by: D = (ﬂ)ﬂ—, where g is the

3
4z 1,

magnetic moment and r,,, the nearest neighbour distance (r,, = (a/4)\/§ , a being the unit
cell dimension). Because the local anisotropy easy axes align along the <111> directions, the

: . 5 : . :
dipolar energy scale is D, =3 D . In the same time for n.n. exchange interaction the energy
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scale is J, =%J . The above relations allow the determination of the dipolar energy for

Ho,Ti,O7 and Dy,Ti,O7: D,,= 2.35 K > 0, indicating ferromagnetic dipolar interactions
[Bramwell'01a, denHertog'00]. This value is comparable to that of the nearest neighbour
exchange interaction and therefore in these systems this interaction can not be neglected.

In this context the dipolar spin ice model arrived naturally [Bramwell'Ola,
Bramwell'01b, denHertog'00, Gingras'0l, Melko'04]. The corresponding Hamiltonian is
defined as:

SiZi 'Sjj _3(SiZi 'rij)(Sjj F.J)

[ [

H=-3>S4-S+Dr} [1.8]
i

o ‘rij ‘rij

where the spin vector §izi represents the Ising moment of magnitude 1 at lattice site i and
local Ising axis z;.
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Figure 13. Phase diagram of Ising pyrochlore magnets with nearest neighbour exchange and long
range dipolar interactions showing two phases of interest: the Néel long range ordered phase realized

for J,,/D,, <—0.91 and the spin ice phase, respectively . J. and D,, are the parameters for the

nearest neighbour exchange and dipole interaction as indicated in the text. The two insets represent
the spin configurations corresponding to the two phases. Results are cited from Ref. [denHertog'00].

In order to consider the combined role of the exchange and dipolar interactions, an
effective nearest neighbour energy scale was defined for <111> Ising spins: J& =J_+D, .

This simple description predicts that a <111> Ising system could display spin ice properties,
even for antiferromagnetic nearest neighbour exchange, J,, <0, as long as J& > 0. And this

is the case of the above systems, Jﬁff being 1.83 K and 1.11 K for Ho,Ti,O7 and Dy,Ti,0Oy,

respectively. The results of Monte Carlo simulations and mean field analysis [denHertog'00]
show how the dipolar energy scale influences the ground state of the system: spin ice
behaviour persists in the presence of antiferromagnetic exchange up to J,,/D,, ~—-0.91,
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whereas for J.. /D, <-0.91, there is a second order transition to a k = 0 antiferromagnetic
structure, where all the spins point either in or out of a given tetrahedron [Bramwell'98].
Ho,Ti,0; (I =1.83 K, J../D,, ~—0.22) and Dy,Ti,0; (3= 1.11 K, J . /D,, ~—0.52)
are situated is the spin ice region of the phase diagram (see Figure 13). The sibling compound
Ho,Sn,0; is also an dipolar spinice (J& =2.7K, J . /D,, ~0.14) [Kadowaki'02].

In the case of Ho,Ti,O; [Bramwell'0la, Bramwell'01b] and Ho,Sn,0; [Kadowaki'02]
it was shown that this dipolar spin ice model describes very accurately the diffuse magnetic
neutron scattering, whereas the spin ice model represents only a more qualitative
approximation. Figure 14a shows few examples of calculated magnetic intensities obtained by
mean field analysis and taking into account different spin interactions: AF n.n. exchange
interaction, F n.n. exchange interactions and long range dipolar interactions. The experimental
magnetic neutron scattering of Ho,Sn,0; was well fitted with a combination of dipolar and a
small exchange interaction as described in Ref. [Kadowaki'02].
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Figure 14. a. Examples of magnetic scattering calculated using the mean field theory. Spin
interactions of the three curves are: (1) dipolar interaction D,,= 1.4 K, J,»=0; (2) F n.n. exchange
interaction J,,=2 K, Dn,=0; (3) AF n.n. exchange interaction J,,=-2 K, D,,=0; b. Elastic magnetic

neutron scattering of Ho,Sn,O- as a function of the scattering vector g at various temperatures T=0.4,
1.7, 3,5, 10, 20 and 40 K. For T > 1.7 K, data were shifted for clarity. Solid lines are fits using dipolar
and a small exchange interaction as described in Ref. [Kadowaki'02].

A natural question arises: how about Th,Ti,0;? As Ho®*" and Dy**, Th*" cation also
carries a large magnetic moment of approximately 9 ug and in its case it would be justified to
take into account the dipolar interactions. In Tb,Ti,O7, J,,= - 0.88 K and D,,=0.8 K

nn

[Enjalran'04, Gingras'00] and consequently J" =-0.08 K <0and J, /D, ~—1.1 and the
effective interaction is antiferromagnetic. Therefore, within the phase diagram from Figure 13
[denHertog'00], since Th,Ti,O7 has J,,/D,, <—-0.91, it should have a non-collinear Néel
g =0 order below about 1 K, with all spins pointing into or out of each tetrahedron. However,

in contrast, all experimental analyses show that Th,Ti,O; remains a spin liquid down to the
lowest measured temperature of 70 mK [Gardner'99a, Gardner'01]. First observation that one
may get is that the dipolar spin ice model [denHertog'00] supposes an infinite anisotropy and
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this is not the case for Th,Ti,O;. A key difference between Th,Ti,O7 and spin ices (Ho,Ti,O;
and Dy,Ti,Oy) is that in the latter the first excited crystal field doublet lies above the ground
state doublet at an energy which is several hundred times larger than the exchange and dipolar
interactions and there is therefore little admixing between the excited crystal field states and
the ground doublet induced by spin interactions. This is not the case for Th,Ti,O; which has a
splitting between the ground state doublet and first excited doublet of ~ 18 K, which is of the
order of magnitude of the Curie-Weiss constant 6., =—-19 K. Hence the fluctuations between

these two lowest lying doublets are allowed and non-negligible at low temperatures. Ref.
[Kao'03] employ the random-phase approximation (RPA) to take into account the single-ion
excitations from the ground state doublet to the first excited one and is able to describe
qualitatively the experimental observed paramagnetic neutron scattering pattern and the
energy dispersion of Th,Ti,O;. Even if a =0 Néel order is still obtained at low temperature,

this result indicate that the crystal fields effects are important. More recently Ref.
[Malovian'07] used a model of non-interacting tetrahedra to describe the low temperature
properties of Th,Ti,O;. They identify a new mechanism for dynamically induced frustration
in a physical system, which proceeds via virtual crystal field excitations and quantum many-
body effects. More specifically, they showed that due to the interaction-induced fluctuations
among otherwise non-interacting single ion crystal field states Th,Ti,O; does not act like an
non-frustrated pyrochlore Ising antiferromagnet, but like a frustrated n.n. spin ice one. The
remaining transverse fluctuations lift the classical ice-like degeneracy and at the single
tetrahedron level, the system is in a quantum mechanically fluctuating spin ice state.

From experimental point of view a manner of better understating the ground state of
this type of pyrochlore systems (spin liquids and spin ices) is to perturb it, for example, by
applying pressure. The interest of pressure is that it varies the interatomic distances and, since
the magnetic interactions depend in a way or another of these distances, it modifies the energy
balance that defines the ground state. In current language, there are two types of pressures: (i)
the applied pressure, which compresses the lattice and (ii) the chemical pressure, that can both
expand (negative chemical pressure) and contract the lattice if the substitution is made by a
bigger or a smaller atom, respectively. Additionally, the chemical pressure may induce
disorder into the system and could affect its magnetic ground state.

1.2.4. The spin glasses. Experimental results on Y,Mo0,0;

Another example, in fact the most commonly observed, of systems with non-Néel
magnetic state are the spin glasses. We recall and underline that the canonical spin glasses are
disordered systems with competing interactions. Microscopically, the spin glass state
represents a configuration of magnetic spins frozen into a more or less random state. There
exists a characteristic freezing or glass temperatureT, (or T ), below which the random

frozen state is established from a random fluctuating state. There will be a huge number of
metastable frozen states, so that a given ground state found is determined by the experimental
conditions and hysteresis will be observed. From experimental point of view, there are many
signatures of the spin glass state and among the commonly observed are: (i) a field cooled
(FC) / zero field cooled (ZFC) divergence below T, , in the dc magnetic susceptibility; (ii) a

strong frequency dependence of both real y' and imaginary part y" belowT,, in the ac

susceptibility; (iii) a T* dependence of the electronic contribution to the heat capacity at very
low temperatures; (iv) the absence of the long range magnetic order from neutron diffraction
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analysis; (v) a sharp decrease of the spin fluctuation or spin relaxation time as measured by
inelastic neutron scattering, uSR or some other techniques sensitive to spin dynamics,
belowT, [Greedan'01].

Y,Mo0,07 shows spin glass characteristics. It is also an insulator which has one
magnetic ion on the pyrochlore lattice. However, contrary to the systems presented before
(the spin liquid Th,Ti,O7 and the spin ices Ho,Ti,O; and Dy, Ti,O, respectively), in this case
the magnetic ion is the transition metal Mo*".

Figure 15 and Figure 16 show experimental results obtained for Y,M0,0;.
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Figure 15. Y,Mo0,0; : a. Temperature dependence of the dc susceptibility measurements in zero field
cooled (ZFC) and field cooled (FC) processes [Ali'92, Gaulin'98, Gingras'97]; b.

Temperature dependence of the ac susceptibility 7 = ' —iy", with y’the real and y"the

imaginary part, respectively, at H=10 Oe and f=37 Hz [Miyoshi'00a]; c. Temperature
dependence of ' at H=10 Oe and for several frequencies f=3.7, 37, 108, 311 and 1085 Hz

[Miyoshi‘00a]; d. Temperature dependence of the magnetic specific heat C,, and the
corresponding magnetic entropy S [Raju'92].

The dc susceptibility shows the presence of irreversibilities between ZFC and FC
curves (Figure 15a). The ZFC curve shows a sharp peak at T, ~ 22 K, whereas the FC one

remains constant below this temperature [Ali'92, Gaulin'98, Gingras'97]. The analysis of the
nonlinear dc susceptibility y,, close to and above the freezing temperature T,, provides

strong evidence that there is a phase transition at T,, which is characterized by critical

exponents y ~2.8 and S ~0.8 [Gingras'96, Gingras'97]. These values are typical of those

found in random spin glasses [Fisher'91]. Curie-Weiss analysis requires relatively high
temperature susceptibility data in order to enter a truly paramagnetic state. Using data above
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500 K, it was found that 6., ~—200 K, indicating strong antiferromagnetic interactions and
an effective moment of ~ 2.3-2.5 ug [Gardner'99a, Gingras'97] close to the effective moment
9/S(S+1)uy = 2.8 pg  expected for S=1 Mo*" ion. The ac susceptibility y = ' —iy"
shows, at a frequency f =37 Hz and at a field amplitude H=10 Oe, a cusp in the real part »'
at ~ 23 K, while »" shows an abrupt increase at ~ 23 K and tails for lower temperatures. The
cusp position of y' appears to coincide with the inflexion point of ", indicating a spin
freezing at T, (Figure 15b). Figure 15c displays the temperature dependence of y' for

different frequencies down to 3.7 Hz and shows that it depends on the frequency below the
maximum temperature, which becomes slightly lower with decreasing frequency showing
again a spin freezing process [Miyoshi'00a]. Specific heat data show also features
characteristic for spin glasses: (i) a broad anomaly in the magnetic specific heat C_ with a

maximum at about the spin freezing temperature observed in the other measurements; (ii) a
linear dependence of C,, below this temperature (see Figure 15d) [Raju'92].
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Figure 16. Y,Mo0,05: a. The q dependence of the elastic magnetic scattering at T=1.4 K. Data taken at
50 K have been subtracted to account for the nuclear scattering [Gardner'99b]; b. The muon spin
relaxation rate 1/T; versus temperature, in a small applied field H=0.02 Tesla. In inset: the Mo** spin
fluctuation rate versus temperature above Tsg [Dunsiger'96].

The neutron scattering shows no magnetic Bragg peaks [Gardner'99b]. Elastic neutron
scattering were performed at 1.8 and 50 K. The difference between the two data sets, shown
in Figure 16a, measures the low temperature elastic magnetic structure factor S(q). The data
show a peak for q~0.44 A" indicating short range AF correlations. The correlation length
was extracted from the half width half maximum (HWHM). Its value of about 5 A implies
correlated domains extending above a single tetrahedron. We note the difference in regard to
Tb,Ti,O; where the Th** spins are correlated over a single tetrahedron only.

The spin dynamics has been studied both by inelastic neutron scattering [Gardner'99b]
and muon spin relaxation [Dunsiger'96]. The picture which emerges is as follows: dynamic
short range order sets in a temperature as high as ~ 200 K (the 6., value), the spin

fluctuation rate falls gradually to near T, =22 K and below T, there is a drop of two orders of
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magnitude to attain a very low spin relaxation rate 1/T, of 0.02 ps at 0.09 K (Figure 16b).
Below T, is therefore a disordered magnetic state similar to that found in a spin glass, but

with a residual muon spin relaxation rate, temperature independent, which persists down to
very low temperatures. Ref. [Dunsiger'96] suggests the existence well below T, of a

relatively large density of states for low energy magnetic excitations, much larger than in
conventional randomly frustrated spin glasses.

Most experimental features of Y,Mo0,0; correspond to the description of a canonical
spin glass. This description is difficult to understand in the context of conventional, accepted
ideas about spin glasses, wherein it is held that both frustration and either positional or bond
disorder are necessary conditions [Ramirez'94, Ramirez'01]. For example, in insulating
antiferromagnets, spin glass behaviour is observed, normally, only in actual glasses
(amorphous materials) or in crystalline compounds in which the magnetic sites have been
diluted by diamagnetic ions to a concentration below the percolation limit [Greedan'01].

It is not the case of Y;Mo0,07, which is widely considered to be crystallographically
well ordered, with a unique n.n. magnetic interaction J [Reimers'88]. Therefore, in the recent
years, a special attention has been paid to the analysis of the structure of Y,M0,07 in order to
detect some kind of disorder of the system. By means of X-ray absorbtion fine-structure
(XAFS) analysis as a probe of the Y and Mo environments, Ref. [Booth'00] suggests that
there is a relatively large amount of bond length disorder that involves only the Mo-Mo pairs.
The Mo tetrahedra are in fact distorted at the local level from their average, ideal structure.
The distortion seems to act in a direction that is roughly parallel to the local Mo-Mo pairs and
perpendicular to Mo-Y pairs. For example, one possible distortion is that obtained by
displacing the Mo atoms towards or away from the tetrahedron body center as shown in
Figure 17. The magnitude of this distortion may vary throughout the solid, creating a
distribution of Mo-Mo pair distances and not severely altering the Mo-Y pairs.

Y,Mo,0,

b
s,

—_— ¢

Figure 17. Y,Mo0,05: one possible (exaggerated for clarity) distortion of the Mo tetrahedra as
obtained from XAFS analysis [Booth'00].

Evidence of disorder was also revealed by the presence of regularly spaced peaks in
%Y NMR measurements from Ref. [Keren'01], which claims the existence of many non-
equivalent ®Y sites due to a non-random distortion of the Mo sublattice. uSR analysis from
Ref. [Sagi'05] sustains also the hypothesis of the presence of random lattice distortions, taking
into account that the static muon relaxation rate is related to the lattice via the muon coupling
to its neighbouring spins. Therefore the observed distribution of coupling constants is
attributed to lattice disorder. One may notice that only local probes have revealed a
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distribution of bond length, while usual diffraction techniques (X rays or neutrons) show no
bond disorder, indicating that the average bulk structure is almost the perfect oxide pyrochlore
lattice. More recently Ref. [Greedan'06] attempt to reconcile the average and local structure
studies by applying neutron pair distribution function (NPDF) analysis to neutron diffraction
spectra measured up to very high q values. With this technique both the local and average
structures are determined simultaneously. Data were analysed by standard Rietveld methods
for the average structure and with Fourier transformation G(r) the pair distribution was
obtained. According to Ref. [Greedan'06], Rietveld results show an anomalously large
displacement ellipsoid for oxygen O1 and highly distorted displacements ellipsoids for Mo
and Y. The fit of the G(r) to the average structure results is satisfactory for the Mo-Mo and
Mo-O1 pairs, but fails for the Y-O1 and O1-O1 pairs. This result apparently contradicts those
obtained by local probe techniques. At the time being the existence in Y,Mo0,07 of bond
disorder involving Mo-Mo pairs is still under discussion.

1.3. The geometrical frustrated pyrochlores: systems with two
magnetic ions

The last pyrochlore systems to be discussed are those with magnetic ions on both R
and M sites and hence with two geometrically frustrated lattices. Among these systems, there
is a class of compounds that attracted great deal of interest in the recent years: the
molybdenum pyrochlores R;Mo,0-, with R=rare earth or yttrium.

1.3.1. Experimental results on R,M0,0-,

In these systems, besides the magnetism of the rare earth, there is also the contribution
from the transition metal ion Mo*". The rare earth R** carries a large magnetic moment. The
free ion values are 3.27 ug for Nd**, 7 pg for Gd**, 9 pg for Tb** and 10 pg for Dy and Ho,
respectively. These values may be reduced by crystal field effects. However, these magnetic
moments are localized showing weak R-R exchange interactions. Per contra, Mo** has a small
magnetic moment (2 ug), but it is itinerant, suggesting strong Mo-Mo exchange interactions.

Ref. [Katsufuji'00] showed that both electric and magnetic properties of R,M0,0;
pyrochlores strongly depend on the rare earth mean ionic radius R; (for the R, values see Ref.
[Shannon'76]). According to [Katsufuji'00], compounds with small ionic radius R, < R,
(R=Y, Dy and Tb) are spin glass insulators (SGI), whereas those with R, > R,.(R=Gd, Sm
and Nd) are ferromagnetic metals (FM). The SG-F phase boundary and the M-I crossover
correspond to a critical value R_ =1.047 A. Taking into account a linear dependence of the
lattice parameter a with the mean ionic radius, as suggested by Ref. [Katsufuji'00], the
critical value of the lattice parameter is a, ~10.33 A. We note however that for Gd,Mo,05,
which is the closest to the threshold, the transport properties strongly depend on the sample
preparation. First measurements on powder samples showed a metallic conductivity
[Greedan'87], while more recent data on high purity single crystals show an insulating ground
state, very sensitive to the impurity doping [Kézsmarki'04]. The substitution of two different
rare earths on the R site allows the variation of the lattice constant in a continuous way and
the phase diagram from Figure 18 is obtained. It shows the transition temperature T, .
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variation with the average ionic radius R,, obtained for mixed polycrystalline (RR*),Mo0,0~
series. As one may see all data points merge into a universal curve transition temperature
against R.. This result, obtained by means of macroscopic measurements, suggests that the

SG-F transition is controlled by the interaction between Mo*" magnetic moments, which
changes its sign from AF (in the spin glass state) to F (in the ferromagnetic state).
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Figure 18. Phase diagram of (RR*),M0,0; pyrochlores: transition temperature Tsg c versus the mean
ionic radius R;. The values for Y,M0,0; are taken from Ref. [Gardner'99b], those for (G1.xDyy).M0,0-;
(x=0, 0.1,0.2, 0.4 and 1), (G14Th,)>M0,0; (x=0.25, 0.5, 0.75 and 1), (Sm.,Dy,)>M0,0; (x=0 and
0.2), (Smy4Th,)2M0,07 (x=0.5), (Nd;Th,).M0,07 (x=0.5) from Ref. [Katsufuji'00] and those for
Nd,Mo0,0; from Ref. [Moritomo'01]. The dotted line shows the critical threshold of SGI-FM
transition: Ri;=1.047 A [Katsufuji'00]. The continuous line is a guide to the eye.

Macroscopic measurements show very interesting results if comparing the effect of
chemical and applied pressure on the electric and magnetic properties of R;Mo0,0;
pyrochlores. Figure 19a shows the dc magnetization M versus temperature data at ambient
pressure for single crystal (Sm;«Tby).Mo0,0; series, with x= 0, 0.4, 0.6, 0.7 and 0.8
[Miyoshi'03]. The zero field cooled (ZFC) and field cooled (FC) curves are measured in a
static field H=100 Oe applied along the [111] direction. For Sm;Mo0,0-, the M (T) data show
a rapid increase as the temperature is lowered, indicating F ordering at ~ 90 K. With
increasing Tb concentration, which compresses the lattice, T. shifts towards a lower
temperature gradually for 0<x<0.4 but rapidly for 0.4<x<0.6, although the FC
magnetization M. for x=0.6 at low temperatures is still high (see right inset of Figure 19a).
However, for x=0.8 the amplitude of magnetization is fairly low and the temperature at
which the M (T) curve exhibits the characteristic spin glass splitting is comparable to that of
Th,Mo0,07 (according to the phase diagram from Figure 18). The plot of the amplitude of
M . as a function of concentration situates the magnetic phase boundary in the interval
x=0.7-0.8, in agreement with the results reported for polycrystalline samples in Ref.

[Katsufuji'00]. Since the SG state is induced when compressing the lattice by chemical
pressure, one may expect that the applied pressure, which also compresses the lattice, induces
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the same magnetic ground state. The dc magnetization measurements under pressure (Figure
19b) shows that the amplitude of M(T) for x=0.75 sample is systematically suppressed
when increasing pressure, although the ordering temperature below which M (T) exhibits an
history dependent behaviour is almost pressure independent. Consequently, it is clear that the
chemical and the applied pressure have similar effects on the magnetic properties of these
systems: both induce the SG state. An applied pressure and doping-induced SG state was also
reported by dc and ac measurements for a polycrystalline (Gdi.xDyx).M0,0y series, with x =0,
0.1, 0.2 and 0.4 [Kim'05, Kim'03, Park'03].
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Figure 19. Temperature dependence of field cooled (FC) (open symbols) and zero field cooled (ZFC)

(full symbols) dc magnetization under an applied magnetic field H=100 Oe along the [111] direction:

a. (SmyTh,)>,M0,0-, with x=0, 0.4, 0.6, 0.7 and 0.8. In the right inset: plots of the FC magnetization

versus concentration x at T=6 K; b. (Smy,Th,).M0,0;, with x=0.75 under applied pressure up to 0.76
GPa. The results are from Ref. [Miyoshi'03].

The electrical properties of the same single crystal (Sm;.xThy),M0,07 series, with x=
0.7, 0.8, 0.9 and 1 were also analysed [Miyoshi'03]. Figure 20a shows the temperature
variation of the electrical resistivity po(T)at ambient pressure and measured along the [111]
direction. The p(T) curve for the samples with 0.8 <x <1 increases as the temperature is

decreasing, showing an insulating behaviour and the resistivity at low temperatures decreases
rapidly when decreasing Tb concentration x. The p(T) for x=0.7 displays a metallic
behaviour. Briefly, the chemical substitution, compressing the lattice, induces an insulating
behaviour. The M-I crossover is estimated to take place for x=0.7-0.8. Accordingly, at
ambient pressure, the M-1 and F-SG phase boundaries situate in the same composition range,
in agreement with earlier work of [Katsufuji'00]. Resistivity measurements under pressure
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shed new light on the properties of R,M0,07 pyrochlores. As one may clearly see in Figure
20b for (SmjThy),M0,07 , with x=0.8, at ambient pressure the p(T) monotonically
increases with decreasing temperature, showing an insulating behaviour. However at P=0.2
GPa the resistivity is significantly decreased at low temperatures and is further decreased for
P=0.69 GPa. At P=1.1 GPa a metallic behaviour is observed for T > 100 K. Similar results
are also obtained for the x=0.75 sample. Consequently, when decreasing the lattice
dimensions by applying pressure a metallic state is induced and therefore the applied pressure
disconnect the M-I and F-SG phase boundaries [Miyoshi'03].
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Figure 20. Temperature dependence of the electrical resistivity [Miyoshi'03]: a. (Smy4Thy).M0,05,
with x=0.7, 0.8, 0.9 and 1, measured along the [111] direction; b. (Sm;,Th,),M0,07, with x=0.8,
measured along the [111] direction under several applied pressures: P=0, 0.2, 0.69 and 1.1 GPa.

Although the R,Mo0,07 pyrochlores are well characterized from macroscopic point of
view, there are only few studies of their microscopic properties. Up to this study only the
compounds far from the threshold were studied: Y,Mo0,0; and Tbh;Mo0,0;, which are
insulators with R, <R, and Nd,Mo0,0, which is a metal with R > R,.. Y2M0,07 has already

Ic?
been described in section 1.2. It shows spin glass characteristics, although the existence of
chemical disorder is still under debate. In the following we summarize the results about
Tb2M0207 and Nd2M0207.

. Tb2M0207

Figure 21 shows the principal experimental results describing the magnetic ground
state of Th,M0,0;. The dc magnetization (Figure 21a) is independent of the sample cooling
history above ~ 25 K [Gaulin'94, Greedan'90, Greedan'91] (or 28 K [Ali'92]), but shows
FC/ZFC irreversibilities below this temperature. Although this FC/ZFC splitting is similar to
that observed in spin glasses, we underline the difference if comparing to Y,Mo0,07, where
below T, the FC magnetization saturates and ZFC one decreases towards zero (see Figure

!

15a). The linear ac susceptibility analysis shows that both real ' and
imaginary y" components present anomalies at temperatures that correlate quite well with the

splitting of the dc FC/ZFC curves (Figure 21b) [Ali'89, Ali'92, Hill'89, Miyoshi'01]. A
frequency dependence of the sharp peak seen in the non-linear ac susceptibility measurements
was also observed [Miyoshi'00b].
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Figure 21. Th,Mo0,0; : a. Magnetic moment versus temperature in the presence of an applied field
H=0.002 Tesla, for ZFC (open circles) and FC (crosses) processes [Gaulin'94, Greedan'90,
Greedan'91]; b. Temperature dependence of the real y'and imaginary " components of the ac
susceptibility. Measurements were made using a magnetic field of 1.5 G with a frequency of 80 Hz
[Ali'89, Ali'92, Hill'89]. The two-peak structure of »" was attributed to inomogeneities of the sample;
c¢. Magnetic neutron scattering for several temperatures T=8, 12, 16, 20, 24, 30, 50 and 150 K. A
spectrum from high temperature region (T= 300 K) was each time subtracted [Greedan'90,
Greedan'91]; d. The dynamical muon spin relaxation rate 1/T, versus temperature, in a small applied
field H=0.005 Tesla. In inset: the Th*" magnetic moment fluctuation rate versus temperature above
Tsc [Dunsiger'96].

At microscopical level, the neutron scattering measurements on Th,Mo,0; show only
a diffuse magnetic scattering (Figure 21c) [Greedan'90, Greedan'91]. It shows two broad
peaks at 1.1 and 2.1 A™ which develop continuously when decreasing temperature. There is
also a small indication of peak below 0.5 A™. We note the difference in regard to Th,Ti,O;
(Figure 5b), which shows also two peaks but near 1.1 and 3 A™. Analysis of these results
shows that while the Th,Ti,O; behaviour can be explained if the magnetic correlations are
extended only over the nearest neighbour distance (~ 3.59 A), Tb,Mo,0; requires a longer
correlation distance, corresponding to at least 4 coordination spheres (~7.3 A) [Greedan'90,
Greedan'91]. The spin dynamics of Th,Mo0,0; was analysed by both inelastic neutron
scattering [Gaulin'92] and muon spin relaxation [Dunsiger'96]. The uSR (Figure 21d)
indicates a behaviour rather similar to that of Y,Mo0,07 (Figure 16b). As in Y,Mo0,05, the spin
fluctuation rate begins to slow down in 200 K range, well above T,;. The muon spin

relaxation rate 1/T, shows a peak at T~ 25 K, then decreases and there is a residual muon

spin relaxation rate of ~ 5 ps™, which persists down to the lowest measured temperature of
0.05 K. This relaxation rate is ~250 smaller than for Y,Mo0,0, but has the same order of
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magnitude as in Th,Ti,O7 (with 1/T,~ 1 us'l at low temperature as shown in Figure 5c).

According to Ref. [Dunsiger'96] this suggests a more liquid like character of the ground state
of Th,Mo,0; than for Y,Mo0,0;. Additionally, the uSR shows that the static internal field
seen by the muon is about 10 times larger in Th,M0,07 than in Y,M0,07, as expected from
the ratio of Th*" and Mo** magnetic moments.

All the above experimental results show that, although little different from Y,Mo,0,
Th,Mo0,07 behaves as a spin glass, despite the apparent absence of disorder.
. Nd2M0207

Figure 22a shows the temperature dependence of the magnetization divided by the
magnetic field M /H , obtained for a single crystal of Nd,Mo,07, where the magnetic field
H =1 Tesla was applied along the [111] direction [Yasui'01]. The inset shows the (M /H)™
variation versus temperature. According to these dc measurements, the system undergoes the
ferromagnetic transition at T. ~95 K. Interestingly, with further decreasing of temperature,

M /H is found to decrease below ~ 20 K.
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Figure 22. Nd;Mo,0- (single crystal) : a. Temperature dependence of M/H in an applied field H=1
Tesla along the [111] direction. The arrow indicates the Curie temperature. In inset: temperature
dependence of (M/H)™; b. Temperature dependence of the neutron intensity of the (111) peak. In inset:
the magnetic structure at T=4 K as determined from neutron diffraction analysis. Results are from
Ref. [Yasui'01].

For the same single crystal, the temperature dependence of the intensity of the (111)
peak as determined by neutron diffraction is shown in Figure 22b. The T, value of ~ 93 K is

consistent with the one determined by the magnetic measurements. Below ~ 20 K, the
intensity strongly increases with decreasing temperature. From single crystal neutron
diffraction measurements, two possible magnetic structures were proposed at low temperature
(T=4 K). They are schematically represented in the inset of Figure 22b. The Mo* moments
are found to have non-collinear structure in both cases, with a deviation from the [001] axis
by an angle 6,= 9.2° and 6.2 °, respectively. We note that if the Mo-Mo interaction is
ferromagnetic and if the axial anisotropy is strong, each magnetic moment is expected to
direct along the <111> axis and the magnetic structure is characterized by the arrangement
“two spins in, two spins out”. The present spin configuration shows that the Mo*" anisotropy
is not very significant. The Nd** moment is antiparallel to that of Mo**. For the two magnetic
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models, Nd*" magnetic moment makes an angle 6,=3.7° and 0°, respectively, with the <111>
local anisotropy axis. This non-collinearity is a fingerprint of the strong Nd** axial anisotropy.
One may note that in both magnetic structures, the Mo-Mo and Nd-Mo interactions seem to
be F and AF, respectively. Further analysis at T=1.6 K confirm the second model, with 6~
4° and €,=0° [Yasui'03a]. Consequently, the same scenario explains both dc magnetization
and neutron diffraction results: the ferromagnetic ordering at T, is primarily associated with

the ordering of the Mo*" magnetic moments. When decreasing temperature, the ordering of
Nd** moments develops gradually and becomes significant below ~ 20 K. The decrease of the
magnetization below ~ 20 K is due to the antiferromagnetic coupling between Nd** and Mo**
moments.

However, in the case of Nd,Mo0,05 there are not the magnetic properties themselves
that attracted the greatest interest, but its giant anomalous Hall effect. The main question
concerning Nd,Mo,0y is: how are its magnetic properties related with this anomalous Hall
effect?

A first result that attracted attention is the temperature dependence of the Hall
coefficient R, of a polycrystalline sample of Nd,Mo0,0O7 (Figure 23a) [Yoshii'00]. When
decreasing temperature, R, starts to increase below ~ 100 K (~T¢ ). Then below ~ 20 K, i.e.

the temperature where due to Nd moments ordering the magnetization is strongly suppressed,
it shows a step increase. In order to further investigate this result, the Hall resistivity p,, of

single crystals of Nd,Mo0,0; was measured at several temperatures with the magnetic field
along the [111] direction (Figure 23b) [likubo'01, Yoshii'00]. With decreasing temperature,
the non-linear behaviour of the p,, - H curve appears at ~ T

The Hall resistivity of ordinary ferromagnets can be divided into two contributions,
the ordinary part and an anomalous one which is proportional to the magnetization:

py =R,H +47R M [1.9]

where R, and R, are the ordinary and the anomalous Hall coefficients, respectively, and M
the total magnetization.

As shown in Figure 23c, equation [1.9] fits well the high temperature region, but with
decreasing temperature p,, starts to deviate from this simple relation below ~ 50 K. Therefore

at low temperature (Figure 23d), where the ordering of Nd moments becomes significant, Ref.
[likubo'01, Yoshii'00] propose another phenomenological equation which fits quite well the
experimental data:

py = RH +47RM,,, +47RM [1.10]

where M,,, and M, and R, and R; are the net magnetizations and the anomalous Hall

coefficients corresponding to the Mo and Nd moments, respectively. The present analysis
suggests that the anomalous part of p,, consists of two contributions from the Mo and Nd

moments. The fit shows that: (i) R, increases with decreasing temperature through T. and
seems to saturate at finite value at low temperatures; (ii) R. also remains non-zero and

constant at low temperatures. These temperature independent and no-vanishing behaviour
found not only in R but also inR; are in contradiction with those of ordinary ferromagnets,
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where R, are strongly suppressed below T. and approaches zero as T — 0. The same group

[likubo'01, Yoshii'00] shows that unusual behaviour of the Hall resistivity was also obtained
when applying a magnetic field along [001] and [110] directions.
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Figure 23. a. Temperature dependence of the Hall coefficient Ry, measured in a magnetic field H=1.5
Tesla for a polycrystalline sample of Nd,M0,0-; b. Magnetic field dependence of the Hall resistivity
py of asingle crystal Nd,Mo,0- at various temperatures. The magnetic field is applied along the
[111] direction; c. Fits of T>40 K data with function: p, = R,H +47R,M , with R, and R, the

ordinary and anomalous Hall coefficients and M the total magnetization; d. Low temperature data are
fitted with the function: p,, = R,H +47R.M,,, + 47R!M, , with anomalous term divided into the two

contributions from the net magnetizations My, and Myy of the Mo and Nd moments, respectively. For
details see ref. [likubo'01, Yoshii'00].

Beyond the proposed phenomenological approaches, it was interesting to investigate
the relationship between the anomalous Hall resistivity and the non-collinear magnetic
structure of Nd,Mo0,0;. The spin chirality mechanism was invoked, first for a Kagome lattice

[Ohgushi'00]. The spin chirality is locally defined as y = S S ><S3, for three spins Sl, S

and 83, and hence a non-collinear and non-coplanar spin configuration corresponds to a non-

zero spin chirality. A fictitious magnetic flux is then induced for each three spins situated on a
triangular face of a tetrahedron. For a tetrahedron it acts like a fictitious magnetic field, finite
and parallel to the total magnetization and hence leads to the anomalous Hall effect. The

theory from Ref. [Ohgushi'00] proposes that the anomalous Hall conductivity o, (= p, / p,
with p the electrical resistivity) is proportional with this fictitious magnetic field. Taking into

account the above theory, Ref. [Taguchi'01] calculates the Hall conductivity on the base of the
spin chirality mechanism and proposes that the spin chirality of the Mo moments explains the
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anomalous Hall effect observed for Nd,Mo,0;. Briefly, at low temperature and in the low
field regime, the tilting angles of the spins is relatively large, which gives rise to large spin
chirality and hence large anomalous Hall term. Once a high field is applied the spins are
aligned along the field direction, the spin chirality or the fictitious magnetic field is reduced
and hence the anomalous Hall effect is reduced. Furthermore, Ref. [Taguchi'03] shows that
the Hall resistivity p,, changes sign when the field is applied along [111] direction, but does

not when applying along the [100] or [110] directions, and considers this fact as a evidence of
the chirality mechanism of the p,, .

This proposal made by Taguchi et al. group raised lots of discussions. In contrast with
their work, the group of Yasui, likubo, Yoshii et al . claims that the spin chirality y does not

consistently explain the behaviour of p,, [Yasui'03a, Yasui'03b, Yasui'06]. By means of

neutron scattering data taken for a single crystal of Nd,Mo0,0- they analysed in detail the
evolution of the magnetic structure under applied magnetic field along different directions.
Using this H-dependent magnetic structure, they calculate the spin chirality and the fictitious
magnetic fields of the Mo and Nd moments, ®,,, and @, , respectively. Supposing a direct

proportionality between the p,, and these fictitious fields, they compared these quantities and
show that neither @, , nor a linear combination of @, and ®,, could explain the
experimentally observed p,, .

There are more theoretical models, which studied the spin chirality mechanism in
regard to anomalous Hall effect. In Ref. [Tatara'02] the anomalous Hall effect arising from the
non-trivial spin configuration (chirality) is studied treating perturbatively the exchange
coupling to localized spins. In the weak coupling limit it is shown that the Hall resistivity is
proportional to a chirality parameter, with a sign that depends on details on the band structure.
Recently, several groups confirmed such a behaviour in canonical AuFe spin glasses
[Pureur'04, Taniguchi'O4b]. More recently, Ref. [Taillefumier'06] proposes a model
concerning the anomalous Hall effect due to spin chirality in a Kagome lattice. They put into
light another idea, which seems to answer to the above debate: even if the spin chirality y

may be the origin of the anomalous Hall effect, it is not obvious that there should be a direct
proportionality between the Hall resistivity and y .

We put end to this introductive chapter, by giving few details concerning the
crystallographic properties of Mo pyrochlores and a theoretical model, which without being
complete, explains quite well the SGI-FM transition.

1.3.2. Crystallographic details on R,M0,0-,

The R,M0,07 pyrochlores crystallize in a face centered cubic (f.c.c.) structure with the

space group Fd3m, in which R and Mo occupy correspondingly 16d [1/2,1/2,1/2] and 16¢
[0,0,0] positions and form two interpenetrating sublattices of corner sharing tetrahedra. There
are two types of oxygen sites Ol and O2, which occupy the 48f [u,1/8,1/8] and 8b
[3/8,3/8,3/8] positions, respectively. Table I shows the Mo and R sites, expressed in units of
the cubic lattice parameter. Each Mo site has a sixfold O1 48f coordination. The oxygen
atoms specify the local coordinate frame around each Mo site, which depends of the
coordinate u. u=5/16=0.3125 corresponds to the perfect octahedral environment, while for
u>0.3125 there is an additional trigonal contraction of the local coordinate frame.
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Mo sites [0,0,0] [0,1/4,1/4] [1/4,0,1/4] [0,1/4,1/4]

R sites [05,0505] | [0.250.250.5] | [0.25,05,0.25] | [0.50.25,0.25]

Table 1. R,M0,0; pyrochlores: Mo and R sites.

There are two crystallographic parameters of interest: the lattice parameter a and the
coordinate of the oxygen O1 u. Based on these structural parameters, one may also calculate
the Mo-O1 bond distance d and the Mo-O1-Mo bond angle &. Table Il shows the values of
these parameters for the extreme compounds of the R;Mo0,0; series: Y;Mo0,0;
(a<a, ~10.33 A) and Nd,Mo,0; (a>a_). For comparison, we also give these parameters

for Th,M0,07 (a<a,), since it is one of the compounds that we analyse in this study. We

underline that in all cases u>0.3125 and hence all systems have a trigonal distortion of the
Mo oxygen environment.

compound a (A) u (units of a) d (A) 0 (°)
Y,Mo0,0- 10.21 0.3382 2.0171 127
Th,Mo0,07 10.3124(7) 0.3340 2.0159 129.1
Nd,Mo,0; 10.4836(2) 0.3297 2.0332 131.4

Table Il. Structural parameters of Y,M0,0,, Th,M0,0; and Nd,Mo,0-: the cubic lattice parameter a
(in A), the oxygen parameter u (units of a), the distance Mo-O1 d (A) and the angle Mo-O1-Mo & (in
degrees). The values for Y,M0,0; and Nd,Mo,0; are taken from Ref. [Katsufuji'00, Moritomo'01,
Reimers'88]. The values for Th,M0,0- are determined from our measurements (for details see Chapter
1V) and given for comparison.

a. Mo[0,0,0] b.Tb[1/2,1/2,1/2]

Figure 24. Crystallographic details on Th,M0,0; as obtained from our X ray and neutron diffraction
analysis. The first coordination sphere of: a. Mo(0,0,0); b. Tb(1/2,1/2,1/2).

We also give few details on the crystallographic structure of Th,Mo0,07, as obtained
from analysis of our X ray and neutron diffraction patterns (for details see Chapter IV). Figure
24a and Figure 24b show the crystallographic environment of Mo [0,0,0] and Th [1/2,1/2,1/2],
respectively. As one may see, Mo is octahedrally coordinated with six O1 (48f) oxygen atoms
and has as nearest neighbours: six Mo (two corner sharing tetrahedra are formed) and six Tb
magnetic ions, respectively. The oxygen environment of Tb is different from that of Mo: it is
coordinated with six O1 oxygen atoms and also with two O2 (8b) oxygen atoms. For u=3/8
Tb atom is coordinated with eight equally distant oxygen atoms (O1 and O2). Tb has also as
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nearest neighbours six Mo and six Tb (two corner sharing tetrahedra are formed) magnetic
ions. We note that each Tb ion is situated in the center of a hexagon formed by its six Mo first
neighbours indicating a non-frustrated Th-Mo lattice in contrast to the Th and Mo pyrochlore
frustrated lattices. Table 111 shows the first neighbours of both Mo and Tb atoms, with the
corresponding distances and bond angles.

atom n.n. d (A) bond angles (°)
Mo 6 01 2.01 Mo-O1-Mo ~ 129°
6 Mo 3.64 Mo-O1-Th ~ 107°
6Th 3.64
Tb 202 2.23 Th-O2-Th ~ 109°
6 O1 2.54 Th-O1-Th ~ 93°
6 Mo 3.64 Th-O1-Mo ~ 107°
6Th 3.64

Table I11. Th,Mo0,0;: first coordination cell of Mo and Tb atoms with the corresponding distances and
bond angles, as obtained from X ray and neutron diffraction analysis. For details see Chapter IV.

1.3.3. Theoretical model on R,M0,0-,

Having in mind the crystal structure of Mo pyrochlores, one natural question arises:
which parameter, the lattice parameter a or the oxygen parameter u, controls the sign of the
nearest neighbour magnetic interactions, which change from antiferromagnetic in the SG state
to ferromagnetic? Another question is: in what way are the magnetic properties of these
systems connected with the electronic ones?

Ref. [Solovyev'03] proposes band structure calculations on R,Mo0,0; (with R=Y, Gd
and Nd) and try to answer to both these questions.

Taking into account the structural parameters of R,Mo0,0; (R=Y, Gd and Nd) the
densities of states are obtained in the local-spin density approximation (LSDA), as shown in
Figure 25 a and b for Y,Mo0,0; and Gd,Mo0,07, respectively. In the local coordinate frame,
the Mo(4d) orbitals are split into the triply-degenerate tog and double-degenerate eq states, with
a splitting of ~ 4 eV. The tyy bands are located near the Fermi level and well separated from
the rest of the spectrum, consisting of a broad O(2p) band spreading from -8.5 to -2.5 eV and
either Y(4d) or Gd/Nd (5d) bands located just above the tyq states. The Mo(eg) are situated in
the higher part of the spectrum. Furthermore, the trigonal distortion and the difference in the
hybridization with the O(2p) states spilt the Mo(ty) states into one-dimensional a;4 and the
two-dimensional ey . As Ref. [Solovyev'03] recalls, the crystal structure affects the Mo(tzg)

band via two mechanisms: (i) the Mo-O1-Mo angle (see u), which controls the
superexchange interactions between Mo(tyg) orbitals mediated by the O(2p) states; the Mo-
O1-Mo angle increases along the series Y—>Gd—Nd and hence these interactions will also
increase; (ii) the lattice parameter a and the Mo-Mo distance, which controls the direct
exchange interactions between Mo(4d) orbitals; a increases along the series Y—>Gd—Nd and
hence the direct interactions will decrease. Consequently, the superexchange and exchange
interactions should vary in opposite way in these series. LSDA calculations show that the
width of e, band is practically the same for the all three compounds (Figure 26a). On the

other hand, the a;4 orbitals, whose lobes are most distant from all neighbouring oxygen sites,
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are mainly affected by the second mechanism and the a;y bandwidth decreases within the
series Y—>Gd—Nd.
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Figure 25. Total and partial densities of states of Y,M0,07 (a) and Gd,Mo,0- (b) in the local density
approximation. The Mo (t,g) states are located near the Fermi level (chosen as zero for the energy),
while the Mo (e;) ones emerge around 4 eV. Results are taken from Ref. [Solovyev'03].
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level is at zero. Results are from Ref. [Solovyev'03].
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The model proposed by Ref. [Solovyev'03] takes into account only the Mo(tyg) bands
and uses a mean field Hartree-Fock approach. It takes into account fine details of the
electronic structure for these bands, extracted from the calculations in the LSDA
approximation. The Coulomb interaction U is treated as a parameter, in order to consider
different scenarios covering both metallic and insulating behaviour of R,Mo0,0.

Assuming a F ordering between Mo spins, the LSDA calculations show that the
majority (T)-spin aig band is fully occupied and the Fermi level crosses the double-degenerate

!

e, band (denoted ey(t,q) in Figure 26a). Consequently, at some point the Coulomb
interaction U will split the e; band and induces an insulating state. Such a situation occurs

between U =2 and 2.5 eV for all considered compounds, as shown in Figure 27a. In the
metallic regime (small U) the densities of states are similar to those obtained in LSDA
(Figure 26a). In this case, the major effect of U is the shift of the (T)-spin a1g band to the low
energy of the spectrum relative to the e, band. Typical densities of states in the insulating
state (U >2-2.5 eV) are shown in Figure 26b. The a;q band has a three-peak structure, while
the distribution of the e band is very similar for the three compounds.
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Figure 27. a. The band gap as a function of Coulomb interaction U; b. n.n. exchange interactions
calculated in the ferromagnetic state; c. Contributions of a,q and eé orbitals to the exchange

interactions. Plots are from Ref. [Solovyev'03].

Then the nearest neighbour exchange interactions are calculated. Their variation with
the Coulomb parameter is shown in Figure 27b. One may note two important aspects: (i) the
n.n. exchange interactions are F for small U (metallic regime), but exhibit a sharp drop at the
point of transition to the insulating state; (ii) there is a significant difference between Y and
Nd/Gd compounds: in the Y case the exchange parameter is shifted towards negative values,
so that the n.n. coupling becomes AF in the insulating phase, while the n.n. coupling remains
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F for Gd/Nd. The behaviour of these systems may be understood in more details, if
considering partial a;gand e contributions to the n.n. exchange coupling (Figure 27c). The

main interactions are aig- aigand ey -ey (the aiq -eg interaction is small and hence neglected).

The model shows that the large ey -ey interaction in the metallic regime is related to the

double exchange (DE) mechanism, which a measure of the kinetic energy for the itinerant

(M-spin ey electrons. As long as the system is metallic, the DE interactions are not sensitive

to the value of U and the F coupling dominates. The transition into the insulating state is
caused by the localization of the e; electrons. This reduces the kinetic energy and suppresses

the DE interactions, which explains the sharp drop of ej -ej interaction. However, the main

difference between Y and Gd/Nd is related to a;q- a4 interactions. Since the (T)-spin a;q band
is fully occupied and (J)-spin a;q band is empty, the interactions are AF and the mechanism is
the superexchange (SE). Since the SE coupling is proportional to the square of the aiq
bandwidth, this interaction is the largest in the case of Y. This explains the AF character of
the total exchange coupling realized in this compound for large U .

As one may see, the model from Ref. [Solovyev'03] explains in a simple manner the
magnetic and conduction properties of the Mo pyrochlores, taking into account only the
electrons that populate the Mo(tyg) levels, well separated from the rest of the spectrum. The
electronic structures of R,Mo0,0; have also been investigated by means of photoemission
spectroscopy, which confirms that the electronic states near the Fermi level have mainly
Mo(4d) character [Kang'04, Kang'02]. Solovyev shows how from a SG state with AF
interactions, frustrated by the lattice and due to the SE mechanism, the system passes to a F
state, due to the DE mechanism. This is obtained using a unique parameter, the Coulomb
interaction U , which controls the levels splitting. When U increases a transition from a metal
to a Mott insulator is induced. Experimental details on the M-I transition in Mo pyrochlores
are given in Ref. [Kézsmarki'04, Taguchi'02] as obtained by optical spectroscopy. From the
point of view of the structure parameters, this model also shows that the magnetic ground
state of Mo pyrochlores is controlled by the cell parameter a, which directly controls the aq
bandwidth and explains the stabilization of AF interactions in the case of Y,Mo0,0;. This
result contradicts the widespread point of view that the magnetic ground state is controlled by
the Mo-O1-Mo angle as suggested in Ref. [Katsufuji'00, Moritomo'01, Taniguchi'O4a].
However, this model gives rise to few question marks. An important aspect that should also
be taken into account is the presence of the rare earth, whose contribution it is not taken into
account into these band structure calculations. It would also be interesting to connect the
Coulomb interaction U with some other parameters which are accessible from experimental
point of view.

1.4. Conclusions

In this chapter we presented some of the most interesting results concerning the
geometrically frustrated pyrochlores R,M,0- in order to introduce our contribution.

We analysed first the systems having R*" as unique magnetic ion on the pyrochlore
lattice. We presented Th,Ti,O;, which at ambient pressure is a canonical example of spin
liquid. This compound is the starting point of the first part of the present study: the analysis of
Tbh,Sn,0; (Chapter 111), which has also Tb*" as unique magnetic ion, but where the
substitution of Ti** by the bigger Sn** ion expands the lattice and changes the energy balance.
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Then we focused on the systems having two magnetic ions on pyrochlore lattice: the
Mo pyrochlores. Up to now these systems have been well characterized at macroscopical
level, while the microscopic studies concern just compounds far from the critical threshold of
the spin glass - ferromagnetic transition. The second part of this study (Chapters 1V-VI)
concerns the microscopical analysis of the evolution of magnetism throughout the threshold

region.
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Chapitre 1.

Les details expérimentaux: la preparation des
echantillons et les techniques expérimentales

Dans le Chapitre 11, nous commencons par donner des informations sur la synthése des
échantillons : Th,Sn,0; et la série (Th;xLax)>,M0,0;, avec x=0, 0.05, 0.1, 0.15, 0.20 et
récemment 0.25. Puis nous décrivons les principales techniques expérimentales utilisées dans
cette étude et donnons des détails sur les instruments et le traitement des données:

(i)

(i)

(iii)

(iv)

Diffraction de neutrons a pression ambiante et sous pression, que nous
avons parfois utilisée pour déterminer la structure cristalline, mais surtout
pour déterminer la structure magnétique et les corrélations de spin a courte
portée.

Diffraction de rayons X. Nous I’avons utilisée pour déterminer la structure
cristalline a pression ambiante, combinée a la diffraction de neutrons, et
sous pression en utilisant le rayonnement synchrotron.

Rotation et relaxation de spin du muon (USR), a pression ambiante et sous
pression appliquée. Elle nous intéresse par sa complémentarité avec la
diffraction de neutrons. Elle sonde a la fois les champs magnétiques
statiques locaux et les fluctuations de spin.

Susceptibilité magnétique statique (mesurée au SQUID). L’analyse des
courbes de susceptibilité dans I’état refroidi en champ nul (ZFC) et sous
champ (FC) donne une information sur les températures d’ordres, préalable
aux mesures de neutrons et de muons.
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Chapter I1.

Experimental details: sample preparation and
experimental techniques

11.1. Sample preparation

For the sample preparation we are indebted to A. Forget and D. Colson from Service
de Physique de I’Etat Condensé (SPEC), CEA-CNRS, CE-Saclay.

All samples studied in this thesis are polycrystalline samples (powders) and were
prepared by solid state reaction at high temperature.

e ThySn,0O7 (Chapter I11)

In the first stage, Th,O3 was prepared starting from Th;O7 (Strem, with 99.9 % purity).
The reaction was made in Ar atmosphere, with Ti/Zr chips to absorb the oxygen traces. The
temperature of reaction is of 800-900 °C. Then, Th,Sn,O; was synthesized using Tbh,O3; and
SnO; (Strem, with 99.9 % purity) oxides as starting materials. The reaction was made in air.
The above oxides were heated (350 °C/h) up to 1425-1490 °C, where they were kept for 6
hours.

e (TbixLay),M0,07, x=0-0.25 (Chapters IV-VI)

As above, the Th,03 was prepared starting from Th4O7 (Strem, with 99.9 % purity), in
Ar atmosphere, with Ti/Zr chips to absorb the oxygen traces. Then, the (Tb;.xLax),M0,07 was
synthesized by reacting Th,0O3, La,O3 (Aldrich, with 99.999 % purity) and MoO, (Alfa, with
99 % purity). This reaction is also made in Ar atmosphere with Ti/Zr chips. The oxides were
heated (350 °C/h) up to 1385 °C and kept at this temperature during 6 hours. Two annealings
were necessary to obtain the sample in the pure form. First, five samples having x =0, 0.05,
0.1, 0.15 and 0.2 were prepared and their study represent the main part of the Chapters IV-VI.
The substitution of Th** by the bigger ion La** expands the lattice, but also increases the
compacity (the occupied volume/the available volume). The La solubility limit situates at
=25% . The x=0.25 sample, much difficult to synthesize, was obtained latter (after the other

five samples) and therefore it was studied in less details.

I1.2. The neutron diffraction

The powder neutron diffraction is one of the most important techniques available to
materials scientists. Since the wavelength of the incident neutrons has the same order of
magnitude as the interatomic distances of solids (meaning the order of A), it allows the study
of properties of condensed matter at atomic level.
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11.2.1. Theoretical principle

Although all diffraction experiments rest on Bragg’s law, there are basically two ways
of making them. In the first method the sample is bathed in a monochromatic beam of X rays
or neutrons with a wavelength 4, and different d -spacings are measured by moving a

detector to different angles:
Ao =2d,sing, [11.1]

where h stands for the Miller indices (hkl) associated to that d -spacing. Experimental setups
based on this method are called constant wavelength or steady state diffractometers. It is the
method used in the present X ray and neutron diffraction experiments. An alternative method
Is to keep the detector fixed at an angle 6, and to vary the wavelength. This can be achieved

by using a white spectrum with a wide range of wavelength and an energy dispersive detector.
Then the d -spacings are obtained using the relation: E, = 4, = 2d, siné,.

The interaction of neutron with matter has two main terms: (i) the strong nuclear
interaction, which corresponds to the interaction between the neutron and the sample nuclei
and gives rise to the nuclear scattering; (ii) the magnetic interaction, which corresponds to the
interaction between neutron spin and the atomic magnetic moments of the sample and gives
rise to the magnetic scattering. The neutron diffraction has several advantages compared to
the X ray diffraction. First, the scattering length which characterizes the nuclear interaction
does not depend of the atomic number Z , contrary to the scattering length of X rays, which is
proportional to Z . Therefore for X rays the light atoms are almost invisible (especially when
heavy atoms are present), while for neutrons the light and heavy atoms may have comparable
scattering length. Secondly, the neutron has a magnetic spin which interacts with the atomic
magnetic moments and therefore it is an indispensable tool for the study of the magnetic
structures.

The powder neutron diffraction characterizes the interaction between the incident
neutron beam and the sample. The initial state is determined by k. and E,, representing the

scattering wave vector of the incident neutrons and their energy, respectively, and also by
|y/i>, which characterizes the initial state of the sample. After the impact, both neutrons and

sample are in a final state, characterized by IZf ,E; and ‘z//f>, respectively. The interaction

process is then characterized by the movement quantity transfer =k, —k. (or the scattering
vector) and an energy transfer 7w =E; —E;.

Considering the interaction between the neutron and the sample, one may define the
total scattering cross section. It has two components: the coherent cross section and the
incoherent one. The coherent cross section corresponds to an average response coming from
all atoms of the system and gives access to the mean scattering potential. It gives rise to Bragg
peaks in the case of the ordered structures. Per contra, the incoherent component corresponds
to the individual response of each atom and gives the deviations from the mean scattering
potential. In neutron diffraction measurements it yields a continuous background. We
underline that the coherent term gives access to average quantities. For example, for a crystal,
the thermal displacement of an atom with respect to the average position yield an attenuation
of the coherent scattering length by a factor named Debye-Waller factor. For the case of
fluctuating magnetic spins, the measured average quantity represents the mean ordered
magnetic moment. In paramagnetic phase, for example, this mean ordered magnetic moment

50



Chapter Il. Experimental details: sample preparation and experimental techniques

is zero due to magnetic fluctuations in time and space. The coherent component is itself a sum
of two terms: the elastic (corresponding to @ =0) and inelastic one (@ = 0), respectively. In a
diffraction experiment, there is no energy analysis of the scattered neutrons and therefore the
two terms are not separated. In diffraction, the neutron cross section corresponds to an

o0
integration j S(g,w)dw over the energies of the scattered neutron, where @. is the incident

—@

neutron energy. If @ is high enough, then the sum may be approximated to j S(q,0)}dw
and one obtains S(q,t=0), i.e. the neutron diffraction gives access to an instantaneous

“picture” of the system at a given moment t=0. Inelastic neutron scattering experiments
allow one to analyse the energy of the scattered (out coming) neutrons and hence to separate
the elastic and inelastic processes.

In neutron diffraction experiments using non-polarized neutrons, the nuclear and
magnetic intensities are additive. The coherent elastic cross section is written as:

d_o- _ (2”)3 N
(d”j:?;ﬁ{sm_N vy 2l @0 ~Qu) 2]

where N is the unit cells number, v, is the unit cell volume, Q,,, are the vectors of the crystal
reciprocal space, which determine the diffraction peaks position, and F(G)is the structure
factor, which may be written in a similar manner for both nuclear and magnetic terms:

F@)=> b -e'" [11.3]

The summation is over the mean values of the nuclear scattering length by, of the nuclei of
the nuclear unit cell or over the mean values of the magnetic scattering length b,, of the atoms

of the magnetic unit cell. The magnetic unit cell may be different from the crystallographic
one. The nuclear scattering length by is independent of the scattering vector @, since the

characteristic dimension of a nucleus is much smaller than the neutron wavelength. Per
contra, the magnetic scattering length b,, depends on @, since the characteristic dimension

of the electronic cloud is comparable to the neutron wavelength. The value of b, change
when changing the atom species. The magnetic scattering length b,, is given by:

by =26-(p(q)%%j [11.4]

—

where & is the Pauli vectorial operator for the neutron spin, y is the neutron gyromagnetic
ratio, r, is the neutron radius and g is the Bohr magneton. p(q) is the magnetic form

factor, normalized in order that p(0)=1. M, is the projection of the atomic magnetic
moment on the plane perpendicular to the scattering vector g.

The information that one may obtain from a neutron diffraction spectra analysis:

e the nuclear intensity
The nuclear Bragg peak positions give access to the lattice parameter, while their

o1



Chapter Il. Experimental details: sample preparation and experimental techniques

integrated intensities depend on the atom positions in the unit cell, on the occupation of
different sites and on the scattering length values. In other words, the refinement of the
nuclear phases of neutron diffraction spectra allows one to determine the crystalline structure
of the compound.

e the magnetic intensity

First of all, the labelling of the magnetic peaks positions (peaks, which of course
appear below the ordering temperature) gives access to the propagation vector, namely to the
magnetic structure periodicity. In the reciprocal space the position of the magnetic reflections
Is given by

Qug = Hy +27K [11.5]

where H,,, denotes the positions of the nuclear reflections and k is the propagation vector. If

the magnetic peaks are superimposed on the nuclear ones, then k =0 and the magnetic unit
cell is equal to the nuclear one. It is the case of ferromagnetic compounds or even compounds
where there is also some antiferromagnetism. When new Bragg reflections appear in the

reciprocal space, then k =0 and the magnetic unit cell is larger than the nuclear one. It is the
case of many antiferromagnetic compounds.

Once the propagation vector is known, i.e. the periodicity of the magnetic structure,
one has to analyse the intensities of the magnetic Bragg peaks. The comparison between the
magnetic intensities calculated using a model of magnetic structure and those obtained
experimentally allows the determination of the arrangement of the magnetic moments in the
magnetic unit cell. In the most favourable case, one may determine the value and also the
orientation of the magnetic moments.

Summarizing, the refinement of the magnetic phases of the neutron diffraction spectra
allows the complete characterization of the magnetic structure of the analysed compounds,
meaning both the periodicity and magnetic moments arrangement in the magnetic unit cell.

More details concerning the neutron diffraction may be found in Ref. [Bacon'75,
HERCULES'05, JDN10'03].

11.2.2. Ambient pressure neutron diffraction

11.2.2.1. Diffractometers

The ambient pressure neutron diffraction measurements were carried out mainly in
Léon Brillouin Laboratory (LLB), CEA Saclay. The following powder diffractometers were
used: (i) 3T2, which is a high resolution, two-axis diffractometer. It has the typical incident
neutron wavelength A=1.225 A, which corresponds to thermal neutrons (coming from the
Orphée reactor, CEA Saclay). It is well adapted for crystal structure analysis; (ii) G61, which
is a high flux, two-axis diffractometer, with 1 =4.741 A (cold neutrons guide). Due to its
high flux, but limited scattering range (q,,,, ~ 2.5 A, it is well adapted to the study of the

magnetic order; (iii) G41, which is also a high flux, two-axis diffractometer, with 1 =2.43 A
(cold neutrons guide). It may be used for magnetic order analysis, having a wider scattering
vector range than G61 (q,, ~4 A). Experiments were also performed in Lalie Langevin
Institute (ILL), Grenoble, on: (i) D1B diffractometer having roughly similar characteristics to
G4l (A=252A and q,, ~3.3 A); (ii) the high flux diffractometer D20 (1 =2.419 A); (iii)
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the high flux and high resolution diffractometer D2B (4 =1.594 A). When analysing crystal
structures the experiments were made at room temperature (3T2 and D2B). When analysing
magnetic structures the measurements were performed in the temperature range 1.4-100 K
using an ILL cryostat and below 1.4 K, till to ~ 40-100 mK, with a dilution cryostat. For
ambient pressure neutron diffraction measurements we thank to I. Goncharenko (LLB, G61),
G. André (LLB, G41), F. Bourée (LLB, 3T2), O. Isnard (ILL, D1B) and E. Suard (ILL, D2B
and D20).

Figure 1(left) shows the ambient pressure version of the G61 diffractometer. Briefly, a
monochromatic neutron beam is selected by a graphite monochromator, giving A=4.741 A.
The contamination of the higher order harmonics (A/2, A/3,...) is suppressed by inserting a
beryllium filter (cooled down to liquid nitrogen temperature) in the incident beam path. The
diffractometer is equipped with a linear (banana-type) 400-cells multidetector covering 80
degrees of scattering angle. The multidetector and its protection can rotate around the sample
axis, covering a total angle of 150 degrees.

| ambient pressure version | | high pressure version |

——monochromator — \

filter 2 (Be, 77 K) -

monitor

vacuum tube
focusing
/ systems
. with Ni-Ti
collimator ' supermirrors
"sollers’ Voo N
cryogenerator | @ cryostat
(oven) b
sample sample in
pressure cell

400 cells multidetector

Figure 1. Schematic view of the cold-neutron, two-axis diffractometer G61 in ambient pressure
version (left) and in the high pressure version (right).

11.2.2.2. Data analysis. The Rietveld method

The raw data obtained in a powder neutron experiment consist of a record of the
intensity of diffraction (neutron counts) versus the diffraction angle 26 . The 26 dependence
may be transformed in a q dependence, where q=4zsin&/ A is the scattering vector. Then
the neutron diffraction patterns are analyzed using the program FULLPROF [Rodriguez-
Carvajal'93], which is based on a Rietveld analysis.

In numerical format, the raw data are given by a set of two arrays{29i, yi} _, where

i=1,...,

y; corresponds to the neutron counts at the scattering angle 26;. After corrections and

calibrations the data are given by a set of there arrays {26, y,,c,},, ., where o is the

i=1,...,
standard deviation of the profile intensity y, . The profile can be modelled using the calculated
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counts y, at the i ™ step by summing the contribution from neighbouring Bragg reflections
and the background:

Yei =ZS¢% |5 f26 — 26, 5) +by [11.6]
¢

The vector h (=H,, or H,,+k) labels the Bragg reflections and ¢ labels the phase and

varies from 1 up to the number of phases existing in the model. In FULLPROF the term phase
reflects the same procedure for calculating the integrated intensities | S This includes

different crystallographic phases and also the magnetic contribution to the scattering coming
from a single crystallographic phase in the sample. The general expression of the integrated
intensity is:

IM:{LAPC FZ}M [11.7]

The meaning of the terms from equations [11.6] and [11.7] is the following: S is the
scale factor for the phase ¢, L " contains the Lorentz, polarisation and multiplicity factors,

A¢ i is the absorbtion correction, P¢ ; is the preferred orientation function, C¢
necessary, special corrections (non-linearity, efficiencies, special absorbtion corrections etc.),

F¢ﬁ Is the structure factor, Q is the reflection profile function and b; is the background

intensity.

P includes, if

e the Lorentz factor L

For neutron diffraction, the Lorentz factor corresponding to a scattering angle & is
defined as: L=1/sin#sin(20). In the case of X ray diffraction it also includes the

polarization correction.
e the absorption correction A
The absorption correction for a given cylindrical sample holder of radius R, may be
expressed using the Rouse and Cooper formula [Rouse'70]:
A(0) = exp[—(al +Iysin? ) uR — (a, +D, sin? e)(yR)z} [11.8]

where the numerical factors a;, by, a, and b, are given in Ref. [Rouse'70].

4 1s the linear absorption coefficient, which for a bulk crystal may be written as:

H =N Ototal [11.9]

n is the associated density defined as the number of formula units (moles) of the unit cell (8
for pyrochlore compounds) divided by the unit cell volume. oy, is the total scattering cross
section of one mole. It may be calculated as the summation of coherent, incoherent and

absorbtion cross sections of each atom species of the formula unit: o1 = Z oc+0j+0,(4).
atom
The absorbtion cross section o, depends on the incident neutron wavelength and therefore,

the absorbtion correction depends not only on sample but also on the used diffractometer.
Consequently, one obtains:

54



Chapter Il. Experimental details: sample preparation and experimental techniques

y(cm‘l) _ number of moles

aS

(€M) o1 (barn) [11.10]

where a is the lattice parameter.

Finally, we note that the linear absorbtion of a powder sample is inferior to that of a
bulk sample. In order to take into account this aspect, when analysing the data, we considered
a density coefficient of 0.5 and hence in formula [I1.8] «R is replaced by 0.5uR.

o the reflection profile function ©2

For a perfect sample, for example on ordered sample where the grain size is of order
of micron (>> 1), the full width at half maximum of the Bragg peaks H corresponds to the
experimental resolution, whose dependence on & is described using three parameters U,V

and W ;

H?=Utan?6+V tan @ +W [11.11]

These three parameters are obtained by refining a pattern obtained for a reference sample, in
some experimental conditions (incident beam, divergence, collimation).

One can also observe an intrinsic peak broadening. There are two profile functions that
we used when analysing our data: the pseudo-Voigt and the modified Thomson-Cox-Hastings
pseudo-Voigt function, respectively [Finger'94, Rodriguez-Carvajal'93]. In FULLPROF, the
control variable is Npr .

The pseudo-Voigt peak-shape function (Npr=5) is an approximation of the Voigt

function, the latter being defined as a convolution of a Lorentzian and a Gaussian. The
pseudo-Voigt function is a linear combination of a Lorentzian L(28) and a Gaussian G(26),

having the same H :
Q(260) = pV (20) =nL(26) + (1—1)G(26) [11.12]

with 0<7n<1. n=0 corresponds to a pure Gaussian, while 7 =1 corresponds to a pure
Lorentzian. In practice:

Q(260) = pV (26) = pV (20,n,H)

11.13
n=ng+X-20 [ ]

and hence there are five parameters of interest: U,V , W, 7 and X. U,V , W correspond
to the experimental resolution and should be known and consequently the refinable
parameters are 7, and X . Generally, we used the pseudo-Voigt peak-shape function when
analysing nuclear structures.

When analysing magnetic structures, we used the modified Thomson-Cox-Hastings
pseudo-Voigt function (Npr =7). When comparing to the pseudo-Voigt (Npr =5) one, the
only difference concerns the parametrisation of » and H. The modified Thomson-Cox-

Hastings pseudo-Voigt function is defined as the convolution of a Lorentzian and a Gaussian,
having different H :

HZ =Utan’*#+V tan 0 +W
Y [11.14]

L

cosd

55



Chapter Il. Experimental details: sample preparation and experimental techniques

If the instrumental resolution parameters U , V , W are known, then there is a unique
refinable parameter: Y . When analyzing the peak broadening, the advantage of the modified
Thomson-Cox-Hastings pseudo-Voigt function is that it allows the separation between the
instrumental contribution and the contribution related to the physics of the sample. We
considered a Lorentzian shape of peaks and hence the parameter Y is directly related to the
size of the magnetic domains L. of the analysed system:

2
L - 360477 [11.15]
Y
For the used diffractometers, taking into account their different wavelength, we

obtained: L. (G61) =172.930/Y , L.(G41)=88.489/Y and L.(D1B)=91.918/Y .

e the background

This is normally the least interesting part of a powder neutron diffraction pattern and
experimental set-ups are designed to minimize it and to enhance the peak/background ratio.
However, we emphasize that the background is the sum of instrumental and sample
contributions and, in specific cases, the latter part may provide useful information about the
sample. The sample background arises from incoherent scattering as well as from local
chemical or magnetic order. Therefore, when refining a structure (nuclear and/or magnetic), it
is very important to specify what is the background and how it is defined. In FULLPROF we
may define the background points or it may be created automatically by the program. In order
to avoid systematic errors it is important to define the background for each temperature.

When analysing magnetic structures, we usually work with subtracted spectra: from
the low temperature spectra we subtract a high temperature spectra. Hence we subtract the
nuclear contribution (at high temperature the sample is in paramagnetic phase) and there is
just the magnetic contribution that remains. In the same time, by making this subtraction, we
suppress all contributions to the background coming from environment, incoherent scattering
or phonons. Only the modulations of the background due to the local magnetic order remain.

Once all quantities of interest from equations [I1.6] and [I1.7] are known, the Rietveld
method is applied. It consists of refining a structure (crystal and/or magnetic) by minimizing

......

......

22 =Wy -y (@) [11.16]
i=1

where a = (o, ay,a3..cp) s a series of parameters corresponding to the angle 26;. The

statistical weight w; is the inverse of the variance of the “observation” y; (w, :1/0'i2). The

parameters « may be of different types, related to the spectrometer (wavelength, initial
position of the detector, experimental resolution), to the sample (the quantity of sample
determines the scale factor) or to the structural model (peaks position, giving the parameters
of the crystalline and magnetic cells, and their relative intensity, giving the structure factor).
When the background is too high or the spectrum is polluted for some reason, the
corresponding region may be excluded from the refinement.

The quality of the agreement between observed and calculated profiles is measured by
the Bragg factor:
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Z‘Iobs,ﬁ - Icalc,ﬁ‘

Rg =100-1
Z‘ Iobs,ﬁ‘
h

[11.17]

11.2.3. Neutron diffraction under pressure

Due to the low intensity of the neutron sources, a powder neutron diffraction
experiment usually requires a large sample volume (typically of about 1 cm®). Per contra, in
order to apply very high pressures, one needs extremely low quantities of sample. That is why
for a long time in neutron experiments the maximal pressures were limited to 2-3 GPa. The
powder diffractometer G61 (LLB), briefly described in the previous section, is fully adapted
for neutron diffraction studies under high pressures (see Figure 1 right). It allows the study of
very small quantities of samples (~ 0.001 mm®) and hence very high pressures of ~ 50 GPa
may be obtained. This would not be possible without substantial instrumental progress
concerning both neutron instrumentation and pressure cells. For details see Ref.
[Goncharenko'04, Goncharenko'95, Goncharenko'98]. For the neutron diffraction
measurements, especially for the pressure cells preparation, we are indebted to Igor
Goncharenko.

Figure 2 shows the pressure cells used on G61, the so-called “Kurchatov-LLB” cells.
In function of the needed pressure range, these pressure cells may be equipped with sapphire
anvils, which provide a maximal pressure of ~ 10 GPa, or with diamond anvils providing
higher pressures. In our experiments we used sapphire anvil cells, whose schematic view is
presented in Figure 2. These pressure cells have seats for the anvils made from a non-
magnetic Cu-Be bronze. The sample is placed between two sapphire anvils and inside an
aluminium gasket (it yields a neutron transmission of about 95% and a low background).
NaCl powder was used as pressure transmitting medium. The pressure is always applied at
room temperature and its value is determined by measuring the fluorescence of a thin layer of
ruby powder put on the sample.

1cm

Figure 2. The “Kurchatov-LLB” pressure cell ( photo and schematic view) with sapphire anvils
(schematic view on the right) [Goncharenko'04].

The experimental device (diffractometer and pressure cell) is shown in Figure 3. The
pressure cells are situated in a He-cryostat. In order to avoid any parasitic scattering from the
cryostat walls and hence to reduce the background, a system of absorbing masks is placed
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inside the cryostat. The multidetector and the monochromator are the same as in ambient
pressure version. The main innovation of the high pressure version is constituted by the
double stage focusing system, installed between the monochromator and the sample. The
focusing systems are an essential part of the diffractometer and were developed especially to
study small samples under pressure. Each of the focusing devices is made of four Ni-Ti
supermirrors compressing the beam both in vertical and horizontal plane in order to choose
the best compromise between intensity and angular resolution [Goncharenko'04]. This system
(see photo from Figure 4) increases the scattered intensity by a factor ~7. We also note that
the whole experimental device is screened with cadmium protections to reduce the
background.

He -cryostat
vertically focusing
400-cells multidetector PG

monochmmator
L‘old 'leutrons
ﬁ'
ol the Reutrop Zuide

FOCUS 2
FOCuUS1
sample
in the pressure cell

Figure 3. Schematic view of the G61 diffractometer (LLB) in the high pressure version.

Figure 4. Focusing system and high pressure cell on specialized high-pressure diffractometer G61 of
LLB [Goncharenko'04].

For a given pressure, we measured the diffraction pattern at different temperatures. In
order to obtain reasonable statistics the counting times were typically of ~ 8-10 hours per
temperature. We note the difference with regards to the ambient pressure measurements,
where the typical counting time is about 1-2 hours per temperature. The neutron diffraction
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patterns under pressure are analyzed using the same FULLPROF program and in the same
manner as the ambient pressure data [Rodriguez-Carvajal'93].

11.3. X ray powder diffraction

11.3.1. Ambient pressure X ray diffraction

The ambient pressure X ray diffraction measurements were made using a Briuker D8
instrument (with Cu K, = 1.5418 A radiation), at Service de Physique de I’Etat Condensé
(SPEC), CEA-CNRS, CEA Saclay, by A. Forget and D. Colson. The spectra were recorded at
room temperature.

The ambient pressure X ray characterization allowed us to check the quality of our
samples and showed that all are single phase. The raw data obtained in a powder X ray
diffraction experiment consist of a record of the intensity of diffraction versus the diffraction
angle26. The analysis of X ray diffraction patterns using the program FULLPROF
[Rodriguez-Carvajal'93] allowed us to determine the crystal structure of our samples.

11.3.2. X ray diffraction under pressure

Since the required sample volume is much less than for neutrons, the X ray diffraction
measurements with a small wavelength of the incident beam and also a high resolution are
very suitable to study crystal structures under pressure with a very high precision. These
measurements represent a welcome complement for the neutron diffraction ones.

All experiments were performed on the ID27 beam line of European Synchrotron
Radiation Facility (ESRF) specialized in high pressure measurements. We thank I.
Goncharenko, W. A. Crichton, M. Mezouar and M. Hanfland for their help.

‘ manitor | ||'uby fluorescence ‘

workstation DAC

monochromatic (Diamond Anvil Cell)
X-ray beam

focusing mirrors DAC on
(vertical and horizontal) pinhole goniometer image plate gasket & sample
table beam stop detector

Figure 5. Schematic view of the X ray diffractometer D27 (ILL)(left) and of a diamond anvil cell
(right).

A schematic view of the X ray diffractometer 1D27, including the pressure cell, is
shown in Figure 5. We used powder samples in diamond anvil pressure cells. Depending of
the pressure range, we used different transmitting mediums: nitrogen or neon for high
pressures of 35-40 GPa and also an ethanol-methanol mixture, which provides hydrostatical
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conditions till lower pressure values of about 10 GPa. Briefly, a monochromatic X ray beam
is selected using a silicon monochromator, giving a wavelength 4 =0.3738 A. Then the beam
is focalised using a double system of horizontal and vertical mirrors and sent to the sample
through a pinhole of ~ 30 um diameter. The scattered signal is recorded using a two-
dimensional photo-sensible detector. The diamond pressure cell is situated on a two-axis
goniometer together with the membrane press used to apply pressure. The pressure is
measured by the ruby fluorescence technique.

The limiting factor for the X ray diffraction measurements is that the small quantity of
sample (especially for experiments under applied pressure) does not provide a very good
powder average and there are texture effects. In order to obtain diffraction images of high
quality for each two-dimensional diffraction image, the contaminated regions were excluded
and then an average on the diffraction cone was done. For this we used the program Fit2D,
proposed by the ID27 scientific group [Hammersley], which provides the diffraction patterns:
scattered intensity=f (26). For a given sample, we measured the room temperature X ray
diffraction pattern at different pressures. The X ray diffractions patterns under pressure were
analyzed using the FULLPROF program [Rodriguez-Carvajal'93].

11.4. The pSR

The acronym uSR stands for Muon Spin Rotation, Relaxation and Resonance. In this
study we deal only with the first two techniques, actually the two most commonly used. To
study magnetism, the uSR is complementary to other local techniques (such as Nuclear
Magnetic Resonance, Madssbauer spectroscopy), to microscopic techniques (neutron
diffraction) and to macroscopic ones (magnetic susceptibility or magnetization
measurements). There are of course significant differences between these techniques,
resulting in clear advantages of using more than one. The present study will clearly prove this
aspect.

AC-Susceptibility

1SR

Neutron Scattering

10° 10°

T T T T T 7T T T T T T T 1
107 ot 102 10 10® 0 1%
Fluctuation Rate (Hz)

Figure 6. The time window of a ©/SR experiment compared with other methods [Sonier'02].

There are several advantages in using the uSR technique to study magnetic systems:
(i) Due to the large muon magnetic moment (p,=8.89 ), USR is sensitive to extremely small
internal fields (down to about 10 Tesla) and therefore can probe local magnetic fields which
can be nuclear or electronic in nature. (ii) uSR can measure magnetic fluctuation rates in the
range 10*-10' Hz. This time window bridges the gap between fluctuation rates sensed with
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NMR and neutron scattering techniques (see Figure 6). (iii) The local character of the muon
probe makes uSR very sensitive to spatially inhomogeneous magnetic properties. uSR is a
powerful tool when magnetic order is of short range and/or random nature. It also may be
used to check the coexistence of different phases. (iv) Since no applied field is necessary to
polarize the spin of the implanted muons, uSR measurements can be performed without
external field. (v) The muon is a spin ¥ particle and hence is free of quadrupolar interactions;
(vi) The muon is an implanted guest in the host material and therefore uSR is not limited to
specific target nuclei (as for NMR or Mdssbauer spectroscopy) and may present an advantage
when studying materials containing elements that strongly absorb neutrons.

Nevertheless, there are some limitations of this technique: (i) The muon diffusion at
high temperature can mask the intrinsic magnetic behaviour by mimicking spin fluctuations.
(if) To extract quantitative information, the knowledge of the muon stopping-site is useful and
it cannot always be known. (iii) The muon is not an “innocent” probe since it may induce
local lattice distortions reflected by a small shift in the position of the nearest neighbour ions.
(iv) Another disturbing effect of the implantation of a positive charge in the lattice is that the
modification of the local charge density can affect the crystal electric field of the
neighbouring atoms.

I1.4.1. Theoretical principle

Polarized u* muons are obtained via the two body decay of positive pions ©* and
implanted in the sample, where they localize at a particular site. The local magnetic field B,
at this interstitial site induces a torque on the muon spin, so that the spin precesses around
B,.., with a frequency @ = 7 .Byc - This is known as Larmor precession. y, = 27 x1.3554 x10°

radxs*xTesla™ is the gyromagnetic ratio of the muon. The average muon life time is T, ~22

loc ? loc *

us, after which the muon decays and a positron e is emitted.

Figure 7. Polar diagram of the angular distribution of positrons from the muon decay: (dashed line,
A=1) if only positrons with maximum energy are counted; (full line, A=1/3) if integrated over all
positron energies. The bold arrow indicates the direction of the muon spin at the moment of the decay.
The diagram is taken from Ref. [Andreica'01].

The decay positrons are emitted preferentially in the direction of the p* spin. The
angular distribution of the emitted positrons is given by:
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W . (E,0) =1+ A(E)cosd [11.18]

where @ is the angle between the muon spin at the moment of decay and the direction in
which the positron is emitted. A(E) is called the initial asymmetry and is strongly dependent
on the positron energy. A increases monotonically with the positron energy and for the
maxim positron energy A=1. When integrating over all energies, one obtains A=1/3 (see
Figure 7).

Electronic clock

Spin-polarized
muon beam

Backward
positron
detector A

Forward
positron
detector

Figure 8. Schematic view of zero field £SR setup [Sonier'02].

When the p* are submitted to magnetic fields, their polarization becomes time
dependent P(t) . The time evolution of the muon polarization, i.e. the uSR spectra, is obtained
by recording the emitted positrons in different detectors placed nearby the sample (mostly
forward F and backward B). Figure 8 shows a typical uSR experimental arrangement in zero
applied magnetic field. Each incoming muon gives the start-clock signal and each emitted

positron a stop-clock signal. The positrons are monitored and stored by detection electronics
in a counts versus time histogram. The time histogram of the collected intervals has the form:

t

Ng: (1) =B+Nge “ [1+ AR (t)] [11.19]

where B is an independent background, N, is a normalization constant and the exponential

e /% accounts for the u* decay. P, (t) reflects the time dependence of the u* polarization, r

indicating the direction of observation:

_ P(t)
P({)=n-—= 11.20
(1) P (0) [11.20]
A is an unit vector in the direction of observation.
For P(0) =+fi, P.(t) is the normalized u*-spin auto-correlation function G(t) :
S(t)-S(0)
P (t)=+G(t), with G(t):<—> [1.21]

$(0)°
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which depends on the average value, distribution and time evolution of the internal fields and
therefore contains all the physics of the magnetic interactions of the u* inside the sample. In
practice, AP.(t) is often called the uSR signal and P (t) is known as the u* depolarization

function.

If the sample exhibits phase separation (for example magnetic domains with different
orientations) or if the muons stop in magnetically non-equivalent sites in the same magnetic

domain, then P, (t) is simply the sum of different contributions: AP, (t) = ZAPri(t). If the

muons are implanted uniformly into the sample, the relative amplitudes A of the different
contributions are a direct measure of the volume fractions of the different phases.

A uSR experiment gives access to the distribution of the static local fields and/or to
the spin fluctuations. Commonly, there are three types of experiments which give access to
this information: zero field (ZF), longitudinal field (LF) and transverse field (TF) uSR (the
latter two correspond to longitudinal and transverse fields with regards to the initial muon
spin polarization). Since the ZF uSR is used in this study, in the following we focus on it and
analyse the p* depolarization in the presence of static and dynamic internal fields. We
suppose that the direction of observation and that of the initial u* polarization are the same
and parallel to z axis.

e static internal fields

In the ZF uSR configuration, the muon feels only the internal magnetic field at the
place where is comes to rest, the muon site. In the simplest case, all the muons see the same
magnetic field B, .. The time dependence of the muon polarization as seen in the backward

detector is:

loc *

P, (t) = cos® 6 +sin® §cos(y,By,t) [11.22]

. and P(0)|| Oz axis. All muon spins
precess is the same magnetic field and their polarization describes a cone with the local field
B,,. as axis of rotation. It is only the component of the muon spin perpendicular to B, . which

processes. The parallel one is time independent.

where @ is the angle between the magnetic field B

loc

Clearly, the assumption of a single magnetic field direction for all muons throughout
the sample is a very simple model. This situation might occur in an ideal single-domain single
crystal having just one magnetically equivalent muon site. In the case of a polycrystalline
sample, the average over all & angles yields:

P, (t) :%+§cos(7ﬂBloct) [11.23]

The one third term in the above equation can be easily understood by considering that, since
magnetic fields can have all orientations, in average one third of the muons will see fields
parallel to their initial polarization and will not precess, while two thirds of them will see
fields perpendicular to their initial polarization and will precess. Obviously, the next step is to
assume a field distribution at the muon site.

The time dependence of the polarization can be determined by integrating equation
[11.22] over the field distribution:

P, (t) :I f (B, )(cOS” @ +sin? O cos(y, B, t)) dB [11.24]

loc loc
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Figure 9. 1SR analysis : a. The time evolution of the muon spin polarization corresponding to
equation [11.23] with different values of the magnitude of B, ;b. The averaging of terms from (a)
yields the Kubo-Toyabe relaxation function (equation [11.26]) with its characteristic dip and recovery
to a value of 1/3; c. The relaxation function for a muon hopping at rate v. After each hop the value of
the internal field is taken from a Gaussian distribution around zero, with width A/yﬂ. The curve for

=0 corresponds to the ZF Kubo-Toyabe relaxation function. The time is measured in units of A™.
Plots are taken from Ref. [Blundell'02].

Assuming that the internal fields are Gaussian distributed in their values and randomly
oriented, i.e.:

ZB-Z

f(8) = =2 exp(-L2"

N2 A 2A?

), withi=x,y,z [11.25]
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the field distribution has zero average value and no spontaneous frequency is observed.
P, (t) is expressed as:

242

A%
) [11.26]

12 2.2
P,(t) ==+—(1-At) exp(—
), (1) 3 3( ) exp(

where A? /yj represents the width of the field distribution along an axis perpendicular to the
initial " polarization, i.e.: A*/y: = <BX2> = <Bj> = <BZ>. Equation [11.26] represents the

z

Kubo-Toyabe (KT) function, having as main features: (i) For early times (t << A™) the KT
function approaches a Gaussian and can be approximated by: P, (t) = exp(—A*t?) . (ii) It has a

minimumat t_, = J3IA. (i) 1t saturates at a value P, (t) =1/3. Figure 9b shows that the KT

function is a strongly damped oscillation. Its origin is indicated schematically in Figure 9a,
which shows a number of curves of equation [11.23] for different values of the internal
magnetic field B,,.. One clearly sees that initially all oscillations are roughly in phase,

yielding the minimum in the KT function, but after a short time they become out of phase.
Therefore their average, the KT relaxation function, falls from unity to a minimum and then
tends to an average value of 1/3.

e time-dependent fields

Generally, the magnetic field at the muon site is not static. Field fluctuations are due
either to fluctuating magnetic moments or to muon diffusion. Since in both cases the effects
on the muon depolarization rate are the same if described by a Markovian process (see
below), in the following only the case of static field distribution and a hoping muon will be
discussed. One considers a static magnetic field distribution described by A, which is

identified by a P?(t) depolarization function if the muons do not diffuse. Further, the muons

are allowed to hop from one site to another, the hops being considered instantaneous events.
7, IS the mean time spent by the muon in each site (1/z, = v, the jump or fluctuation rate). At

each site the muon sees the local field (from the static field distribution), i.e. the equilibrium
is reached et each transition (for details see Ref. [Andreica'01] and References therein). The

time evolution of the muon depolarization between two hops is given by the static P,(t)

depolarization function. One assumes that the field at the muon site at the moment t has a
value uncorrelated with that at the previous moment (Markovian process). The relaxation
function P, (t) involves contributions from muons that did not hop, performed 1 hop, ..., n

hops, up to the time t:
P,(t) =D P"(t) [11.27]

with :

P°(t) = P) (t) exp(—1t) [11.28]
where a Poisson distribution of the hoping probabilities was considered, i.e. exp(-vt) is the
probability that the muon did not hop until time t.

For example, if considering a KT static depolarization function:

242

At
o) [11.29]

1 2
Po(t) ==+=(1-A%? -
7 (1) 3+3( ) exp(
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P, (t) calculated for different values of the A/v ratio are shown in Figure 9c. The resulting
P, (t) depolarization function is called dynamical Kubo-Toyabe (DKT) function. One may
note that: (i) the effect of the fluctuating fields is to flatten the P, (t) dependence, i.e. to reduce

the muon depolarization. This effect is similar to the motional narrowing effect in NMR; (ii)
for small v/A values the DKT function is Gaussian at early times and only the 1/3 term is
affected by the fluctuations; (iii) for high v/A values the DKT becomes exponential.
However, there is no simple analytical form for the DKT function, excepting in some limit
cases:

(i) In the slow fluctuations limit (v/A <<1) only the 1/3 term is affected by the
fluctuations for quasistatic field distributions:

242

A%
) [11.30]

P (t) = %exp(—%vt) +§(1- A%t exp(

(i) In the fast fluctuation limit the depolarization function becomes exponential:
P, (t) = exp(-At) [11.31]

where A=2A%/v is the depolarization rate involving spin-flip transitions induced by
fluctuating magnetic fields with component perpendicular to P(0). It is the same as the spin
relaxation rate from NMR (1/T, process with 1/T, = 4).

For more details concerning the uSR technique one may see Ref. [Amato'97,
Andreica'01, Blundell'02, DalmasdeRéotier'97, Schenck'85, Sekarya'07].

11.4.2. Ambient pressure #SR

Muon beams are produced either as a continuous beam or as pulsed one. For
continuous beams every event is treated separately. The clock is started when the p* enters the
sample and stopped when the corresponding decay positron is detected. The elapsed time is
stored in the counts versus time diagram that we have already spoken about. For pulsed beams
all muons come in the same time t, . This pulse has however a finite width distribution around

t, and therefore the pulsed beams have a worst resolution than the continuous ones. Their
advantage is their lower background.

The uSR measurements presented in this study have been carried out at Paul Scherrer
Institute (PSI), Switzerland, in collaboration with D. Andreica. We also thank A. Amato and
U. Zimmermann.

The ambient pressure uSR measurements have been performed on the GPS and
DOLLY instruments, which use surface muons. They are called like this, since they are
obtained from the decay of pions at rest near the surface of the production target. The
produced beam is fully polarized and monochromatic, with a kinetic energy of 4.1 MeV. We
used mainly the ZF geometry (see Figure 8) in a temperature range T ~ 2-200 K (depending
on the sample). For calibration, we used a transverse field geometry, with an applied
transverse field of 50-70 G at a temperature situated in the paramagnetic region.
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11.4.3. 1SR under pressure

The uSR measurements under pressure have been performed on the GPD instrument,
which is a high energy muon beam instrument. The pions that decay into muons leave the
target at high energies. The penetration depth of the muons into the sample is larger for the
high energy beam than for the surface beam and the former should therefore be used when
studying samples within pressure cells. The polarization of the muon beam is limited to ~ 80
%. Muons are generated in bunches at a rate given by the frequency of the accelerator (50.63
MHz at PSI). Although the bunch structure is smeared out during the transport of the beam to
the sample, it is still visible in the uSR spectra as an oscillating accidental background in the
time dependence of the number of counts. Therefore, in the analysis of the spectra additional
oscillating terms are required, with frequencies equal to the accelerator frequency and higher
harmonics (101.26 MHz), multiplied by gt/ (1/7,=0.455, with 7, the muon lifetime) to

compensate for the muon decay. The uSR spectra are therefore fitted with:

APy (t) = A P7 sample (1) + Age? 4% cos(27-50.63t + ) + 11321
11.32
+ Age®*™ cos(27-101.26t + ¢3) + AgPy pressurecell (1)

The last term takes into account the contribution of the pressure cell, which is fitted by a
Gaussian Kubo-Toyabe function (see equation [11.26]).

For more details concerning the pressure cells one may see Ref. [Andreica'0l].
Briefly, the sample was mounted in a piston cylinder cell inserted in a cryostat. The pressure
transmitting medium was a 1-1 mixture of isopropyl alcohol and N-pentane. The sample was
first measured in the pressure cell at ambient pressure in the chosen temperature range. Then
the cell was pressurized and the experiment repeated. The pressure was determined by
measuring the superconducting transition of an indium wire situated inside the pressure cell.

11.5. Magnetic susceptibility measurements

The dc susceptibility measurements were recorded using a Superconducting Quantum
Interference Device (SQUID) magnetometer, at Service de Physique de I’Etat Condensé
(SPEC), CEA-CNRS, CEA Saclay, in collaboration with P. Bonville.

The sample, fixed on a mobile bar, is vertically moved such as to cross the detection
coils parallel to the applied magnetic field. Basically, when the sample is moved it produces a
magnetic flux variation and hence induces a current in the detection coil. The detection coil
has 2N spires in the center and on both sides there is a coiling with N spires with opposite
coiling sense. This system allows the screening of the currents induced by the applied
magnetic fields and, eventually, by other external fields. The detection coils are coupled to the
SQUID, a superconducting ring, which is a very sensitive quantum interferometer and may
detect very small flux variation. This flux variation is proportional to the magnetization of the
sample. The SQUID is inserted in a liquid “He cryostat and hence allows measurements in a
wide temperature range, from 300 K down to ~ 5 K (for (Th;.xLax),M0,0; series). In order to
obtain lower temperatures ~ 0.1 K (for Th,Sn,O; sample) a “He->He dilution cryostat was
used.

For each sample, we measured the temperature dependence of its magnetization, in a
small static applied field H =80-100 G, in zero field cooled (ZFC) and field cooled (FC)
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process. In ZFC process, the sample is first cooled from ambient temperature down to the
lowest temperature and then the magnetic field is applied and the magnetization measured
with increasing temperature. In the FC process the sample is cooled down to the lowest
temperature under applied magnetic field and the FC magnetization is measured when
increasing the temperature. The susceptibility is obtained from the raw experimental signal

S(A/m?) using the relation:

1000-M(g)
H (Gauss)-m(g)

y(emu/mol subst.) = S(A/m?) [11.33]

where M and m are the atomic mass and the mass of the sample, respectively.
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Chapitre I11.

Th,Sn,O;: une “glace de spin ordonnée” avec des
fluctuations magnétiques

Le composé pyrochlore Th,Sn,O; est caractérisé par la présence d’un seul ion
magnétique Th®* qui occupe un réseau de tétraédres jointifs par les sommets. Dans ce réseau
les interactions magnétiques peuvent étre géométriquement frustrées et I’état fondamental
dégénére. L’état fondamental dépend d’un équilibre subtil entre les interactions d’échange, les
interactions dipolaires et I’énergie de champ cristallin et toutes les énergies d’interactions
dépendent d’une fagon ou d’une autre des distances inter atomiques. Dans ces conditions, une
pression appliquée, qui modifie les distances inter atomiques peut modifier 1’équilibre
énergétique et favoriser un ordre magnétique particulier.

Le point de départ de cette étude est de considérer Th,Ti,O; et de voir I’influence sur
les propriétés magnétiques d’une dilatation de réseau, obtenue en remplacant I’ion non
magnétique Ti*" par un ion non magnétique plus gros Sn**. Th,Ti,O7 est un exemple classique
de liquide de spin : a pression ambiante, les moments magnétiques corrélés sur des distances
de premiers voisins fluctuent jusqu’aux plus basses températures mesurées (70 mK), c'est-a-
dire sur une échelle d’énergie 300 fois plus faible que celle donnée par la température de
Curie-Weiss Ocw du composé (~ -19K) [Gardner'99]. Nous étudions les propriétés
magnétiques d’un composé qui ne differe de Th,Ti,O; que par la nature de I’ion non
magnétique (Ti/Sn).

Nous étudions les propriétés structurales de Th,Sn,O; par diffraction de rayons X et de
neutrons a pression ambiante, mais ce chapitre est surtout consacré a I’étude de I’ordre
magnétique par susceptibilité magnétique, diffraction de neutrons et chaleur spécifique, a
pression ambiante. Nous comparons le comportement de Th,Sn,0; a celui de Tb,Ti,Ox.

L ajustement de la susceptibilité magnétique par une loi de Curie-Weiss, dans la
gamme de température 100 K-300 K, donne une température de Curie-Weiss de -12.5 K,
indiquant des corrélations antiferromagnétiques, plus faibles que celles de Tb,Ti,Os.
Contrairement a Th,Ti,O7, a basse température, la susceptibilité montre des irréversibilités
entre I’état refroidi en champ nul (ZFC) et I’état refroidi sous champ (FC), associé a une
augmentation de la susceptibilitt FC qui suggére une transition vers un ordre de type
ferromagnétique.

La diffraction de neutrons montre qu’a haute température Th,Sn,O- a le comportement
d’un liquide de spin, avec des corrélations antiferromagnétiques entre premiers voisins.
Cependant, en accord avec les mesures de susceptibilité magnétiques, lorsque la température
décroit en dessous d’environ 2 K, des corrélations ferromagnétiques apparaissent et dessous
de 1.3 K se produit une transition en deux étapes (1.3 K et 0.87 K) vers un ordre magnétique a
longue portée non colinéaire. Les caractéristiques principales de la structure magnétique sont
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les suivantes : (i) c’est un ordre caractérisé par le vecteur de propagation k =0, c¢’est-a-dire
que les quatre tétraédres de Th** de la maille cubique sont identiques; (ii) I’ordre local dans
un tetraédre est voisin de celui d’une glace de spin (“deux spins in, deux spins out™); il existe
une composante ferromagnétique, qui représente 37% du moment magnétique ordonné, et qui
s’ordonne en domaines de taille ~190 A orientés le long des axes <100>. Nous avons appelé
cette structure originale “glace de spin ordonnée ”.

Les mesures de chaleur spécifique confirment I’existence d’une transition en deux
étapes. Nous avons comparé la valeur du moment magnétique deduit de la diffraction de
neutrons (5.9(1) us) a celle deduite de la chaleur specifique (4.5(3) ug). Le moment
magnétique plus faible déduit de la chaleur spécifique montre que les niveaux hyperfins du
terbium sont hors équilibre, et suggére la présence de fluctuations magnétiques “lentes” (~10®
s) de spins corrélés. Ces fluctuations non conventionnelles sont réminiscentes de I’état liquide
de spin, dans la phase ordonnée. Leur existence a été récemment confirmée par des mesures
de muons [Bert'06, DalmasdeRéotier'06], bien qu’on ne sache pas encore clairement comment
des domaines magnétiques d’une telle taille peuvent fluctuer a de telles échelles de temps.

L’ etat magnétique fondamental que nous avons déterminé expérimentalement a été
comparé a ceux prédits par les modeles théoriques existant a I’heure actuelle. La meilleure
description est donnée par un modéle impliquant un échange ferromagnétique effectif
(résultant de la somme des interactions d’échange direct et des interactions dipolaires) et
d’une anisotropie finie, résultant de la faible séparation des premiers niveaux de champ
cristallin.  Finalement nous comparons les valeurs des énergies d’échanges, dipolaires et de
champ cristallin dans Tbh,Sn,O; et Th,Ti,O; et tentons d’expliquer leur différence de
comportement.
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Chapter I11.

Th,Sn,O,: an “ordered spin ice” with magnetic
fluctuations

The pyrochlore system Th,Sn,O; is characterized by the presence of a unique
magnetic ion, Tb®*, which occupies a network of corner sharing tetrahedra. In this lattice the
first neighbour magnetic interactions may be geometrically frustrated and in this case the
magnetic ground state is degenerated. In Th,Sn,O; the ground state depends on the subtle
balance between the exchange, dipolar and crystal field energy and all these types of energy
depend, in a way or another, of interatomic distances. In these conditions a perturbation like
pressure, which modifies the interatomic distances, can change the energy balance, lift the
degeneracy of the ground state and hence favour a particular magnetic order.

The idea of this study starts from Th,Ti,O; and is to see the influence on magnetic
properties of the lattice expansion when replacing Ti*" with a bigger ion Sn**. Tb,Ti,O; is a
text book example of spin liquid: at ambient pressure the antiferromagnetic short range
magnetic correlated moments fluctuate down to the lowest measured temperature of 70 mK,
with typical energy scales almost 300 times lower than the energy scale given by the Curie-
Weiss temperature Ocw of -19 K [Gardner'99]. We study the magnetic properties of a system
which differs from Tb,Ti,O; only by the nature of the non-magnetic ion (Ti/Sn).

We analyse the structural properties of Th,Sn,O; by ambient pressure X ray and
neutron diffraction, but mainly this chapter is dedicated to the analysis of the magnetic order
by means of magnetic susceptibility, neutron diffraction and specific heat measurements. We
observe at low temperature a new magnetic order, compare this experimental result to recent
uSR experiments and to theoretical models. We also discuss the differences between
szsn207 and szTizO7.

I11.1. Magnetic susceptibility measurements: transition to
ferromagnetic type order

First studies of Th,Sn,O; reveal the temperature dependence of the magnetic
susceptibility y (T) [Bondah-Jagalu'01, Matsuhira'02]. A fit of susceptibility by a Curie-Weiss
law, in the temperature range 100 — 300 K, yields a Curie-Weiss temperature Ocw = - 12.5 K.
This indicates the presence of antiferromagnetic correlations, but weaker than in Tb,Ti,O;
with Ocw = -19 K [Gardner'99]. The effective magnetic moment ps = 9.68 pg is in agreement
with the value of 9.72 pg corresponding to the "F¢ ground state of Th®* [Matsuhira'02]. This
study also reports for the first time that the magnetic susceptibility shows a divergent
behaviour at 0.87 K suggesting a ferromagnetic order.
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We focus on the low temperature range as shown in Figure 1. The magnetic
susceptibility measurements were recorded using a SQUID (Superconducting Quantum
Interference Device) magnetometer, at SPEC (Service de Physique de I’Etat Condensé, CEA-
CNRS, CE-Saclay).
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Figure 1. Magnetic susceptibility of Th,Sn,O; measured in a static field of 100 G, in the zero field
cooling (ZFC) and field cooling (FC) processes. The two transition temperatures Tc = 0.87 K and T; ~
1.5 K are indicated.

The temperature dependence of the magnetic susceptibility suggests a two step
transition, with two characteristic temperatures. T; ~ 1.5 K corresponds to the appearance of
weak irreversibilities between the zero field cooled (ZFC) and field cooled (FC) curves. T¢ =
0.87 K corresponds to inflection point of the FC curve and suggests a transition to a
ferromagnetic type order.

I11.2. X ray and neutron diffraction: crystal structure
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Figure 2. Neutron diffraction intensity of Th,Sn,O- versus the scattering angle 26, measured at 300 K
(paramagnetic phase) on the 3T2 powder diffractometer. The incident wavelength is 1 = 1.225 A.
Solid lines show the best calculated pattern (Rg = 2.4 %) and the difference spectrum (bottom). Tick
marks indicate the Bragg peaks positions.
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The ambient pressure crystal structure of a powder sample Th,Sn,Oy7 is determined at
300 K by combining X ray and neutron diffraction. The neutron pattern was measured using
the high resolution diffractometer 3T2 (A = 1.225 A) of the Laboratoire Léon Brillouin (LLB).
Rietveld refinements performed with the program FULLPROF [Rodriguez-Carvajal'93] show
that the compound crystallize in the face centred cubic space group Fd3m, yielding a lattice
parameter a= 10.426(2) A and an oxygen position parameter u= 0.336(1) (in units of a).
We note that Ti substitution by Sn enlarges the unit cell from a= 10.149(2) A in Tb,Ti,O
[Mirebeau'02] to a=10.426(2) A for Tb,Sn,O; with the corresponding expansion
Aala~ 2.7 %. The best refinement is shown in Figure 2 with an agreement Bragg factor Rg
=2.4%.

111.3. Neutron diffraction: magnetic order

The magnetic diffraction patterns were recorded between 1.9 and 100 K on the
diffractometer G61 (A = 4.741 A) of LLB and down to 0.1 K on D1B diffractometer (A = 2.52
A) of the Institute Lalie Langevin (ILL), respectively. In order to be able to compare spectra
obtained with different diffractometers and with different quantities of sample, we calibrated
the subtracted intensity by multiplying it with a factor F =1/(Intl 5y, -L), with Intl,,, the

integrated intensity of the nuclear (222) peak at 100 K and L =1/(sin &-sin 26) the Lorentzian
factor (see Chapter I1).
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Figure 3. Magnetic intensity of Th,Sn,O- versus the scattering vector g =4zsin@/ A . A spectrum in

the paramagnetic region (100 K) was subtracted. The spectrum at 1 K has an offset of 10 for clarity.
The solid line for 1 K spectra is a guide to the eye, Bragg peaks regions being fitted with a Lorentzian
function. Arrows show the position of the Bragg peaks.

Figure 3 shows the evolution of magnetic neutron diffraction pattern for several
temperatures. We clearly see that below 100 K the intensity of the magnetic diffuse scattering
starts to grow. It narrows and slightly shifts to q~1 A™ as temperature decreases.
Additionally, below 2 K an intense magnetic signal appears at low q values (q< 0.5 A™). This
shows the onset of ferromagnetic correlations, which also progressively develop as the
temperature decreases. Below 1.2 K magnetic Bragg peaks start to appear.

In the following we analyse first the long range ordered phase (the Bragg peaks)
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present at low temperatures. Then we focus on the short range ordered phase (the diffuse
scattering) clearly seen at high temperatures, but also present at low temperatures below the
Bragg peaks. Finally we propose a two phases model which describes the low temperature
coexistence of long and short range order.

[11.3.1. Long range order: magnetic Bragg peaks

We analyse first the low temperature magnetic spectra (T < 1.2 K), where magnetic
Bragg peaks are observed, showing the presence of long range magnetic order. In this analysis
the diffuse magnetic scattering below the Bragg peaks is considered as background.

Like the nuclear Bragg peaks, the magnetic Bragg peaks belong to the face centred
cubic lattice, showing that the magnetic structure is derived from the chemical one of Fd3m
cubic symmetry by a propagation vector k=0. Rietveld refinements of the magnetic
diffraction patterns were performed using the program FULLPROF [Rodriguez-Carvajal'93].
The magnetic structure was solved by a systematic search, using the program BASIREPS
[Rodriguez-Carvajal] and a symmetry representation analysis [Yzyumov'79, Yzyumov'91l].
The basis states describing the Th®* magnetic moments were identified and the symmetry
allowed structures were compared to experiment. Neither a collinear ferromagnetic structure
nor the k=0 antiferromagnetic structure allowed by the Fd3m symmetry group were
compatible with the experimental data, yielding extinctions of several Bragg peaks. This
result suggests the existence of a magnetic component, which breaks the Fd3m cubic
symmetry. Consequently, we searched for solutions in the tetragonal space group 14,/amd ,

the subgroup of Fd3m with the highest symmetry, which allows ferromagnetic and
antiferromagnetic components simultaneously. We found that a linear combination of the two
basis vectors of the irreducible representation I'; yields a good fit of the experimental data.
Details concerning this symmetry representation analysis are presented in Appendix B.
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Figure 4. Magnetic diffraction pattern of Tb,Sn,O; versus the scattering vectorq=4zsin@/ A at0.1

K. A spectrum at 1.2 K was subtracted. The incident wavelength is A = 2.52 A. Solid lines show the
best refinement (Rg = 2.3 %) and the difference spectrum (bottom). Tick marks indicate the Bragg
peaks positions. The background is also indicated.
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The best refinement has an agreement Bragg factor Rg = 2.3 % and it is shown in
Figure 4.

The fact that the Bragg peaks can be indexed with a propagation vector k =0 in the

Fd3m symmetry, shows that in the cubic unit cell the four tetrahedra are equivalent. As
resulting from FULLPROF refinement, at 0.1 K in a given tetrahedron the Tb*" magnetic
moments make an angle o = 13.3° with the local <111> anisotropy axes connecting the center
of the tetrahedron to the vertices as indicated in Figure 5 right. The components along these
<111> axes are oriented in the configuration of the local spin ice structure: two spins are
pointing into and two out of each tetrahedron, shortly named the “two in, two out”
configuration [Harris'97]. The ferromagnetic component orders in magnetic domains oriented
along <100> axes. It represents only 37% of the Tb*" ordered magnetic moment. The
perpendicular components make two couples of antiparallel vectors along <110> edge axes of
the tetrahedron. Since in this compound the positions of spins in one tetrahedron are close to
that of a spin ice and it undergoes long range order, we called it an “ordered spin ice”. The
magnetic structure, with both antiferromagnetic and ferromagnetic character, is indicated in
Figure 5 (for the unit cell and for one tetrahedron, respectively).

Figure 5. The magnetic structure corresponding to the best refinement shown in Figure 4: for the unit
cell (left) and for one tetrahedron (right).

Table | shows the values of the magnetic moment components M, , M and M, of the

four Th** atoms of one tetrahedron at 0.1 K, as obtained from FULLPROF refinements. The
corresponding value of the ordered magnetic moment of Tb* is M = 5.9(1) pg. It is reduced
in comparison to the free ion value of 9 ug. This effect is expected due to crystal field effects.

Site X y z M, (ue) | M, (us) | M, (us)
1 0.5 0.5 0.5 3.85(1) 3.85(1) 2.20(1)
2 0.25 0.25 0.5 -3.85(1) | -3.85(1) 2.20(1)
3 0.25 0.5 0.25 3.85(1) -3.85(1) 2.20(1)
4 0.5 0.25 0.25 -3.85(1) 3.85(1) 2.20(1)

Table I. The magnetic moment components M, , M, and M, of the four Th*" ions of one tetrahedron

at 0.1 K. The atomic coordinates of the four Th*" ions expressed in unit cell units are also indicated.
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Once the magnetic structure at the lowest temperature was known, we followed its
evolution with temperature. When increasing temperature, the ordered magnetic moment of
Tb* M remains almost constant up to 0.6 K. Then it steeply decreases showing an inflexion
point at 0.87(2) K and finally at 1.3(1) K it vanishes as shown in Figure 6. Additionally, we
followed the temperature evolution of the square root of the intensity of the (200) magnetic
peak. When scaling this quantity to the magnetic moment at 0.1 K, we find as expected the
same variation in temperature as the magnetic moment.

The neutron diffraction measurements allow the determination of the order parameter
(the Th** magnetic moment) and show that the magnetic order sets in two steps. First, the
characteristic temperature T,= 1.3(1) K corresponds to the appearance of Bragg peaks,

whereas T. =0.87(2) K corresponds to an inflection point of the curve shown below indicating
a stronger increase of the magnetic moment.
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Figure 6. Th®* ordered magnetic moment M versus temperature (solid circles) and square root of the
intensity of the (200) magnetic peak, scaled to the magnetic moment at 0.1 K (open circles). The solid
line is a guide to the eye. The two transition temperatures are indicated.
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Figure 7. The temperature dependence of the correlation length LERO , deduced from the width of the

magnetic Bragg peaks (left) and the angle & made by the magnetic moments with the local anisotropy
axes (right) as obtained from the FULLPROF analysis.
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In the FULLPROF analysis we used the Thompson-Cox-Hastings pseudo-Voigt peak
shape function as presented in Chapter 11 (section 11.2.2.2). The correlation length LE™° was
deduced from the intrinsic peak width. It shows a similar behaviour to that of the ordered
magnetic moment (Figure 7 left): it remains constant and limited to about 190 A, up to T,
and then, above T, it decreases. Very interesting even far below T., L&*° is much shorter
than usually in ordered magnetic structures (see for comparison (Tbgglag2)2M0,07 from
Chapter V).

The angle o between the magnetic moments and the local anisotropy axes remains
constant in temperature, in the limit of error bars (Figure 7 right).

111.3.2. Short range order: diffuse magnetic scattering

In this section we focus first on the analysis of the diffuse magnetic scattering, which
starts to grow below 100 K and shows the presence of short range magnetic correlations.
When temperature decreases it narrows and slightly shifts (see Figure 8a).
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Figure 8. a. Th,Sn,O;: diffuse magnetic scattering versus the scattering vectorq = 4zsin@/ A, with
A=4.741 A. A spectrum in the paramagnetic region (100 K) was subtracted. The arrow shows the
near neighbour liquid peak (L) as calculated in Ref. [Canals'01] (see section 1.2.3); b-d. Solid lines
are data fits at different temperatures using the function 1 (q), as described in the text.

To fit the experimental data we considered a cross section for magnetic scattering
(when a spectrum in the paramagnetic region was subtracted) due to the short range spin -
spin correlations, first proposed for spin glasses in Ref. [Bertaut'67, Wiedenmann'81] and then
applied to the pyrochlore system in Ref. [Greedan'91]:
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2 o oh :
|(Q):N{%r070fm(qq %écﬂ/i% [1.1]

%royo is the scattering length per Bohr magneton, f_(q) is the magnetic form factor of Tb*".

The summation is over the coordination shells surrounding a central atom and ¢; and R; are

the number of neighbours and the radius of the coordination cell (bond distance), respectively,
known from crystallographic data. y, is the sum of spin correlations at each bond distance.

For Th,Sn,O; we took into account only the first neighbours, meaning: n=1, ¢, =6,

R, =a/~/8=3.6862 A and a spin-spin correlation function y, =< sy, - s, >, With g, the
Tb* magnetic moment. We fitted the subtracted data with:

ORLOIHOER Sy 112

1

where P(T) and b(T) are the adjustable parameters. P(T) takes into account all the above
quantities and b(T) is a background factor.

Figure 8b-d shows the fits of the model to the data for three temperatures. At high
temperature, ~49 K, we obtained a good description of the diffuse scattering, correctly
accounting for the intensity and peak position. We obtained P <0, which corresponds to a
7, <0. Consequently, the peak is well described when taking into account first neighbour

antiferromagnetic spin — spin correlations. This result recalls that reported in Ref. [Canals'01]
(see section 1.2.3.). Using an isotropic classical Heisenberg model, the spin correlations
functions were computed and according to this model the antiferromagnetic nearest neighbour
correlations give rise to a spin liquid like peak (L). Its position is indicated in Figure 8a. In
this temperature region, Tb,Sn,O; in characterized by antiferromagnetic short range
correlations limited to the first neighbour, like a spin liquid. It is similar to Th,Ti,O7 which
has also antiferromagnetic correlated spins over a single tetrahedron only [Gardner'99]. Per
contra, when temperature decreases the behaviour of Th,Sn,O- differs from that of Th,Ti,O-:
the calculated curve drifts away from the experimental data. The liquid peak narrows
suggesting an increasing of the correlation length, but the inclusion of spin correlations
beyond the first neighbour did not succeed to reproduce the experimental behaviour.

We analyzed then the intense small angle neutron scattering (SANS) (see Figure 9),
which appears at low q values as indicated in inset. It corresponds to the onset of
ferromagnetic Th—Thb spin correlations. When temperature decreases from 2 K to 0.1 K the
SANS progressively develops showing that the ferromagnetic correlations increase.

In order to obtain their correlation length, the SANS signal was fitted by a Lorentzian
function:

A Kk
1(q)=—
@ 7 k?+q?

[111.3]

A is the norm and k the half width half maximum of the Lorentzian curve, with: k=1/L,.

At T= 0.1 K the correlation length was evaluated at 17(7) A. Since it is situated between the
values corresponding to the short range order given by first neighbours of 3.6862 A and the

long range order L-"° ~190 A, we call it a mesoscopic range order LY"°. The temperature
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LMR is shown in Figure 10a. Interestingly, its evolution when temperature

LRO .
LLRO:

dependence of

increases from 0.1 to 1.2 K is quite similar to that observed for it remains constant up
to T., and then, above T, it decreases. We note that the SANS signal is fitted by a
Lorentzian function centered on q=0. The large error bars take into account the fact that at

low temperature the signal (which has a good statistics) deviates from a good Lorentzian.
Figure 10b shows the temperature dependence of the norm A, as obtained from the
Lorentzian fit. One may see that its temperature variation is roughly similar to that of the
square of the Th®" ordered magnetic moment (the latter is scaled to A).
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Figure 9. Th,Sn,05: the small angle neutron magnetic intensity (SANS) versus the scattering vector q

for several temperatures. The neutron wavelength is A =2.52 A. Solid lines are fits as described in
the text. In inset the magnetic spectra at T= 0.1 K for the whole ¢ range. The interest q < 0.2 A

interval is marked.
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Figure 10. Th,Sn,0-, results of the Lorentzian fit: a. Temperature dependence of the mesoscopic
correlation length LC'VIRO . The solid line is a guide to the eye; b. Temperature dependence of the norm

A (open triangles) and of the square of the Th** magnetic moment (scaled)(filled squares). The
transition temperature to long range ferromagnetic type order, Tc = 0.87 K, is each time indicated.
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111.3.3. Short and long range order: two phases model

In this paragraph we propose a two phases model, in order to take into account both
long and short range phases in the same analysis. Contrary to the section 111.3.1, where we
included the diffuse scattering into the background, this time we consider it like a second
magnetic phase with a linear background.

We assume that this short range order has the same symmetry as the long range one.
The best Rietveld refinement with FULLPROFF [Rodriguez-Carvajal'93] of the T= 0.1 K
spectrum is shown in Figure 11a. The agreement factors are: Ry, =4.27 % and Ry, =11.14 %

for the long range and the short range phase, respectively. The contribution of the
background, LRO and SRO phases to the calculated magnetic intensity are shown in Figure
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Figure 11. Th,Sn,0O;: a. Magnetic diffraction pattern versus the scattering vectorq =4zsin@/ A at
0.1 K. Solid lines show the best refinement with the two phases model (Rg, = 4.27 % and Ry, =

11.14 %) and the difference spectrum. Tick marks indicate the two phases Bragg peaks positions; b.
Background contribution; c-d. The calculated magnetic intensity, corresponding to the LRO and SRO
phases, respectively. For clarity, the scale of SRO signal was reduced by 10.

The refinement shows that the long range phase is identical (in the error bars limit)
with that obtained in one phase model (section 111.3.1). In a given tetrahedron Th*" magnetic
moments make an angle o ro = 13.4° with the <111> anisotropy axes and their components
along these axes orient in “two in, two out” local spin ice configuration. For the second, short
range ordered phase, we obtained that Tb** moments make an angle asro= 18.3° with the
[001] axis and they are coupled antiferromagnetically with the magnetic moments of the first
phase. The values of the ordered moment are M o= 5.8(1) pug and Mgy, = 3.3(1) pg, for the

first and second phase, respectively. Calculating the total moment as: M =/ MERO + MSZRO :
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we obtain a value of M =6.6(1) ug, which is still well reduced from the free ion value of 9
ug. The correlation length for the LRO phase was fixed at ~190 A (like in the one phase
model). For the SRO phase we obtained LiRO = 4(1) A. This value is very close to the first
neighbour distance of 3.6862 A, showing that the SRO phase corresponds to a first

neighbours order. We note that this low temperature SRO phase has a ferromagnetic
component in contrast with the high temperature behaviour described in the section 111.3.2.

I11.4. Specific heat measurements: magnetic fluctuations

The specific heat was measured in the temperature range 0.15 — 4.8 K by the dynamic
adiabatic method. The measurements were done by V. Glazkov and J. P. Sanchez (Service de
Physique Statistique, Magnétisme et Supraconductivite, CEA-Grenoble) and the analysis
thanks to the program of P. Bonville (SPEC).

The temperature dependence of the specific heat Cis shown in Figure 12. It starts to

increase below T,~1.5 K and then shows a well defined peak at T.= 0.87 K, in good

agreement with the magnetic susceptibility and neutron diffraction data. The final increase of
C, below 0.38 K is attributed to a nuclear Schottky anomaly, as determined by the splitting

of the energy levels of the **Th nuclear spin (I = 3/2) by the hyperfine field due to the Tb*"
electronic moment. Experimentally, it appears like a peak in the specific heat, in the
temperature range where the hyperfine interactions are noticeable. This nuclear peak has
already been observed at very low temperature as a broad peak, thanks to specific heat
measurements down to 0.07 K in Th,GaSbO- [Bl6te'69].

=
o

C, (3 K" mol* Th,Sn,0,)
a1

1 L L R R R L L
0.1 1 5

T(K)

Figure 12. Specific heat C, in Th,Sn,0O;. The curves below T¢ are computed using the expression:
Co=Chua+Cn. Chya is the standard expression of a nuclear Schottky anomaly and is computed for
three values of the magnetic moment, whereas C,, is an empirical electronic magnon term (see text).
The arrows indicate the two transition temperatures.

Below T, the experimental data were fitted with the function:

C, =Cyet +Ch [111.4]

nuc
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C..q Corresponds to the nuclear Schottky anomaly observed below 0.38 K. C, = gT*
represents an empirical magnon term which fits well the rise of C, above 0.4 K, with g =
12.5J K*mol™.

The nuclear Schottky anomaly C,_,, was calculated as follows. First we calculated the

full hyperfine Hamiltonian, which is the sum of two terms: the magnetic one due to the
hyperfine field H,, and an electric quadrupolar one. The quadrupolar term is the sum of a

lattice contribution, extrapolated from that measured in another pyrochlore stannate Gd,Sn,0-
[Bertin'01], and an estimated 4f term, both amounting to about 5% of the magnetic term. The
angle between the hyperfine field and the local <111> anisotropy axis was fixed at the value
of 13.3°, as obtained by neutron diffraction. Once all these quantities are known, only one
parameter remains: the hyperfine field H,, (Tesla), which is proportional to the Tb*" magnetic

moment m () :
Hye (Tesla) =40 m (u) [111.5]

with 40(4) Tesla/ g the hyperfine constant [Dunlap'71]. For more details concerning the
calculus of the full hyperfine Hamiltonian see Appendix A. Then this Hamiltonian (4x4
matrix) was diagonalized and the hyperfine energies E; (i=14) were obtained. We
calculated the nuclear specific heat, C using the expression:

nucl

Crua =?1T2[<E2>—<E>2} [111.6]

E, E

4 - 4 -
where (E)=>Ee ‘' /Z is the mean energy, <E2>=2Ei2e “eT /7 is the mean square

i=1 i=1

Ei
kgT

4 —
energyand Z=>)e

i=1

is the partition function.

As shown in Figure 12, the best fit of the experimental data is obtained when using a
hyperfine field H,, = 180 Tesla, which corresponds to a Tb* magnetic moment m = 4.5(3)

He-

The electronic entropy variation S between the temperatures T, =0.15 K and

T =4.8 K was calculated starting from the total measured specific heat from which the
hyperfine contribution was subtracted. We used the thermodynamic relation:
C,-C

S = TT”“_“4dT el g [11.7]

Current measurements of Tb,Ti,O; and Th,Sn,O; by inelastic neutron scattering
performed at LLB [Mirebeau'07a] show that the crystal field levels scheme of Th,Sn,O7 is
only slightly modified with respect to that of Tbh,Ti,O;, whose ground state is a doublet
followed by another doublet as first excited state, with the doublet-doublet energy gap of
about 18 K [Gingras'00, Mirebeau'07a]. In case of Th,Sn,O7 the energy gap is around 15 K.
For systems having a doublet as ground state, in the magnetically ordered state (T <T.) the

exchange energy lifts this degeneracy. At T =0 K only the ground state is populated and
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S(T =0)=RIn1=0, with R=8.3145 Jmol'K™ the molar gas constant. For T >T., the
doublet is degenerated and S(T =T.)=RIn2. When T keeps increasing, the excited energy

levels become populated. For a first excited state doublet, as in this case, S should reach the
value RIn4 when it becomes populated. In the case of Th,Sn,O7, as shown in Figure 13, the
behaviour is different: the entropy released at T is only 25% of RIn2 and it reaches ~ 50% at

1.5 K. This reflects that above T. and T, there still are strong correlations of the magnetic
moments. Above T, Th,Sn,O7 enters a geometrically frustrated spin liquid phase and not a
paramagnetic one, as shown by neutron diffraction.

S (J K'mol™'Th)

2 3
T (K)
Figure 13. Th,Sn,05: the temperature dependence of the electronic entropy. The arrows show the

transition temperatures T¢ and Ty, respectively. RIn2 is the entropy corresponding to the doublet
ground state. R =8.3145 Jmol™ K™ is the molar gas constant.

The value of Th** magnetic moment deduced from nuclear specific heat m = 4.5(3) pg
is well below the value obtained by neutron diffraction M = 5.9(1) ug. We explained such a
remarkable reduction by the presence of electronic fluctuations, as suggested in Ref.
[Bertin'01] for Gd,Sn,O;. Considering the nuclear spins a two-level system driven by a
randomly fluctuating field, a stochastic model was developed, which yields an analytical
expression for the probability distribution of the level populations. This quantity depends on
the ratio T, /z between the spin-lattice nuclear relaxation time T, which governs the
thermalization of the hyperfine levels, and the electronic spin flip time z . It is shown that an
out of equilibrium distribution can occur when the electronic spin flips persist at low
temperature and when the nuclear relaxation time T, is longer or of the same order of
magnitude as the flipping time 7 of the hyperfine field of the electronic spins. The very low
temperature spin fluctuations were evidenced through the observation that the hyperfine
levels the °Gd nuclei are populated out of thermal equilibrium.

The standard (static) two level Schottky anomaly is given by:

A

CSchottky — kB [ A e [|||.8]

2
nucl kBTJ N 2
1+e *o
where A~H,, is the mean hyperfine splitting. Within the model presented in Ref.
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[Bertin'01], the nuclear specific heat is in fact reduced with respect to the standard (static)
Schottky anomaly according to the expression:

CnucI = g(L)Cr?SEIOttky = 1 T Cmonky [| | |.9]
¢ 1+2-1
T

with g(T,/7) the reduction function.

For Th,Sn,07, the two values of Th** magnetic moment, m= 4.5(3) pg and M =
5.9(1) pg deduced from specific heat and neutron diffraction, respectively, give an
experimental reduction m/M =0.76. Within the model [Bertin'01] we attributed it to a

specific heat reduction. According to [II1.5] and [I11.8] C A* ~HZ ~m?* and we

nucl "~
calculated this specific heat reduction: C, ., /C>*™ =(m/M)? =0.58 and using [111.9], we
obtained a ratio: T,/z=0.36. This value is comparable to that of Gd,Sn,O; with
T, /7 =0.85, and supposing the same order of magnitude of T, in Ref. [Mirebeau'05] we first

concluded that Th,Sn,O; is characterized by low temperature fluctuations of the Th**
magnetic moments with a time scale of 10” - 10® s, as for Gd**. In fact, there are many
systems where the nuclear relaxation is much more rapid and this seems to be the case of our
system. As presented in the following section puSR experiments show that the spin
fluctuations for Th,Sn,0O7 are more rapid (~10%s).

I11.5. Discussion

[11.5.1. Magnetic ground state: theoretical models

The magnetic ground state of Th,Sn,O; and Th,Ti,O7 is determined by the delicate
balance between the nearest neighbour exchange energy, long range dipolar energy and
anisotropy. At the time being there are several theories that are trying to describe the magnetic
ground state of the pyrochlore magnets. They involve different combinations of the above
mentioned energies: antiferromagnetic (J,,, < 0) or ferromagnetic (J,,,> 0) nearest neighbour

exchange energy, ferromagnetic dipolar energy (D,,> 0) and also the strength of the local
anisotropy D, .

In fact, the behaviour of the real system Th,Sn,0- is best described by a combination
of two models.

The first one is a continuous spin ice model, with classical Heisenberg spins replacing

the Ising ones (see Ref. [Champion'02]). These spins populate a cubic pyrochlore lattice and
are coupled to their nearest neighbours by a ferromagnetic exchange interaction and to the
local <111> anisotropy axes by a single ion anisotropy term. The model is defined by the spin
Hamiltonian:

I =-1%5-5,-D,5.(5-d)° [111.10]
i, i

where S, are the classical vectors of unit length and d; are the four directions <111>. There
are involved two parameters: the strength of the exchange ferromagnetic interaction J and
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that of the uniaxial anisotropy along the <111> axes D,. The model describes the transition
from an Heisenberg ferromagnetic behaviour, characterized by D,/J — 0, to a spin ice
behaviour, when D,/J — «.

Figure 14 shows the temperature dependence of the magnetization per spin as obtained
from Monte Carlo simulations [Champion'02]. According to this model, for finite values of
D, /J atransition to a long range ordered magnetic state is predicted and it disappears in the

spin ice limit D, /J — oo. The characteristics of this ordered state are: (i) the ground state is a

k = 0 four sublattice structure; (ii) the local order within one tetrahedron is close to that of a
spin ice, “two in, two out”, with a canting of the spins towards the [001] axis in the present
case, as indicated in Figure 14 right; (iii) the magnetic transition is of second order for D, =0

but changes clearly to first order for large D, /J value.

1
0.8}
0.6f
0.4}

0.2;

£

T/J

Figure 14. Magnetization per spin versus temperature (left) for different values of D, /J . From left to
the right D, /J = 22.9, 15,5, 10.5, 7, 4.8, 3.2, 2.1, 1. Spin structure (right) corresponding to
D, /J =7. Results are presented in Ref. [Champion'02].
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Figure 15. Th,Sn,O: spontaneous magnetization versus temperature (left) and the low temperature
magnetic structure (right).
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If comparing the magnetic order obtained in the ferromagnetic finite anisotropy model,
one may see that all its characteristics are found in our experimental data on Th,Sn,0O- (Figure
15).

Still, there is a question that arises: how could we justify a ferromagnetic exchange
interaction, like in the finite anisotropy model, taking into account that in Th,Sn,0O;
G- =—12 K < 0 indicates the presence of antiferromagnetic interactions? Here interferers

the second model: the dipolar spin ice model. We recall the unusual change with temperature
of the short range correlations of Th,Sn,O; from antiferromagnetic to ferromagnetic, which
takes place just above the transition as clearly indicated by neutron diffraction measurements.
This suggests a transition that is driven by an effective ferromagnetic interaction. Furthermore
the magnetic ground state of the system is a non-collinear ferromagnetic one. These
characteristics result naturally if one considers the combined role of exchange and dipolar
interactions, as in dipolar spin ice model [Bramwell'0la, Bramwell'01b, denHertog'00,
Melko'04], and defines an effective nearest neighbour ferromagnetic interaction:

Ji —3 +D,, >0,where J. =J/3 and D,, =5D/3 are the exchange and dipolar energy
scales, respectively.

Consequently, we may claim that the behaviour of Th,Sn,0- is best described by an
“effective ferromagnetic exchange and finite anisotropy” model, described by the

Hamiltonian [111.10], having J replaced by J¥" =33 'with J¥" =J +D,, >0.

nn ?

However there is an important difference if comparing the finite anisotropy model
with the real system: the deviations from the spin ice structure are different. In the model, the
spins are uniformly canted towards the ferromagnetic direction. When decreasing D,/ J , the

ground state magnetization relative to the local magnetic moment increases from 1/3,
which is the average magnetization of a tetrahedron in the spin ice case, to 1, value which
corresponds to simple ferromagnetic case. Per contra, in Th,Sn,O- the deviations of the Th**
magnetic moments from the local <111> anisotropy axes, meaning the deviation from the spin
ice arrangement, actually reduce the magnetization to about 0.37 in relative units (Figure 15).
Consequently, the deviation of the magnetic moments in Th,Sn,O7 acts in an opposite way to
that predicted by the finite anisotropy ferromagnetic model.

One could therefore think that another contribution to the energy is necessary. Besides
this “effective ferromagnetic finite anisotropy model”, recent discussions [Canals'06] shed
into light another interesting idea: a Heisenberg model with antisymmetric Dzyaloshinsky-
Moria interactions [Dzyaloshinski'58, Moria'60, Morya'60]. This interaction is compatible
with pyrochlore lattice geometry. A first try [Canals'06] was done using a Hamiltonian with
four terms: ferromagnetic first and third neighbour exchange interaction, finite locale
anisotropy and antisymmetric interactions. This model seems to work, at T=0 K a k=0
order state is predicted, with a canting angle close to 13° (as we obtained pour Tbh,Sn,O7) and
a variation of magnetization in the right way (contrary to the ferromagnetic finite anisotropy
model presented above). Still, there is a question that remains: how could one justify the
existence of an antisymmetric Dzyaloshinsky-Moria interaction in a rare earth compound,
since this type of interaction is generally negligible in the rare earth compounds?

e comparison between Th,Sn,O7and Th,Ti,O;

We now focus on the difference between Th,Ti,O;, which remains spin liquid till to
the lowest measured temperature, and Th,Sn,O;, which from a spin liquid becomes an
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“ordered spin ice” at low temperature. We try to explain this difference by analysing the first
neighbour exchange J,, the dipolar D, and crystal field D, energies and hence the

resulting energetic balance for the two compounds.
The estimation of the exchange constant is usually achieved through measurements of
the paramagnetic Curie-Weiss temperature 6., . The usual method to determine 6, is to

measure the inverse magnetic susceptibility and to fit its thermal linear variation (if any) to
the Curie-Weiss law. However, in the Tb pyrochlores with a very large overall crystal field
(CF) splitting (about 800 K for Th,Ti,O; and 600 K for Th,Sn,07) the Curie-Weiss law does
not hold in the usual temperature range of measurements, i.e. below 300-400 K. A first
approximation is to write the paramagnetic constant as the sum of two contributions, one due
to the exchange/dipolar interactions and the other due to the crystal field splitting:

Ory = 05" + 05, . Inelastic neutron scattering measurements and crystal field calculations
allow the determination of the crystal field contribution 65, and hence of 65" and one
may determine the associated exchange constant J according to: 65" =JzJ(J +1)/3,
with J =6 and z =6 nearest neighbours for Th** ion. Then the nearest neighbour exchange
ﬂz

O3 kg

constant J.. may be deduced from J according to: J, :% J . 4 s the ground state

magnetic moment and g, =3/2 for Tb* [Mirebeau'07al.

Such a calculus was first done for Th,Ti,O;, having a high temperature paramagnetic
Curie-Weiss temperature 6., =-19 K [Gardner'99]. Ref. [Gingras'00] proposed initially a
value of —13 K but then it was revised to 65" =-14 K [Enjalran'04b, Kao'03,
Molavian'07] and the corresponding nearest neighbour exchange is J=-0.167 K . Starting

from this value and supposing |+4) as ground state: J,, :% J4% =-0.88 K [Enjalran'04a,

Gingras'01]. As for the dipolar constant, the same research group gives D, =0.8 K,
considering a ground state magnetic moment of 5.1 pg [Enjalran'O4a, Gingras'0l,
Gingras'00]. According to these values J® =J +D, =-0.08 K <0 and Tb,Ti,O; would
have an effective antiferromagnetic exchange interaction.

Without determining the values of J., and D,, for Th,Sn,O7 and taking into account

only that it is well described by the “effective ferromagnetic exchange and finite anisotropy”
model, as we stated above, it would appear that there is an significant difference between the

two compounds: for Th,Ti,O; J <0, while for Tb,Sn,07 J& >0. One may think that this
could explain why Th,Sn,O; orders and Th,Ti,O; does not.

However, recent inelastic scattering measurements and crystal field analysis on both
Th,Ti,O7 and Th,Sn,O; shed new light on the differences between the two compounds
[Mirebeau'07a].  According to Ref. [Mirebeau'07a], 65" =-7 K and -6.3 K for

Th,Ti,O; and Th,Sn,0-, respectively. As one may see for Th,Ti,O; the contribution to the
paramagnetic Curie-Weiss temperature of the exchange interactions is about half of the value

initially reported (of —14K). The corresponding exchange integrals are J=-0.083 K for
Thb,Ti,O7and J=-0.075 K for Th,Sn,0-.

Table 11 gives the new values of the nearest neighbour exchange and dipolar constants
as reported in Ref. [Mirebeau'07a]. The dipolar constants are determined starting from that of
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Tb,Ti,0; D,, =0.8 K [Gingras'01] and assuming that D, ~ #*/a®, with z the ground state
magnetic moment and a the lattice parameter (see Chapter I, section 1.2.3). Using ¢ =5.1 pg
[Gingras'00, Mirebeau'07a] and £ =5.95 pg [Mirebeau'07a] for Th,Ti,O; and Tbh,Sn,0y,
respectively, we obtain: D, (Ti)/D,,(Sn)=0.8 (with a(Tb,Ti;07)=10.149 A [Mirebeau'02]
and a ( Tb,Sn,07)=10.426 A) and hence D,, =1 K for Th,Sn,05.

szTizO7 Tb28n207 DY2Ti207 HOzTi207
Jn -0.32K -0.39 K -1.24 K -0.52
[Mirebeau'07a] | [Mirebeau'07a] [Gingras'01] [Gingras'01]
D, 0.8 K 1K 2.35K 2.35K
[Gingras'01] [Mirebeau'07a] [Gingras'01] [Gingras'01]
=3 +D,. 0.48 K 0.61K 111K 1.83K
Jon /Dy -0.4 -0.39 -0.52 -0.22

Table I11. New values of the first neighbour exchange and dipolar energies for Th,Ti,O; and Th,Sn,0,
as reported in Ref. [Mirebeau'07a]. For comparison the corresponding values for the spin ices
Dy,Ti,0; and Ho,Ti,O; are also given [Gingras'01].

As one may see, both Th,Ti,O; and Th,Sn,0O; have now an effective ferromagnetic
exchange interaction (J" >0), of comparable order of magnitude, and therefore their

different experimental behaviour cannot be understood within the framework of the dipolar
spin ice model. In the phase diagram from Ref. [denHertog'00] (see Chapter I, section 1.2.3)
both Th,Ti,O7 and Th,Sn,O7 are situated in the spin ice region (J,,/D,, >-0.91), but closer

to the critical value in comparison to the canonical spin ices Dy,Ti,O; and Ho,Ti,O;. For
comparison Dy, Ti,O;and Ho,Ti,O7 exchange and dipolar constants are also given in Table I1.

The anisotropy for the two compounds may also be roughly determined if supposing
only the uniaxial anisotropy term D,J7. Th,Ti;O; has a |+4) ground state and |+5) as first

excited state [Gingras'00, Kao'03, Mirebeau'07a], while Th,Sn,O7 has a |J_r5> ground state and

|i4> as first excited state [Mirebeau'07a]. Then the gap between the ground state level and the

first excited one may be expressed as D, =A/‘42 —52‘, with the energy gap A=18 K for

Tb,Ti,O7 [Gingras'00, Mirebeau'07a] and D, = A/ ‘52—42‘, with A=15 K for Th,Sn,0;
[Mirebeau'07a] and gives D, (Th,Ti;O7)=2 K and D, (Th,Sn,07)=1.66 K. The values of
D, change when changing the hypothesis on the ground state. Since we consider only the
uniaxial anisotropy term D,J?, neglecting the others, maybe it is more realistic to consider
for both compounds |+6) as the ground state and |+5) as first excited level. Within this
hypothesis D, = A/‘G2 —52‘. With the same A as given above we obtain D, (Tb,Ti,O7)=1.63

Kand D, (Th,Sn,07)=1.36 K. They have also comparable orders of magnitude and seem not

to be able to modify the energy balance so that to explain the difference between the two
compounds.

88




Chapter I11. Th,Sn,O7: an *““ordered spin ice” with magnetic fluctuations

[11.5.2. Magnetic fluctuations: #SR

The neutron diffraction allowed the study of the magnetic order. Above 1.3 K and to at
least 50 K, the diffuse magnetic scattering corresponds to the short range order. Th,Sn,0O- has
a spin liquid behaviour, where the magnetic correlated spins are fluctuating. Below 1.3 K,
Bragg peaks appear and increase when decreasing temperature: the system orders at long
range. The comparison between the values of the ordered magnetic moment clearly shows
that: m= 4.5(3) us (specific heat measurements) << M = 5.9(1) ug (neutron diffraction).
Within the model of Ref. [Bertin'01], we explain this reduction by the presence of magnetic
fluctuations. We show, in an indirect manner, that the Bragg peaks are not static: the ordered
magnetic moments are fluctuating till to the lowest measured temperature.

This study attracted great deal of interest. Recently, in Ref. [Bert'06,
DalmasdeRéotier'06], the dynamical nature of the ground state of Th,Sn,0O; was studied, in a
direct manner this time, by uSR.

In Ref. [Bert'06], the time dependence of the muon spin depolarisation function was
recorded from room temperature down to 30 mK in a small longitudinal field H . = 50 G. The
inset of Figure 16 shows few relaxation curves below and above Tc¢= 0.87 K. The function
used for fit is a stretched exponential:

P(t) = exp(-At)” [111.11]

where the exponent £ is close to 1 in the whole temperature range. A is the muon spin

relaxation rate, which in the fast fluctuation limit and for a single time relaxation process is

expressed as:
2y2H2y
A=—tuu [111.12]
ve+y,HiE

with H , the magnitude of the local fluctuating field seen by the muon, v the spin fluctuation
rate and y,, the muon gyromagnetic ratio.

(8]
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Figure 16. Th,Sn,0O-: temperature dependence of the muon relaxation rate A . In inset the
corresponding muon spin depolarisation function P(t) for several temperatures below and above Tc,
in a small longitudinal field H =50 G. Results are from Ref. [Bert'06].
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As seen in Figure 16, at high temperatures the muon relaxation rate A4 is almost
temperature independent, as expected from paramagnetic fluctuations. Then in the interval 1 —
10 K it steeply increases indicating a strong slowing down of the spin fluctuations when
approaching T . Below T and down to the lowest measured temperature the muon relaxation
rate saturates at a constant value. Very interesting results are obtained from the depolarisation
function P(t) (see Figure 16 inset). First, there is no sign indicating a static magnetic ground
state, meaning no long time tail P(t) (t > o, T — 0) = 1/3. Secondly, there is no sign of long
range order, meaning no oscillations of the polarisation due to a well defined internal field.

In order to determine the nature, static or dynamic, of the muon relaxation at low
temperature, the magnetic field dependence P(H,-,t) was analysed. Supposing that the

relaxation is related to a static local field H; at the muon site or, in a more disordered
scenario, that it is related to a distribution of static fields of width Hj, HZ could be
approximated to A/y,. According to Ref. [Blundell'99], for an applied field satisfying the

condition H . >5H> the full muon polarisation should be restored. Or, as indicated in Ref.

[Bert'06], the relaxation is still strong under applied fields which largely satisfy this condition.
Consequently, the dynamical nature of the relaxation muon polarisation was stated. The field
dependence A(H_g) is given by equation [I11.12]. The fit of the experimental data

(considering just high fields and long time relaxation) gives the local field on the muon site
H, =200G and the spin fluctuation rate v = 0.2 GHz, corresponding to a time scale of order

of 10%s.

In Ref. [DalmasdeRéotier'06] there is reported the same behaviour of the muon spin
polarization function in zero applied field. Fits of experimental data with function [I11.11],
gave a relaxation rate with the same characteristics as in [Bert'06]. However, there is a
difference that concerns the fluctuation time scale. Ref. [DalmasdeRéotier'06] reports that the
dynamics in Th,Sn,0; is characterized by a time scale of ~ 10° s, using the relation

/”t:;/f,Hj/v. The difference comes from the intensity of the local field: referring to the
spontaneous fields measured in Gd,Ti>O7 and Gd,Sn,0O7, H , is estimated at 2000 G.

The absence of the oscillations of the muon spin polarisation, meaning no long range
order, is quite intriguing, taking into account that neutron diffraction shows the presence of
Bragg peaks. The correlation length obtained from neutron diffraction is about 190 A and it is
quite large compared to the length scale set by the dipolar coupling of the muon. The muon
should sense therefore an internal field and an oscillation of polarization should be seen. The
explanation given in Ref. [Bert'06] takes into account two aspects. First that the absence of
oscillations means zero average field at the muon site, which supports the scenario: if at a
given time the field at the muon spin is H ,, then it has to fully reverse to —H , on the time

scale 1/v. For fast fluctuations v>y,H , an exponential decay of P(t) is obtained.

Secondly, they recall that the ordered spin ice state is six fold degenerate, meaning six
possibilities of arranging the spins in the configuration “two in, two out” or equivalently the
resulting magnetic moment for one tetrahedron may be parallel with one of the six (100) type
directions (the degeneracy for one tetrahedron corresponds to the degeneracy of the magnetic
domains mean orientation). Consequently, in the proposed scenario the ferromagnetic
transition seen by neutron diffraction corresponds to the freezing of spin correlations on a
large but finite length scale L., meaning long range order. This order has a dynamical
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character in the sense that the domains of well ordered spins fluctuate between the six
degenerate configurations allowed in the “ordered spin ice” structure.

Considering the results reported by the two uSR studies, a question arises: what is the
mechanism which allows that domains of ~ 190 A change their orientation with such high
frequencies of 102-10"s? A first mechanism would be a superparamagnetic relaxation, but
this is very unlikely for such frequencies. A second one would be a change of orientation via a
domain wall motion. This is a more realistic scenario, since there have already been observed
such effects, with frequencies of comparable order of magnitude but under pulsed applied
fields and not spontaneously [Bert'05]. Farther experiments [Bert'06] show how the
longitudinal applied field breaks the symmetry: the field favours one of the six degenerate
orientations and oscillations are restored. Frozen correlations are also evidenced by the
presence of a field history dependence when comparing the filed cooled and zero field cooled
muon relaxation below ~T_.

Relaxation rate % (us')

Figure 17. Th,Ti,O: temperature dependence of muon relaxation rate A . In inset: muon spin
depolarisation function P(t) for several temperatures in a small longitudinal field H =50 G. Results
are from Ref. [Gardner'99].

Similar results concerning the spin dynamics were reported in Tb,Ti,O; (see Ref.
[Gardner'99]). As one may see in Figure 17, in low applied longitudinal field (H.r = 50 G)
and at all temperatures, the decay of muon polarisation is an exponential one, suggesting
fluctuating internal fields. As for Th,Sn,Oy, the relaxation rate 4 is temperature independent
at high temperature, it then increases and finally at low temperature it saturates at a finite
value. The corresponding low temperature fluctuation rate is of 40 GHz, corresponding to a
time scale of 10 s. The comparison of these two systems is very interesting: both show very
similar behaviour of the fluctuation rate in uSR, but Th,Sn,O; orders, while Th,Ti,O; does
not.

I11.6. Conclusions

In this chapter we studied the structural and magnetic properties of the geometrically
frustrated pyrochlore Th,Sn,0O.

At high temperature Th,Sn,O7 is a spin liquid, characterized by antiferromagnetic
short range correlations. However low temperature neutron diffraction shows that around 2 K
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ferromagnetic short range correlations start to appear and below 1.3 K there is a “two step
transition” to a non-collinear ordered magnetic state. This transition is confirmed by magnetic
susceptibility and coincides with a peak in the specific heat. The main characteristics of the
magnetic structure are: (i) it is a k =0 order; (ii) the local order is close to that of a spin ice,
“two spins in, two spins out”; (iii) there is a ferromagnetic component, which represents 37 %
of the ordered magnetic moment which orders in magnetic domains of ~ 190 A and oriented
along <100> axes. We called this original structure with both ferromagnetic and
antiferromagnetic character an “ordered spin ice”.

We then compared the value of the magnetic moment as obtained from neutron
diffraction and specific heat analysis. The lower Th** magnetic moment estimated from
specific heat shows that the hyperfine levels are out of equilibrium and evidences the presence
of slow magnetic fluctuations of correlated spins. These unconventional fluctuations are
reminiscent of the spin liquid in the ordered phase. Their presence has been recently
confirmed by uSR experiments, although it is no clear yet how magnetic domains having such
a large size are able to fluctuate so rapidly.

The Th,Sn,O; magnetic ground state obtained experimentally was compared to
theoretical models existing at the time being. The best approximation of the real system is
given by an “effective ferromagnetic exchange and finite anisotropy” model, where the
effective exchange interaction is given by the sum of first neighbour exchange and dipolar
interactions. Finally, we compare the first neighbour exchange, dipolar and crystal field
energies, i.e. the energetic balance for Th,Sn,O; and Th,Ti,O; and discuss the differences
between the two compounds.

I11.7. Perspectives

Of course, there still remain open questions. At the end of this chapter we would like
to mention several studies on Th,Sn,0-, already started or planned for the immediate future,
which could give the answer to these questions. First, we mention the crystal field study of
Th,Sn,05 by inelastic neutron scattering, which allows one to determine the origin of the Th**
finite anisotropy. This analysis, performed in parallel for Th,Ti,O7, could exhibit more subtle
differences between the two geometrically frustrated systems. Secondly, we mention a study
by inelastic neutron scattering of the spin fluctuations, which persist in the “ordered spin ice”
state. We saw that under the effect of the chemical pressure we modified the energy balance
and passed from a spin liquid system (Th,Ti,O;) to a ferromagnetic “ordered spin ice”
(Th,Sn,07). Therefore, we mention finally a neutron diffraction study that could give the
answer to a natural question: would Th,Sn,O; become a spin liquid under the effect of the
applied pressure?
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Chapitre 1V.

(Tby4Lay),M0,07, x=0-0.2: une *“glace de spin
ordonnée” induite par la substitution Th/ La

A partir d’un systéme comprenant un seul ion magnétique Tb** (voir Th,Sn,Oy,
Chapitre 111), avec un seul réseau frustré et ou les propriétés magnétiques sont déterminées
seulement par les ions Tb*, nous considérons maintenant des systémes ayant deux types
d’ions magnétiques. C’est les cas des pyrochlores de molybdéne R,M0,07, ou les ions R**
(terre rare ou Y) et Mo*" occupent tous deux des réseaux géométriquement frustrés de
tétraedres jointifs par les sommets. Ces composes ont attiré I’attention depuis la découverte
d’une transition verre de spin isolant (SGI) — ferromagnétique métal (FM), pilotée par le
rayon ionique moyen de la terre rare R; [Katsufuji'00, Moritomo'01]. Les composés de faible

rayon ionique R; <R;. =1.047 A (R=Y, Dy, Tb) sont des SGI, ceux avec R, >R;. (R=Gd,
Sm, Nd) sont des FM.

Dans les séries (RR*),M0,07, les mesures macroscopiques (aimantation et résistivité)
ont montre une dépendance universelle de la température de transition en fonction de R;, la

méme pour toutes les combinaisons (RR’), suggérant que les interactions Mo-Mo contrdlent
la formation de I’état verre de spin ou ferromagnétique. Jusqu’a cette étude, toutes les études
microscopiques concernaient des composes de rayon loin du seuil de transition : Y,Mo0,0; et
TboM0,07 (R; <R;.) [Booth'00, Gardner'99, Gaulin'92, Gingras'97, Greedan'91], dont le

comportement verre de spin reste surprenant compte tenu de I’absence de désordre chimique,
et Nd;Mo,07 (R; > R;.) [Taguchi'01, Yasui'01] qui présente un effet Hall anormal géant.

L’idée de ce travail est d’étudier I’évolution microscopique du magnétisme dans la
région de transition. A partir du verre de spin Th,Mo0,0, la dilution par un atome non
magnétique plus gros La** dilate le réseau, modifie les distances inter atomiques et par
conséquent I’état fondamental du systeme.

Ce chapitre est consacré a I’analyse de I’influence de la substitution chimique Th/La
dans la série (ThyxLax)2M0,07 avec x=0-0.2 et récemment 0.25. Nous étudions les propriétés
structurales de la série, mesurées par diffraction de rayons X et de neutrons a pression
ambiante et aussi les propriétés électriques pour x=0 et 0.2. Mais ce chapitre est surtout
consacré a I’étude de I’ordre magnétique par des mesures de susceptibilité, diffraction de
neutrons et rotation et relaxation de spin du muon (USR). La diffraction de neutrons montre
comment les corrélations magnétiques changent graduellement avec la dilution Th/La. Les
mesures de muons montrent I’évolution des champs internes statiques et de la dynamique des
fluctuations des spins.
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D’un point de vue structural, nous montrons que la dilution Th/La dilate le réseau
sans induire de transition de phase. Le paramétre de réseau varie de a=10.312 A (x=0) a
a=10.378 A (x=0.2), ce qui monte qu’on a traversé le seuil de transition (a, ~10.33 A). En

conséquence, les propriétés magnétiques sont fortement modifiées.

Les mesures de susceptibilité magnétiqgues montrent un comportement verre de spin
pour x=0 et 0.05, avec une susceptibilité indépendante de I’histoire thermique au dessus de
Tsg, mais avec des irréversibilités entre les courbes de I’échantillon refroidi en champ nul

(ZFC) et sous champ (FC) au-dessus de Tgg. Pour x=0.1-0.25, une forte augmentation de
I’aimantation est observée suggérant une transition vers un état ferromagnétique.

La diffraction de neutrons permet d’étudier les changements microscopiques du
magnétisme, quand la concentration en La augmente de 0 a 0.2. Les composes x=0 et 0.05
(a<a.) montrent des corrélations a courte portée, comme dans les verres de spin. Les

corrélations Th-Th sont ferromagnétiques, alors que les corrélations Th-Mo et Mo-Mo sont
antiferromagnétiques. En revanche, les composes x=0.15 et x=0.2 (a >a,) sont caractérises

par la coexistence entre un ordre a courte portée et un ordre a longue portée non colinéaire
(pics de Bragg) dominant. Les caractéristiques principales de la structure magnétique
ordonnée sont: (i) un vecteur de propagation k=0 (les quatre tétraédres Th** de la maille
cubique sont identiques, ainsi que les quatre tétraédres Mo**); (ii) les moments magnétiques
de Tb* s’orientent prés de leurs axes d’anisotropie <111> comme pour une glace de spin; (iii)
les moments de Mo*" s’orientent prés de I’axe [001] avec un petit angle de “tilt”; (iv) toutes
les corrélations (Tbh-Th, Tb-Mo, Mo-Mo) sont ferromagnétiques; (v) la composante
ferromagnétique résultante s’oriente le long d’un axe [001]. Nous avons appelé ce type
d’ordre “glace de spin ordonnee”. Le compose x=0.1 situé dans la région de transition a un
comportement intermédiaire : (i) un ordre mésoscopique (& I’échelle de ~ 55-70 A) qui
coexiste avec I’ordre a courte portée; (ii) les angles de tilt sont plus grands et les corrélations
ont un caractere antiferromagnétique plus prononcé que dans les composés x=0.15 et 0.2.

L’expérience de muons apporte un nouvel éclairage sur I’ordre magnétique en
sondant les fluctuations et le champ local statique en dessous de T.. Pour x=0.2, une

deuxiéme transition de nature dynamique a été observée a T =15(5)K<T. =57(1) K.

L’origine de cette deuxiéme transition sera discutée au Chapitre VI. Quand la concentration
de La décroit, les deux transitions semblent se confondre.
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Chapter IV.

(Tby4xLay)>M0,07, x=0-0.2: an *“ordered spin ice”
induced by Th / La substitution

From a system having Th*" as unique magnetic ion (see Th,Sn,0-, Chapter I11), with
only one frustrated lattice and where the magnetic properties are determined only by the Tb**
magnetism, we now consider systems with two magnetic ions. It is the case of the
molybdenum pyrochlores R,M0,07, where both R** (rare earth and Y) and Mo** ions occupy
geometrically frustrated lattices of corner sharing tetrahedra. Molybdenum and rare earth ions
are both magnetic. These compounds have attracted special interest since the discovery of a
transition from a spin glass insulating (SGI) state to a ferromagnetic metallic (FM) one, which
can be tuned by the rare earth average ionic radius R, [Katsufuji'00, Moritomo'01]. The

compounds having a small ionic radius R, <R_=1.047 A (R=Y, Dy and Tb) are SGlI,
whereas those with R, > R, (R=Gd, Sm and Nd) are FM.

(Tb1_xLaX)2M0207
100 + Th/La
x=0 diution _ o *
80 -
ferromagnetic
) metal
< 60|
;’. ¢ o GdDy
i A A GdTh
= 40r n SmDy
¥ SmTh
201 + NdTh
| spin glass i ;; .
Iinsulatcar | | . | |
1.02 1.04 1.0 1.08 1.10 112

R (A)

|
Figure 1. Phase diagram of (RR’).M0,0; pyrochlores: transition temperature Tg; . against the

average ionic radius R.. The values are taken from Ref. [Gardner'99, Katsufuji'00, Moritomo'01].

The dotted line shows the SG-F phase boundary (Ric=1.047 A). The continuous line is a guide to the
eyes. The grey region emphasizes the region of interest of our study.
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The analysis of substituted series (RR”),Mo0,0; shows a universal dependence of the
transition temperature versus R, (Figure 1), the same for all (RR’) combinations, suggesting

that the Mo-Mo interactions control the formation of a spin glass or a ferromagnetic state. Up
to this study, all existing microscopic studies deal with compounds far from the threshold
radius: Y,Mo0,07; and Th,Mo0,07; (R, <R,) [Booth'00, Gardner'99, Gaulin'92, Gingras'97,

Greedan'91], where the SG behaviour is surprising with regards to their chemical order, and
Nd,Mo0,07 (R; > R,.) [Taguchi'01, Yasui'01], which shows a giant anomalous Hall effect.

The idea of this study is to investigate the microscopic evolution of magnetism
throughout the threshold region. Staring from the spin glass Th,Mo,0; the dilution by a
bigger non-magnetic ion La>* expands the lattice, modifies the interatomic distances and,
consequently, the magnetic ground state of the system.

This chapter is dedicated to the analysis of the effect of Th/La chemical substitution in
(ThyxLay).M0,07 series, with x=0-0.2. We first study the structural properties for the whole
series, measured by ambient pressure X ray and neutron diffraction and also the electrical
properties for x=0 and 0.2, respectively. But mainly this chapter is dedicated to the
investigation of the magnetic order, by means of magnetic susceptibility, neutron diffraction
and Muon Spin Rotation and Relaxation (uSR). The neutron diffraction shows how the
magnetic correlations gradually change with Th*" dilution with a non-magnetic ion La**. The
uSR probes both statics (internal fields) and dynamics (spin fluctuations).

IV.1. Magnetic susceptibility measurements: ordering temperature

The magnetic susceptibility measurements were recorded using a SQUID
(Superconducting Quantum Interference Device) magnetometer, at SPEC (Service de
Physique de I’Etat Condensé), CEA-CNRS, CE-Saclay.

Figure 2 shows the field cooled (FC) and zero field cooled (ZFC) curves measured in
a static field of 80 G for the whole series of samples (x=0-0.25). For Th,Mo0,0; the magnetic
susceptibility is independent of sample cooling history above Ty, ~22 K, but there are

irreversibilities between FC and ZFC curves below this temperature. Such a behaviour was
already reported in Ref. [Ali'92, Greedan'91] with a slight different transition temperature of
25-28 K (see Chapter I, section 1.3.1.). The real and imaginary part components of the ac
susceptibility measurements show small peaks at the FC/ZFC splitting temperature [Ali'92].
These characteristics have been attributed to a spin glass like behaviour. We underline
however the difference when comparing to a classical spin glass behaviour, where below T

the FC saturates and ZFC susceptibility decreases towards zero, as observed in Y,;Mo0,0;
[Ali'92, Gaulin'98, Gingras'97] (see the inset of Figure 2a). This suggests the presence of a
ferromagnetic component in the case of Th,Mo0,07, which is also present under lower applied
fields (20 G as reported in [Greedan'91]). Similar characteristics are observed for x=0.05
sample, where the FC/ZFC splitting indicates a transition at T,; ~ 25 K. For x> 0.1, a strong
increase of magnetization is observed, suggesting a crossover towards ferromagnetism. For
these compounds the transition temperature is defined as the inflection point of the FC curve.
For x=0.1, 0.15, 0.2 and 0.25 samples we obtained the transition temperatures: T, ~ 51, 61, 58
and 61 K, respectively. For comparison Figure 3a presents the FC and ZFC curves for x=0
and x=0.2 samples, showing the increase of both transition temperature and magnetization
when doping with La®*". Figure 3b summarizes the above results in a phase diagram: transition
temperature versus La>* concentration.
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Figure 2. Magnetic susceptibility of (Tby..La,).M0,0-, for x=0-0.25, measured in a static field of 80 G,
in zero field cooled (ZFC) and field cooled (FC) processes .The temperatures of transition to a spin
glass (Tsg) or to a ferromagnetic type order (Tc) are indicated . In inset of figure 2a: the magnetic

susceptibility against temperature for Y,M0,0; [Ali'92, Gaulin'98, Gingras'97], considered a
canonical spin glass despite the absence of chemical disorder..
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IVV.2. X ray and neutron diffraction: crystal structure

The ambient pressure crystal structure of powder samples (Th;xLax),M0,07 (x=0,
0.05, 0.1, 0.15 and 0.2) is determined by combining X ray and neutron diffraction
measurements. The X ray patterns were measured using a Briker D8 diffractometer (SPEC)
(A=1.5406 A), while the neutron patterns were measured using the diffractometer G61 of the
Laboratoire Léon Brillouin (LLB) (A=4.741 A).

Rietveld refinements of X ray and neutron diffraction patterns, performed with the
crystallographic programs of the FULLPROFF suite [Rodriguez-Carvajal'93], show that
Th/La substitution does not induce a structural phase transition: all samples crystallize in the

Fd3m cubic space group.

Few details concerning the crystallographic structure of R,Mo,0; pyrochlores and
among them Tbh,Mo0,07 were given in Chapter I, section 1.3.2. We recall that there are two
parameters of interest: the lattice parameter a and the oxygen O1 position u .

The structural parameters derived from Rietveld analysis (lattice parameter a, oxygen
position parameter u and also Mo-O1 bond length d and Mo-O1-Mo bond angles &) for the
whole (TbixLax)2M0,0; series are summarized in Table I. The lattice parameter was
determined from the X ray diffraction analysis taking into account that the wavelength is
precisely determined and also the higher resolution in comparison with that of G61
diffractometer (which is a high-intensity long wavelength diffractometer, used to study
magnetic order and not a high-resolution one suitable for a crystal structure analysis). Per
contra, the X ray diffraction is much less sensible to the presence of light atoms (like oxygen)
and therefore the oxygen parameter u is determined from neutron diffraction analysis.

(TbixLay)M0,07 | R; (A) a(A) u (units of a) | d (Mo-O1) (A) | 6 (Mo-O1-Mo)
x=0 1.040 | 10.3124(7) | 0.3340(3) 2.0159 129.1
x=0.05 1.046 | 10.3313(1) 0.3330(3) 2.0178 129.7
x=0.1 1.052 | 10.3461(8) 0.3327(3) 2.0204 129.8
x=0.15 1.058 | 10.3621(8) 0.3321(3) 2.0228 130.1
x=0.2 1.064 | 10.3787(8) | 0.3314(3) 2.0203 130.5

Table I. Structural parameters of (Tby4Lay),M0,07, x=0-0.2: the cubic lattice parameter a (in A), the
positions u of oxygen O1 48f sites [u,1/8,1/8] (units of a), the distances Mo-O1 d (in A) and the angle
Mo-O1-Mo @ (in degrees). The mean ionic radius R; are calculated starting from the values given for

Tb** and La® ions in Ref. [Shannon'76] and using the relation: R.(x) = (1—-X)R (Tb*")+ xR, (La*").

Figure 4 shows the cell and oxygen position parameters variation with the mean rare
earth ionic radius R;. We clearly show that, as expected since La® ion is bigger than Tb**, a

increases with R;. The oxygen parameter u decreases with R,. Our results are in good

agreement with those reported for the series R,M0,07, with R= Dy, Gd, Sm and Nd. The
dashed line marks the critical threshold R,=1.047 A. Taking into account the linear

dependence a=aR +f («a,p fit parameters) between the lattice parameter a and the
average ionic radius R, as shown in Ref. [Katsufuji'00, Moritomo'01] for (RR’).Mo0,07 series,
we determined the corresponding critical lattice parameter a, ~10.33 A. We also show that
by substitution of Th by La, we cross the threshold region for a La concentration x. ~ 0.06.
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Figure 5. (ThyLay)>,M0,07with x=0-0.2 (filled symbols): Mo-O1 bond length d and Mo-O1-Mo bond
angle @ against the average ion radius R; (see Table 1) . For comparison R,M0,0-, with R= Dy, Gd,
Sm and Nd from Ref.[Katsufuji'00, Moritomo'01]. Vertical dashed line indicates the SG-F phase
boundary (Ric=1.047 A [Katsufuji'00]).

Consequently, from the lattice structural point of view the x=0 and 0.05 samples are
situated in the spin glass region of the phase diagram from Figure 1, while those with x>0.1
are situated in the ferromagnetic region. u determines the Mo environment and

99



Chapter IV. (ThixLay)2M0,07, x=0-0.2: an ““ordered spin ice”” induced by Th/La substitution

u=5/16=0.3125 corresponds to an octahedral environment. We notice that for the whole
series (ThixLax),M0,0; x=0-0.2, u>0.3125 showing that the octahedral environment is
distorted, but this distortion diminishes when increasing La concentration. We also note that
for the above series there is a small variation of u when increasing R, of roughly 0.003 (in
units of a) corresponding to a variation of only 1.4° of the superexchange angle 8. This
result suggests that the important parameter is the lattice parameter a and not the oxygen
position u (as already shown by the band structure model from section 1.3.3).

We also calculated the Mo-O1 bond length d and the Mo-O1-Mo bond angle €. As
shown in Figure 5, the increase of R, causes (i) the elongation of d, as well as (ii) the

widening of &, in agreement with results reported in Ref. [Moritomo'01] for the R,Mo0,0;
series (R= Dy, Gd, Sm and Nd).

IV.3. Neutron diffraction: magnetic structure

The ambient pressure powder neutron diffraction measurements on (Th;.xLayx)2M0,07
were performed as follows: (i) for x=0-0.2, between 1.4 and 100 K, on the G61 diffractometer
(LLB), which in the usual configuration has A=4.741 A and a limited scattering vector range
withq, ., ~ 2.5 A (i) for x=0.2, at 1.5 and 70 K, on the G41 diffractometer (LLB), having
A=2.426 A and a wider scattering vector range g, ~4 A™; (iii) for x=0, down to 40 mK on
the D1B diffractometer of the Institute Latie Langevin (ILL), with A=2.52 A and g, ~ 3.3

A, The magnetic intensity is obtained by subtracting a spectrum in the paramagnetic region
(70 or 100 K). Then, in order to compare spectra obtained with different diffractometers and
with different quantities of sample, we calibrated the subtracted spectra by multiplying it by a
factor F =1/(Intl 5, -L), with Intl ,,,, the integrated intensity of the (222) nuclear peak (at

70 or 100 K) and L =1/(sin@-sin 260) the Lorentzian factor (see Chapter II).

Figure 6 shows the evolution of the magnetic neutron diffraction patterns for the series
(ThixLax),M0,07, with x=0, 0.05, 0.1, 0.15 and 0.2.

It is shown how the magnetic order changes when going through the critical threshold
under the effect of Tb / La substitution. The x=0 and 0.05 samples, a < a,(Figure 6 a,b), are
characterized by a diffuse magnetic scattering with maxima around g=1 and 2 A
corresponding to short range spin correlations. For x=0.1 sample, situated just above the
threshold a~a_ (Figure 6¢), Lorentzian peaks start to grow at the position of the diffuse
maxima revealing the onset of mesoscopic magnetic order. For x=0.15 and 0.2 samples,
a>a, (Figure 6d,e), we clearly see magnetic Bragg peaks, that correspond to long range

magnetic order. Additionally, we observe for all samples an intense small angle neutron
scattering (SANS) for q<0.5A™, which corresponds to the ferromagnetic correlations. The

intensity of the SANS signal decreases, when X increases.

In the following we analyse in more details the magnetic correlations or/and the
magnetic structure of three representative samples: the short range ordered Th,Mo0,0;
(a<a,), the long range ordered (Thoslao2):M0,07; (a>a.) and the mesoscopic range
ordered (Thoglag1)2M0,0- (situated in the threshold region). Finally, we make a comparative
study on the whole (Th;.xLax),M0,07 series and discuss the effect of chemical substitution on
the magnetic order.
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Figure 6 a-e. Magnetic intensity of (Tb;..Lay).M0,0 ( x=0, 0.05, 0.1, 0.15 and 0.2) versus the

scattering vector g =4zsin@/ A, at T= 1.4 K and ambient pressure. The incident neutron
wavelength is 1=4.741 A. A spectrum in the paramagnetic region (100 K) was subtracted.

IV.3.1. Tb,M0,05: spin glass

We analyse the ambient pressure magnetic correlations in Th,Mo0,0; (a~10.312
A< a _~10.33 A). This compound is considered a spin glass, with a spin glass transition at
Tss ~22-27 K (see Chapter I, section 1.3.1.), despite the absence of chemical disorder.
Besides the diffuse magnetic scattering observed for q>0.5 A™, already reported in Ref.
[Gaulin'92, Greedan'9l], we observed an intense SANS signal below this q value. It

corresponds to the onset of ferromagnetic spin correlations. The temperature evolution of the
magnetic correlations (Figure 7) clearly shows the increase of ferromagnetic correlations with

decreasing temperature. By performing neutron diffraction measurements down to 40 mK
(inset Figure 7), we show that the magnetic correlations saturate below 1.4 K. Their
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observation down to 40 mK (0.002 T ) proves that the spin glass state is indeed the ground
state of this compound.
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Figure 7. Magnetic intensity in Th,M0,0; against the scattering vector q for several temperatures:
T=1.4, 20 and 40 K (1=4.741 A) and for comparison T=0.04 K (1=2.52 A) in the inset. A pattern at
100 K was subtracted.

In the range q= 0.5-2.5 A, we fitted the experimental data using a cross section for

scattering due to the short range spin-spin correlations, first proposed for spin glasses in Ref.
[Bertaut'67, Wiedenmann'81] and then applied to the pyrochlore system in Ref. [Greedan'90,
Greedan'91]:

2 o o :
1@ =N | 3o (@) 23 ey TR (V.1

where ryy,/2 is the scattering length per Bohr magneton and f_(q) is the magnetic form
factor, assumed for simplicity to be the same for Tb*" and Mo**. In equation [IV.1] we used
the magnetic form factor of Th*", calculated according to Ref. [Freeman'79]:

f,,(q) =—0.04+1.06 exp| —4.7(0.08q +0.039)* | [IV.2]

In [1V.1] the summation is over the coordination shells from a central atom and c; and

R, are the number of neighbours and bond distances, respectively, known from the
crystallographic data and shown in Table II.

i G R (A)
1 6 3.646
2 6 5.156
3 12 6.315
4 12 7.292

Table 1. Number of neighbours ¢, and bond distances R; for the first four coordination cells (n=4)
as obtained from the crystal structure analysis.

102



Chapter IV. (Thi«Lay)2M0,07, x=0-0.2: an ““ordered spin ice”” induced by Th/La substitution

It is the same SRO model used for Th,Sn,O7 (section 111.3.2). The differences in the
case of Th,Mo0,07: (i) there are two magnetic ions Th*" and Mo*"; (ii) we take into account
the spin correlations , up to the fourth correlation shell (~7.3 A), meaning n=4, and not

n=1 as for Th,Sn,O-. In this case only the sum of correlations at each bond distance can be
determined from the data:

7= 2{ ot ), + (ot ), + (oo g,
72 = 2( byt ),
Vs = 2{ oo ), +{ Hroktrs ) g, *(Hrto o ),

Vo= </uTb:uTb>R4 +<IUMO'HMO>R4

[1V.3]

We focus on y, and y,. y, gives access only to the Th-Mo correlations, while y,
takes into account the Th-Tb and Mo-Mo correlations. Since the Tb** magnetic moment is
roughly nine time larger than the Mo*" moment, one would expect that 7, s determined by
the Th-Tb correlations, while the Mo-Mo correlations could be neglected (, and y, should

also be dominated by the Th-Tb correlations, but their analysis is less evident). It is for the
same reason (Th moment nine time larger than the Mo) that the difference between the form
factors for Th**and Mo*" was ignored when calculating the cross section.
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Figure 8. Th,M0,0;: a. Magnetic intensity versus the scattering vector q at T= 1.4 K (1=4.741 A)
and the fit with the SRO model (continuous line); b. Correlation parameters y; (i=1-4) obtained from

the fit using the SRO model.

Figure 8a shows the fit of Th,Mo0,07 experimental data, at 1.4 K, using the expression
[IVV.1]. The corresponding spin correlations parameters are shown in Figure 8b. As one could
clearly see y,,, >0, while y, <0, i.e. the Tb-Th correlations are ferromagnetic, while Tb-

Mo correlations are antiferromagnetic in agreement with previous results [Greedan'91]. As
stated above, the antiferromagnetic Mo-Mo correlations yielding the frustration in the spin
glass state cannot be extracted from this model. Another disadvantage of the present SRO
model is the fact that it cannot describe the SANS signal (as shown in Figure 8a). We mention
that, in order to fit all q range (including the SANS signal), we also tried models which take
into account not four but five, six and seven coordination cells, respectively, i.e. we tried to
extend the correlation length till to R,~ 9.6 A. In all these cases (n=5,6,7) the fit quality is
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similar to that obtained in the n=4 model. But, while the parameters y,,,, have a
systematic variation, roughly the same as shown in Figure 8b, the parameters y; ., strongly

oscillate. And therefore, finally we chose the model with four coordination cells to describe
the behaviour of Th,M0,0 for g >0.5 A.
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Figure 9. Magnetic intensity of Th,M0,0; versus the scattering vector q at T= 1.4 K (1=4.741 A), fit
with the SRO model (the bottom continuous line), including the longer range ferromagnetic
correlations (the upper dashed line). In inset the temperature dependence of correlation length Lc as
obtained from Lorentzian fit of =0 peak.

The SANS signal was fitted by a Lorentzian function:

A Kk
1(q) ==
@ 7 k?+q?

[IV.4]

where A and k are the norm and the half width at half maximum of the Lorentzian curve,
with k =1/L. . We evaluate the correlation length of these ferromagnetic correlations to 20(8)

A. Considering the relative magnitude of the Tb and Mo local moments and the fact that Th-
Mo and Mo-Mo correlations are antiferromagnetic, we attribute this signal to ferromagnetic
Th-Tb correlations. Figure 9 shows the fit with the SRO model including the longer range
ferromagnetic correlations (upper dashed line). In inset we show the temperature evolution of
L., showing that it decreases with temperature. We note that the important low temperature

error bars are not due to the statistics (which is of course better at low temperatures), but they
reflect a deviation of the experimental data from a Lorentzian function centered on q=0 as

we considered. This may suggest that the magnetic intensity shows a peak not at =0 but in
q~0-0.22 A *interval, suggesting a small diffuse incommensurable phase.

IV.3.2. (TboglLao),M0,07: ““ordered spin ice”

In this section we analyse the magnetic order observed in (Thgglao2),M0,07. As one
may see in Figure 6e, even for a ~10.378 A> a_ ~10.33 A, meaning that this system situates

in the ferromagnetic region of the phase diagram from Figure 1, the Bragg peaks dominate but
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still coexist with a diffuse magnetic scattering. This shows that the long range order coexist
with short range order.

First we analyse only the long range magnetic order. Here the diffuse magnetic
scattering below the Bragg peaks is considered as a background.

The magnetic Bragg peaks belong to the face centered cubic lattice, showing that the
magnetic structure is derived from the chemical one of Fd3m symmetry by a propagation

vector k= 0. The presence of two magnetic peaks (200) and (220) forbidden in the
pyrochlore structure, suggest a non-collinear ferromagnetic structure.
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Figure 10. a: Magnetic diffraction pattern of (Thoglao2).M0,07 versus the scattering vector
q=4rsin@/ A at 1.5 K, with the incident neutron wavelength A = 2.426 A. A spectrum in the
paramagnetic region (70 K) was subtracted. The solid lines show the best refinement (R; =4 %) and

the difference spectrum (bottom). Tick marks indicate the Bragg peaks positions. The background is
also indicated; b: The magnetic structure corresponding to the best refinement: Th and Mo
tetrahedra.

Rietveld refinements of the magnetic diffraction patterns were performed using the
program FULLPROF [Rodriguez-Carvajal'93]. The magnetic structure was solved by a
systematic search, using the program BASIREPS [Rodriguez-Carvajal] and a symmetry
representation analysis [Yzyumov'79, Yzyumov'91]. The basis states describing the Th** and
Mo*" magnetic moments were identified and the symmetry allowed structures were compared
to experiment. Neither a collinear ferromagnetic structure nor the k =0 antiferromagnetic
structure allowed by the Fd3m symmetry group were compatible with the experimental data,
yielding extinctions of several Bragg peaks. This result suggests the existence of a magnetic
component, which breaks the Fd3m cubic symmetry. Consequently, we searched for
solutions in the tetragonal space group 14,/amd , the subgroup of Fd3m with the highest
symmetry, which allows ferromagnetic and antiferromagnetic components simultaneously.
We found that a linear combination of the two basis vectors of the irreducible representation
I'7, for both Tb and Mo, yields a good fit of the experimental data. Details concerning the
symmetry representation analysis are presented in Appendix B.

The best refinement (having an agreement Bragg factor Rg = 4 %) is shown in Figure

10a. In the ordered structure with k =0, the four tetrahedra of the unit cell are equivalent for
both Th and Mo lattices. At 1.5 K, in a given Tb tetrahedron (see Figure 10b), the Tb*"
magnetic moments orient close to the local <111> anisotropy axes connecting the center of
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the tetrahedron to the vertices, with a small angle 6,= 11.6 °. The components along these

<111> axes are oriented in the configuration of the local spin ice structure “two in, two out”
[Harris'97]. Their ferromagnetic component orders along a [001] axis. In a Mo tetrahedron
(Figure 10b), the Mo magnetic moments align close to a [001] axis, with a slight tilting by an
angle 6,,=6.8° at 1.5 K. All magnetic correlations are ferromagnetic: Th-Tb, but also Th-Mo

and Mo-Mo, the last two in contrast with the spin glass Th,Mo0,0;.

We underline that (ThoslLag2)2M0,07 is characterized by a non-collinear ferromagnetic
long range order and that the Th** magnetic moment orientation within one tetrahedron is
close to that of a spin ice. Therefore we also called (ThoglLap2)2M0,07 an “ordered spin ice”
like Th,Sn,07 (see Chapter 111.3.1), although it also involves the Mo** magnetism.

In Table I1I are shown the values of the magnetic moment components M,, M, and
M, of the four Th*" and Mo™ atoms of one tetrahedron, at 1.5 K. The values of the ordered

magnetic moments are: M©=4.66(2) ug and M ° =0.64(3) pe, respectively. We notice that

these values are reduced from the free ion values of 9 pg and 2 ug, respectively. For Tb, this
strong reduction is partly explained by a change of Tb environment when diluted with the
non-magnetic La ions, but it should also come from crystal field effects. As for Mo, it could
arise either from quantum fluctuations due to the proximity of the threshold or from the
frustration of the orbital component of the Mo moment [Solovyev'03].

Site X y z M, (uB) M y (uB) M, (uB)
Thl 0.5 0.5 0.5 225(1) | 225(1) | 3.40(1)
Tb2 0.25 0.25 0.5 225(1) | 2.25(1) | 3.40(1)
Th3 0.25 0.5 0.25 225(1) | -2.25(1) | 3.40 (1)
Th4 05 0.25 0.25 225(1) | 225(1) | 3.40(1)
Mol 0 0 0 20.05(1) | -005(1) | 0.64(1)
Mo2 20.25 20.25 0 0.05(1) | 005(1) | 0.64(1)
Mo3 20.25 0 20.25 0.05(1) | 0.05(1) | 0.64(1)
Mod 0 20.25 20.25 0.05(1) | -0.05(1) | 0.64(1)

Table I11. The magnetic moment components My, M, and M, of the four Tb** and four Mo** atoms of
one tetrahedron at 1.5 K. The atomic coordinates expressed in unit cell units are also given.
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Figure 11. Tb*" and Mo** ordered magnetic moments versus temperature (left) and the angles 4 and
&, made by Tb*" and Mo** moments with the local anisotropy axes <111> and the [001] axes,
respectively (right). Solid lines are guides to the eye.
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The temperature dependence of Th** and Mo*" ordered magnetic moments deduced
from refinements with the non-collinear ferromagnetic model is plotted in Figure 1la.

BelowT,, M+ keeps increasing till to the lowest measured temperature of 1.5 K, while

M i° starts to increase but below ~ 40 K is almost temperature independent. The two tilting

angles seem to decrease when decreasing temperature (see Figure 11b,c). In FULLPROF
analysis we used the Thompson-Cox-Hastings pseudo-Voigt peak shape function as presented

in Chapter I1. The correlation length L is deduced from the intrinsic peak width. At 1.5 K,
RO ~ 3700 A.

As we have already noticed at the beginning of this section in (Thoglao2).M0,07 the
long range magnetic order coexists with a short range one corresponding to a diffuse
scattering which appears below the Bragg peaks. This short range order appears below about
40 K. In the following, we analyse the system using a two phases model. This time the diffuse
scattering is no more included in the background but considered as a second phase.
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Figure 12. (Thyslag,).M0,07: a. Magnetic diffraction pattern versus the scattering vector g at 1.5 K.
Solid lines show the best refinement with the two phases model (Rg,=2.42 % and Ry, = 10.31 %)

and the difference spectrum. Tick marks indicate the two phases Bragg peaks positions; b.
Background contribution; c-d. The calculated magnetic intensity corresponding to the LRO and SRO
phases, respectively. For clarity, the scale of SRO signal was reduced by 5.

The short range order has the same symmetry as the long range order. The best
Rietveld refinement with FULLPROFF [Rodriguez-Carvajal'93] of T = 1.5 K spectrum is
shown in Figure 12a. The agreement factors are: Ry, = 2.42 % and Ry, = 10.31 % for the first
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long range and the second short range phase, respectively. The contribution of background,
LRO and SRO phases to the calculated total magnetic intensity are shown in Figure 12b-d.
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Figure 13. (ThegLag,),M0,0;: a-b. Temperature dependence of Tb** and Mo** ordered magnetic
moments corresponding to the LRO and SRO phase, respectively, as obtained from 1 and 2 phases

models; ¢. The temperature variation of the correlation length LERO as determined from the two phases
model with LS fixed at 3700 A (see text).

We fixed the correlation length of the LRO moments at the value obtained in one
phase model (3700 A) and fitted the magnetic moments for the two phases and the correlation
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length of the SRO moments. For 1.5 K we found that the LRO moments are close (in value
and orientation) to those from the one phase model: (i) M+°=4.68(2) g, with 6,=11.5 ° and

(i) M °=0.64(3) us, with §,=6.6 °. We also evaluated the SRO magnetic moments: (i)
M =4.3(2) us, with 6,~33 ° and (i) M °=0.2(5) ug, With @, ~22 °. Their orientation

roughly suggests that this SRO phase is much less ferromagnetic than the LRO one (where
Th-Th, Th-Mo and Mo-Mo correlations are all ferromagnetic). The total moments, calculated

as M =MZo +M&y , are My, =6.3(1) ug and M,,,=0.7(2) us, respectively. As one may
see they are still well reduced from the free ion values of 9 pg and 2 pg, respectively. At
T =1.5 K the SRO moments are correlated over ~ 17.9 A.

Figure 13a shows for comparison the temperature evolution of the LRO magnetic
moments as obtained from the two phases and one phase model, respectively. They have

almost the same temperature evolution: M<° is almost T independent below 40 K, while

M keeps increasing below T, . M F° and M *° appear below 40 K and have a smoother

temperature evolution (Figure 13b). Their correlation length decreases when increasing
temperature (Figure 13c).

1V.3.3. (Tbgglag1),M0,0-: threshold region

The (TbgolLag1),M0,0; with a=10.346 A is situated just above the critical threshold
(a, ~10.33 A). As shown in Figure 6c, Lorentzian peaks start to grow at the position of the

diffuse maxima.

The Rietveld analysis proved to be more complicated in this case. First, in contrast
with the x=0.2 system where the magnetic Bragg peaks are well defined, for x=0.1 it is more
difficult to separate the Lorentzian peaks from the diffuse scattering. Secondly, there is
another problem that might appear when working with subtracted spectra: the temperature
dependence of the lattice parameter. Considering the diffraction Bragg’s law 2dsind= A4,

with the interplanar distance d =a/+/h®+k?*+I® for our cubic lattice (h,k,I are the Miller’s

indices): for A4 =const. a temperature evolution of the cell parameter a means a temperature
variation of sin@. A subtracted spectrum supposes that from a low temperature spectrum (a
sum of nuclear and magnetic intensity) we subtract a high temperature one (in the
paramagnetic region meaning only the nuclear intensity). When the contribution of the
magnetic signal is important, we are able to subtract the two spectra without too much bother
with the effect of temperature. It is the case of x=0.15 and 0.2 long range ordered samples. It
is not the case of the other three x=0, 0.05 and 0.1 characterized by the presence of
mesoscopic and short range magnetic order. Furthermore, for x=0 and 0.05 samples we can
simply exclude the region with subtraction problems, without affecting significantly the short
range correlations analysis. For x=0.1, it is the worst situation: for the peak (222) we are not
able to make a correct subtraction. Therefore in first instance we exclude this peak and make
the Rietveld analysis with only five peaks.

As for x=0.2 system, the magnetic Bragg peaks belong to the face centered cubic

lattice and superimpose on the nuclear ones. Therefore, the propagation vector is k =0. The
presence of (200) and (220) magnetic peaks suggest also a non-collinear ferromagnetic
structure. We performed Rietveld refinements with FULLPROF [Rodriguez-Carvajal'93]
starting from the magnetic structure found for x=0.2 compound.
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First we considered a one phase model (more reasonable taking into account the
reduced number of peaks). First, we tried to fit the Lorentzian peaks and hence the diffuse
scattering was included in the background. For T=1.4 K, the best refinement (R; =7.89 %)
is shown in Figure 14a. In a Tb tetrahedron, the spin configuration is close to that of x=0.2
sample: (i) Tb®* magnetic moments orient close to the local <111> anisotropy axes, with
6/ ~ 10 °; (ii) the components along <111> orient in the configuration “two in, two out” of a

spin ice. The Mo moments make an angle &, ~65° with the [001] axis. The correlation
length, deduced from the intrinsic peak width, is ~ 70 A showing a mesoscopic range order.

The magnetic moments at 1.4 K are: M"° =4.4(1) ugand M "° =0.4(1) ps.
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Figure 14. (ThogsLag1),M0,0;: the magnetic intensity versus the scattering vector g =4zsind/ A at

1.4 K, with 2 =4.741 A. A spectrum in the paramagnetic region (100 K) was subtracted. a and b
correspond to the two possible magnetic structures resulted from Rietveld refinements using a one
phase model with two different backgrounds as described in the text. The solid lines show the best
refinement and the difference spectrum (bottom). Tick marks indicate the Bragg peaks positions. The
background is also shown.

If for x=0.2 the Bragg peaks clearly dominate the SRO phase, it is not the case of this
system. Here it is more difficult to consider the diffuse scattering as background. Therefore,
we did a second analysis using also the one phase model, but this time we defined a non-
modulated background. The best refinement (R; =9.76 %) is shown in Figure 14b. In a Tb
tetrahedron, Th®* moments orient again close to the “two in, two out” configuration of a spin
ice making an angle of 6" ~20 ° with the <111> axes. The Mo moments make an angle
0" ~ 45° with the [001] axis. The correlation length is reduced at ~ 55 A (this fact is expected

since all short range order is taking into account in the fit). The magnetic moments are:
M =5.0(2) ugand M=° =0.5(2) pag.

Mo
Finally, we tried a two phases model: MRO+SRO. To reduce the number of
parameters we fixed the correlation length L™ ~ 70 A and also the Tb** magnetic moments

of both phases to the values corresponding to the magnetic structure from Figure 14a. The
best refinement (R, =3.3 %) is shown in Figure 15a. The Mo*" ordered magnetic moment is

~ 1.3 ug for both phases, while the angles made by Mo*" moments with the [001] axis are ~
13° and ~ 75° for the MRO and SRO phases, respectively. In Figure 15b, we show the best
refinement (R; =3 %) with the two phases model, but with a “reconstructed” data file (we

simulated the (222) peak using a Lorentzian function). Fixing the same parameters as above
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we obtain comparable results: the Mo ordered magnetic moment is ~ 1.3 pug for both phases,
while the Mo moments make angles of ~ 16 ° and ~ 80° with [001] axis in MRO and SRO
phases, respectively. The correlation length of the short range phase: L&*°~ 15 A (with or

without (222) peak data).
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Figure 15. (Thoglao1),M0,07: the magnetic intensity versus the scattering vector q at 1.4 K, with 1 =

4.741 A and a 100 K spectrum subtracted. a. The magnetic structure resulted from Rietveld
refinements with a two phases model as described in the text; b. The same model tested when the (222)
peak is taken into account. The solid lines show the best refinement and the difference spectrum
(bottom). Tick marks indicate the Bragg peaks positions. The background is shown.

In consequence, with a one MRO phase model we use less parameters and the values
of the magnetic moments are more realistic. We obtained two possible solutions. Within this

model we determine: LY*° ~55-70 A. In the two MRO+SRO phases model the values of the

Mo ordered magnetic moment are overestimated in comparison to those obtained for x=0.2:
~ 1.3 pg instead of ~0.6 ug. We underline however that they are still reduced with respect to
the free ion value of 2 pg. The advantage of this model is that it gives: L™° ~ 15 A,

The interesting result is that all these models suggest the same ideas: (i) the x=0.1
compound also has a non-collinear magnetic structure, but with more important canting
angles showing a stronger antiferromagnetic character than for x=0.2 and (ii) shorter

correlation lengths with regards to x=0.2: L¥"°(x =0.1) ~55-70 A << Lg*°(x =0.2) ~ 3700 A.

1V.3.4. Discussion

After analysing in details three representative samples, x=0 (x <X, ~0.06), x=0.1
(situated in the threshold region) and x=0.2 (x > X, ), we briefly present the results concerning
the other two, x=0.05 and x=0.15.

As already shown in Figure 6b, the x=0.05 compound has a behaviour similar to that
of x=0: a diffuse magnetic scattering for q=0.5—2.5A" and an intense SANS signal for
q<0.5 A We analysed this compound using the same short range model as in section
IV.3.1. Figure 16 shows the temperature evolution of the correlation parameters. As for x=0,
the Tb-Tb correlations are ferromagnetic (y,,,>0), while Tb-Mo are antiferromagnetic

(7, <0). However, we note that the absolute values of these parameters are all increasing
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when passing from x=0 to x=0.05, indicating that both F and AF correlations increase by
Th/La substitution. This result is in agreement with the presence of more pronounced diffuse
maxima for the x=0.05 sample (see Figure 6 a,b).
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Figure 16. (Tby4Lay),M0,07, x=0 and 0.05: comparison between the temperature evolution of the
correlation parameters y; (i =1-4) as obtained from the SRO model.
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Figure 17. (Tby4Lay),M0,07, x=0.15 and 0.2: a. Temperature evolution of the long range ordered
magnetic moments of Th*" and Mo**; b-c. The angles & and 6, made by Tb** and Mo** moments with
the local anisotropy axes <111> and the [001] axes, respectively.

Per contra, the x=0.15 compound has a behaviour similar to that of x=0.2 (see Figure
6d). It is characterized by the presence of Bragg peaks, which coexist with a diffuse magnetic
scattering below ~ 40 K. The Rietveld analysis shows that x=0.15 is also an “ordered spin
ice”, where all magnetic correlations are ferromagnetic. The temperature evolution of the Th**
and Mo*" long range ordered moments is shown in Figure 17, as well as the evolution of
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angles made by Tb** and Mo*" moments with the <111> and [001] axes, respectively. For
comparison we plot also the x=0.2 results. One may clearly see the similarities. We note that,
contrary to our expectations, at low temperature the Th** magnetic moment is bigger in the
case of x=0.15. However this result is in agreement with our magnetic measurements. As one
may see in Figure 2d,e, the low temperature magnetization of x=0.15 exceeds that of x=0.2.

At 1.4 K the correlation length of the long range ordered phase is L-"° ~1400 A. For the
short range ordered phase, at 1.4 K, the correlation length is L° ~17.6 A and the magnetic
moments are M ;° =3.8(2) ugand M i° =0.5(3) pe.

At the end of this section we summarize the results for the whole (Tbh;xLax).M0,07
series. As one can easily see the dilution of Th by La expands the lattice and induces a change
from a spin glass like state to a non-collinear ferromagnetic (“ordered spin ice”) state. The
neutron diffraction allows the microscopic study of this transition. It shows the spin-spin
correlations evolution from only Th-Tb ferromagnetic correlations in the spin glass state to all
ferromagnetic. It also shows that the Th®* and Mo*" ordered magnetic moments are almost
constant, when increasing the amount of La (see Figure 18). We note that the latter result
corresponds to a drop of the correlation length from 3700 A (x=0.2) to 70 A (x=0.1).
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Figure 18. (Thy4Lay),M0,07, x=0.1-0.2: Tb*" and Mo** ordered magnetic moments versus La
concentration x. For x=0.1 the two possible solutions obtained using the one phase model are
indicated (the lower value corresponds to a background which takes into account the diffuse
scattering; the upper value corresponds to a non-modulated background). x.~ 0.06 marks the critical
threshold. The lines are guides to the eye.

(Tbxl-802Mo,Or L &) L™ &) L5 &)
x=0 7.3 — —
x=0.05 7.3 — —
x=0.1 15 ~55-70 —
x=0.15 17.6 — ~1400
x=0.2 17.9 — ~3700

Table 1V. The correlation length L. of all magnetic phases (short, mesoscopic and long range ordered)
as obtained from the neutron diffraction analysis at 1.4 K and q > 0.5 A™.

Table IV and Figure 19 summarize the results concerning the influence of La
substitution on the correlation length L, as deduced from the analysis of magnetic intensity
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for q>0.5 A™: (i) for x=0 and 0.05 (x< X.) there is only the diffuse scattering phase

revealing correlations only up to the fourth coordination cell, i.e. 7.3 A; (ii) for x=0.1 (situated
in the threshold region) Lorentzian peaks reveal mesoscopic range order, which coexists with
short range order; (iii) for x=0.15 and 0.2 (x > X, ), the coexistence of Bragg peaks and of the

diffuse scattering shows the presence of two well separated phases, short and long range
ordered, respectively.

2D 1 T T T T 1 T T T T 1 T T T T 1 T T T T 1
[ (Tb, La).Mo O, [ I 5000
[ T=1.4K | ! 1000 =
—~ 15| ® SRO l al <
$ | A MRO x; 0.0?,’ J ”,J_ 8
o . m LRO © 13000 J
g | L 3
_lu B 1 r" ’,’ %
10 i:" ,’/ 42000 _|U
[ 111 ,I/
L —— N A
et - .’ {1000
5L L ", 1 L0
0.00 0.05 0.10 0.15 0.20

X

Figure 19. (Tby4Lay).M0,07, x=0-0.2: the correlation length L. evolution with the La concentration x,
corresponding to short, mesoscopic and long range order as determined from neutron diffraction at
1.4 K for q > 0.5 A™. The corresponding values are listed in Table IV. x.~0.06 marks the critical

threshold. The lines are guides to the eye.

Of course, for all samples, there is also the SANS signal at q<0.5 A indicating
ferromagnetic correlations. Using a Lorentzian fit, we were able to evaluate the corresponding
correlation length (~ 20 A) for x=0. For the others samples a similar analysis was more
difficult due to less experimental data points. It roughly suggests that in all cases these
correlations persist to be short range ordered, above four neighbour distances, but we cannot
discuss their evolution with the La concentration.

IV.4. uSR: spin dynamics

The neutron diffraction allowed the study of the magnetic order. We showed that for
(ThyxLay).M0,07 series the Th/La substitution expands the lattice and induces the transition
from a spin glass (x=0, 0.05) to an “ordered spin ice” (x=0.15, 0.2), passing through a
threshold region (x=0.1). The Muon Spin Rotation and Relaxation (uSR) measurements offer
new information on the magnetic order by probing the spin fluctuations and the static field
below T.. The ambient pressure SR measurements were performed on the GPS and DOLLY

instruments of the Paul Scherrer Institute (PSI).

IV.4.1. (TbolgLao_2)2M0207

For (ThogslLap2)2M0,07 the time dependence of the muon spin depolarisation function
was recorded in zero applied field, from 200 K down to 1.7 K. Figure 20 shows some
relaxation curves below and above T, , with the corresponding fit curves.
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1.0

Time t (us)

Figure 20. (Tbgglag,).M0,0; ambient pressure 4SR results: the total muon spin depolarization
function P, (t) (the background term is taken into account) for three temperatures: 1.7 K, 30 K and

70 K. The inset shows the early time region (t< 0.15 us) of the T=30 K spectrum, where the wiggle
characteristic of static order is visible. Lines are fits as described in the text.

The total fit function is written as:

P, (t) =0.9P, (t) + 0.1exp(-0.1t) [IV.5]
where the exponential term corresponds to the background contribution from the cryostat
walls. It was determined at 70 K in a transverse field of 50 G. P, (t) is the muon spin

depolarisation function corresponding to the sample. For T >T., the best fit corresponds to a
stretched exponential:

P, (t) =exp(-At)’, T>T, [IV.6]

where A is the muon spin relaxation rate. For T <T., the function chosen for fit is that

expected for a magnetically ordered state of a powder sample as described in Ref. [Réotier'04,
Réotier'97]:

P, (t) :%exp(—ﬂzt)ﬁ +%exp(—/1Tt)cos(;/ﬂ (Boo)t), T<T. [IV.7]

In [1V.7], the first term governs the long-time relaxation and corresponds to the muon
spin depolarisation by spin fluctuations perpendicular to the direction of the muon spin. There
are two parameters of interest which reflect the spin dynamics: the longitudinal relaxation rate
A, and its exponent S . The second term takes into account the strong depolarisation and the

wiggles seen in the early times region (t<0.15 ps, see Figure 20 inset) and reflects the
precession of the muon spin in the average local field at the muon spin site. There are also
two parameters of interest: the transverse relaxation rate A, and the average local field

(Boe). Ar can have both static and dynamical character, but considering A, >>1, (see
below) we associate it to the distribution of the static local field. y, is the muon
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gyromagnetic ratio (;/!1:27z><1.3554><108 radxs*xTesla™). The expressions [IV.6] and

[IV.7] are expected to merge in the high temperature limit, when the dynamics of Tb*" and
Mo*" moments is fast, yielding: 4, =4 =4, (B, )=0 and g=1.
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Figure 21. Ambient pressure 4S