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Introduction 

This thesis concerns the evolution of the magnetic properties of sorne 
solid solutions based on light actinides. Even if this problem appears 
specialized, we must not forget that the main actors in the magnetic 
properties of the matter are the electrons. The electrons in solid state 
physics present su ch a variety of behavior th at a parti de physicist might 
be tempted to baptize them as millions of entirely new particles. In 
strongly correlated systems "electrons", may be thousands of times 
heavier than free electrons, may be extended or localized, may also be 
well defined or not, and even couple between them as in superconduc
tors. 

The work reported in this thesis is an attempt to improve our com
prehension of the behavior of a particular kind of electrons. The 5 f 
electrons of actinides systems. The behavior of these electrons is so 
peculiar that, in the early 50's, when the nuclear era, and, as a conse
quence, the study of the actinides started, they were not immediately 
identified as being in f orbitals. 

An overlook on actinides can be found in Ref. [1~4]. Here we limit 
to cite like examples the astounding property of solid Pu to float in its 
liquid, and the new result on UGe2 , which exhibits, under pressure, the 
coexistence of the ferromagnetism and superconductivity. This result is 
very important as it might open the way for new electronic approaches 
to non-conventional superconductivity. 

The parent compounds of the solid solutions that we have studied 
belong to the light actinide (An = U, Np, Pu) monopnictides AnX 
(X= N, P, As, Sb, Bi) and monochalcogenides AnY (Y= S, Se, Te) 
families, all with the fee N aCl type structure. 

Since the beginning of research on An compounds, these families 
of compounds have been studied widely. But, despite considerable 
experimental [5] and theoretical effort [6], their physical behavior is far 
from understood. ln particular, the ground state and the respective 
influence of crystal fields and interactions, which involve hybridization 
effects, are not easy to determine. This problem will be the main point 
in the first chapt er. 
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6 Introduction 

Among the AnX and the An Y compounds the uranium monochalco
genides are classified as strongly hybridized [5]. They all arder ferro
magnetically at rather high temperature and are highly anisotropie 
ferromagnets with magnetic moment confined along the (111) direc
tion. The ordering Curie temperature decreases from 180 to 104 K 
going from US to UTe whereas the paramagnetic and the ordered mag
netic moment, both strongly reduced compared to the expected values 
for a trivalent or tetravalent uranium ions, increase with increasing the 
cation size. 

For these ferromagnetic compounds the dilution of the paramag
netic ions (U) with the diamagnetic ones (La) was thought to reduce 
the exchange and to give access to the single-ion features. The reality 
is much more complexas shawn in the chapters dedicated to the study 
of the US-LaS and similar systems. In the 70's an accurate study was 
performed on US diluted with ThS [7] and revealed complex behavior, 
with a collapse of the long-range ferromagnetic ordering at x ,....., 0.43, 
far above the percolation limit x,....., 0.15 [8, 9], but as This tetravalent, 
whereas U from band calculation in US should have a valence near to 
3+, this substitution almost certainly changes the chemical potential 
of the system and, in this respect, it is more similar to the study on 
the Np based solid solution reported in chapter 5. In that case, the 
solid solutions studied are made by a combination of a Np monop
nictide with a Np monochalcogenide. Whereas, the UX compounds 
are all antiferromagnets(AF) and the UY are all ferromagnets(FM), 
this simple division is not found in the analogous Np compounds, and 
possibly the biggest surprise is the lack of any magnetism in the Pu Y 
compounds [10, 11]. 

The experiments presented start with N pAs and proceed to add 
Se. Since the valence of the pnictogen is 3-, whereas that of the 
chalcogen is 2-, it was initially thought that a valence change of the 
cation would occur as a function of the solid solution concentration. 
The actual situation is much more complex. Substituting Se adds one 
p electron, presumably to the conduction band, thus modifying the 
chemical potential and the hybridization, as described more in detail 
in the first chapter. Studies of this sort have been pursued mainly in 
the UX-UY systems [12, 13], whereas in the Np based systems only 
studies in the NpSb-NpTe system are available [14]. Despite both the 
parent compounds being AF, 5% doping of Te is enough to induce a 
mixed magnetic ordering at low T, resulting from a FM component 
along (11 0) and an AF one along (0 0 1) . The authors concluded that 
moments are alternatively close to (111) and (111). At 10% doping of 
Te the solid solution is purely FM with moments along (111). 



Introduction 

An effort to look at all the studied systems from different perspec
tives and to involve people in this study was one of the main goal. I 
think that, even when the experiment was a failure, from each tech
nique that we have used, and from each person I have met, I have learnt 
something. Moreover, using different techniques I have directly appre
ciated their complementarity. The tool that we have used mostly for 
the study presented here is the neutron. The neutron is an invaluable 
probe of matter for many reasons. The most beautiful property is, in 
my opinion, that it only weakly interacts with the investigated system. 
This allows us to measure directly the correlation functions of the sys
tem in all the positions of the ( Q, w )-space neglecting completely the 
influence of the neutron on the system. 

Cette thèse concerne l'évolution des propriétés magnétiques de certaines solu
tions solides de composés d'actinides légers. Même si ce problème peut paraÎtre 
spécialisé, nous ne devons pas oublier que les acteurs principaux des propriétés 
magnétiques de la matière sont les électrons. Les électrons dans la physique de 
l'état solide présentent une telle variété de comportements qu'un physicien des par
ticules élémentaires pourrait être tenté de les baptiser comme des millions de nou
velles particules. Dans les systèmes à électrons fortement corrélés les "électrons", 
peuvent être des milliers de fois plus "lourds" que les électrons libres, avoir un 
comportement étendu ou localisé, avoir un caractere plus ou moins bien définis et 
encore se coupler pour donner lieu à de la supraconductivité. 

Le travail, objet de cette thèse, est un tentative d'améliorer notre compréhension 
d'un type particulier d'électrons: les électrons 5/ dans les composés d'actinides. 

Le comportement de ces électrons et tellement particulier que, dans les années 
50, lorsque l'ère nucléaire commença, et, comme conséquence, l'étude des actinides 
démarra, ils ne furent pas immédiatement identifiés comme appartenants aux or
bitales f. 

Une revue des propriétés des actinides est donnée dans les Réf. {1-4}. Nous 
citerons comme exemples caractéristiques la stupéfiante propriété du Pu solide de 
flotter sur son liquide et les résultats de nouvelles expériences sur le système UG01, 
qui ont révélé, sous pression, la coexistence du ferromagnétisme et de la supracon
ductivité. Ce résultat est très important puisque il pourrait ouvrir la route vers des 
nouveaux modèles électroniques de la supraconductivité non-conventionelle. 

Les composés à l'origine des solutions solides que nous avons étudiées font partie 
des monopnictures AnX (X = N, P, As, Sb, Bi) et monochalcogenures An Y (Y = 
S, Se, Te) d'actinides légers (An = U, Np, Pu), tous avec la structure cfc de NaCl, h 

qui ont été très étudiées dès le début de la recherche sur les composes d'An. Mais, 
malgré les remarquables efforts tant expérimentaux {5} que théoriques {6}, leur com-
portement physique est loin d'être compris. En particulier, l'état fondamental et 
l'influence respective du champ cristallin et des autres interactions, qui impliquent 
l'hybridation, ne sont pas faciles à déterminer. Ce problème sera l'objet principal 
du premier chapitre. 

Parmi les composés AnX et An Y les monochalcogénures d'uranium sont classés 
comme fortement hybridé {5}. Ils s'ordonnent tous ferromagnétiquement à des 
températures plutôt élevées et cet ordre est très anisotrope avec les moments 
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Introduction 

magnétiques ccnfinés selon la direction (111). Les températures de Curie baissent 
de 180 à 104 K en allant du S au Te tandis que les moments, tant paramagnétiques 
qu'ordonnés, sont très réduits par rapport aux valeurs attendues pour l'ion uranium 
trivalent ou tétravalent, augmontent en augmentant la taille du cation. 

La substitution d'ions paramagnétiques (U) par des ions diamagnétiques (La) 
était censée réduire l'interaction d'échange dans ces composés ferromagnétiques de 
façon à pouvoir accéder aux propriétés des ions isolés. La réalité est beaucoup plus 
complexe comme on le verra dans les chapitres dédiés à l'étude de US-LaS et de 
systèmes similaires. Dans les années 70 une étude très soignée réalisée sur US dilué 
avec du ThS {7} avait déjà révélé un comportement complexe, avec une disparition 
de l'ordre ferromagnétique à grande distance pour x ,...., 0.43, très loin du seuil de 
percolation x ,...., 0.15 {8, 9}. Cependant comme le Th est tétravalent, contrairement à 
l'uranium, qui dans US, selon des calculs de bande devrait avoir une valence proche 
de trois, cette substitution modifie certainement la valeur du potentiel chimique 
du système et, dans cet aspect, elle est semblable à celle du système à base de Np 
rapportée dans le chapitre 5. 

Dans ce cas, la solution solide étudiée est une combinaison d'un monopnic
togénure et d'un monochalcogénure de Np. Tandis que les composés UX sont 
tous antiferromagnétiques et les composés UY tous ferromagnétiques, une telle 
systématique ne se trouve pas dans les composés analogues à base de Np, et la plus 
grande surprise est due à l'absence d'ordre magnétique à grande distance dans les 
PuY {10,11}. 

Les expériences présentées ici commencent avec NpAs auquel on substitue du 
NpSe. Puisque la valence du pnictogène est 3-, et celle du chalcogène est 2-, on 
prévoyait un changement de valence du cation en fonction de la concentration de la 
solution solide. La situation réelle est beaucoup plus complexe. La substitution de 
l'As par du Se rajoute un électron p, probablement dans la bande de conduction (cf. 
chap.1), les études de ce type ont été principalement conduites dans les systèmes 
UX-UY {12, 13}, tandis que dans les systèmes à base de Np seule une étude du 
système NpSb-NpTe a été réalisée {14}. Bien que les deux composés d'origine soient 
AF, 5% de dopage suffit pour induire un ordre magnétique mixte à basseT, qui est le 
résultat de la superposition d'une composante FM selon (11 0) et d'une composante 
AF selon (0 0 1) . Les auteurs en concluaient que les moments sont alternativement 
près de (111) et de (11I). 

Durant ce travail les systèmes que nous avons étudiés ont été abordés selon 
différents points de vue experimentaux et ont impliqué de nombreaux autres chercheurs. 

Même quand les expériences ont été des échecs, je pense avoir appris beaucoup 
de chaque technique utilisée et de chaque personne rencontrée. En outre, en utilisant 
des techniques différentes j'ai pu en apprécier les aspects des complémentarité. 
L'outil dont nous avons profité le plus pendant cette étude est le neutron qui est 

sans doute et pour plusieurs raisons un des outils plus performants dans l'étude de 

la matière. A mon avis la plus belle propriété qu'il possède est que son interaction 

avec la matière est faible. De ce fait il permet l'étude des fonctions de corrélations 

du système dans tout l'espace (Q,w), sans influence du neutron sur le système. 



Chapter 1 

Introduction to the physics 
of light actinides 

Dans ce chapitre les caractéristiques particulières des électrons 5f seront intro
duites dans le contexte de calculs théoriques {15, 16} et du comportement observé 
dans certains systèmes modèles pour les composés d'actinides légers et de terres 
rares. Le problème du choix d'un modèle théorique approprié face à la dualité 

des électrons 5f sera traité dans le cas simple d'un atome isolé dans un solide en 
présence d'un ligand. L'interêt d'étudier les solutions solides, moyen de modifier 

sous "contrôle" les interactions entre les électrons f sera également discuté. Enfin, 
un paragraphe sera dédié au rôle joué par la symétrie des orbitales électroniques f 
dans la stabilisation des structures magnétiques. 

In this chapter the peculiar features of 5/ electrons will be intro
duced with the help of theoretical calculations [15, 16] and comparisons 
between the behavior observed in sorne "simple" model systems based 
on light actinides and isostructural compounds based on sorne rare 
earths. The problem of the choice of a correct theoretical frame in or
der to treat the dual nature off electrons will be discussed as well as 
the effect on the ground state of hybridization and exchange interac
tions in the simple case of a "solid state" atom with a ligand field. The 
reasons to perform study on solid solution as a way to change "under 
control" the interactions in the system are discussed. Finally, the role 
of the symmetries of the orbital in determining the magnetic structures 
will be addressed [ 6]. 
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10 Introduction to the physics of light actinides 

1.1 The dual char acter of 5 f electrons in light ac
tinides 

Correlated f electron systems in light actinides and Ce compounds 
have a wide range of J electron delocalization, varying from "almost 
localized" to "almost itinerant" depending on the chemical environ
ment. Historically the techniques to treat strongly correlated 5f elec
trons developed from the localized point of view. Whereas the "almost 
localized" approach describes well sorne properties observed in cerium 
monopnictides and monochalcogenides, it is questionable the validity of 
this approximation for uranium monopnictides and monochalcogenides. 

1.5 

0.5 

0.5 

- YbSb 
,. ,. , ErSb 
,,,,,,,, TbSb 

1 1.5 2 
r( atomic unit) 

Nd Sb 
USb UTe 

2.5 3 

Figure 1.1: Square off state functions versus radial distance [15]. 

In fig. 1.1 we reproduce from Ref. [15] the calculated squared mag
nitude of the radial wave-function i'lfJ(r) 1

2 for various rare earth anti
monide compounds and for USb and UTe. It is very evident that the 5f 
electrons in the U compounds are much more delocalized than the 4f 
electrons in the isostructural rare-earth compounds. The same authors 
estimate the percentage of f charge outside the so called "muffin-tin 
sphere" (the leaking charge to the localized approach). 

In U based compounds the charge leakage (Table 1.1) is more than 
one order of magnitude larger than that of heavy rare-earth materials 



1.1 The dual character of 5f electrons in light actinides 

YbSb Er Sb TbSb NdSb Ce Sb USb UTe 
0.18% 0.25% 0.21% 0.60% 1.6% 4.0% 3.1% 

Localized ___, weakly ___, almost 
delocalized itinerant 

Table 1.1: Percent age of the f charge outside the "muffin-tin" sphere, taken 
by ref. [15] 

and 2 or 3 times larger compared to CeSb. Even if the amount of 
charge leaking is quite small it plays a crucial role. In fact it provides 
an indication that 5/ electrons can self-banding and this is a major 
difference between light rare-earth and light actinides. A second indi
cation of the increased importance of hybridization in actinide-based 
compounds between f and non f states cornes from the comparison 
between three density of states for USb (fig.1.1 left) [15] and CeSb [16] 
(fig.l.1 right). In the top panel is shown the pure f band, in the 
middle the non-f states, and in the bottom panel the total hybridized 
f- (non-!) densi ty of states. The shape of hy bridized spectra is strongly 
altered in USb, whereas it is basically a simple addition of the two spec
tra evaluated without including hybridization in the case of CeSb. This 
indicates that the mutual influence between hybridization and the pos
sibility of self-banding can be neglected in Ce based monopnictides. On 
the other hand, in U compounds this mutual influence is strong and is 
completely neglected from the core point of view. Recently, approaches 
to treat the 5 f electrons from a "band point of view" have been devel
oped. The main difference between the "core" and the "band" point 
of view is that they start respectively from a basis state sets in posi
tion and in momentum space, which are obviously related by Fourier 
transform. Even if at this level the two approaches are equivalent, they 
lead to completely different approximations and results. At present the 
"band" point of view includes hybridization in the band scheme but 
still treats magnetic exchange from a localized point of view, so that it 
is a mixed approach. It is important to make the distinction between 
this "band" point of view and the ordinary band theory. 

In order to give a more precise idea of the role of the various inter
actions in describing the physics of correlated f electrons we introduce 
an oversimplified version [17] for a single "solid state" atom of the com
bination of the Kondo and the Anderson Hamiltonian that is used to 
describe the system: 

H=Ho+H1, (1.1) 
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Figure 1.2: Comparison between the density of states (DOS) of USb on the 
left and CeSb on the right. The states below the Fermi level are in gray. 
In the (a) panel there is the pure f density of states, in the (b) panel the 
density of non-f states. In the (c) panel the whole hybridized DOS. In the 
USb case an amount of density is transferred from the localized f peak above 
the Fermi level to the hybridized states below the Fermi level. The figures 
on the left are taken from ref. [15], the figures on the right from ref. [16]. 

with 

(1.2) 

and 

(1.3) 

where the fermionic opera tors ft ( Îu) and fJ (}u) crea te (annihila te) 
ligand Il) electrons and If) electrons with spin u respectively. 



1.2 The role of hybridization on the f multiplet 

In the H0 part the re are the kinetic energies of the f state, E 1 and 
of the band ligand state E1, and the intra-atomic Coulomb repulsion 
U. In the limit U -+ oo the double occupancy of the f site is for
hidden. Both the terms in H 1 come from the Coulomb repulsion and 
couple the ligand non-f states with the f states. The first term is the 
hybridization between f and non-f state, and the second term is the 
exchange that also involves f and non f ligand states that act like a 
bridge. Hybridization and exchange enter the Hamiltonian on an equal 
footing and play opposite roles. 

1.2 The role of hybridization on the f multiplet 

When more than one electron is present (U finite) in an external shell 
of an atom these electrons form a multiplet state. In the case of U 
monochalcogenides and monopnictides, there is doubt about the va
lence state but in any case there is more than one f electron. Re
gardless of the mechanism of coupling between these electrons, the 
multiplet wave-function is a linear combination of the product of the 
single electron wave-functions. 

We imagine in order to simplify that there are only 2 f electrons. 
These f electrons are completely equivalent and embedded in the Fermi 
sea created by the band electrons that are described in the oversim
plified Hamiltonian as a ligand state with symmetry depending on the 
crystal environment. It is clear from the previous discussion that the 
borderline between the f and the l state is not clear eut, but, in order 
to have a qualitative idea of the effects of hybridization, it is convenient 
to separate in two types of electrons. The ground state of such a sys
tem, without including hybridization, if the ligand electron is of p type, 
is made by 30 degenerate levels j2p. The p Fermi Sea is coupled with 
the f electrons through hybridization that can put the systems into 
excited states, for example fp 2

, 12 times degenerate without includ
ing hybridization. Hybridization mixes these states in the way shown 
in fig. 1.3. In order to understand on which sub-states hybridization 
acts we consider the operators appearing in the hybridization part of 
the Hamiltonian eq. 1.3. The application of LtÎu does not change the 
spin state of the excited particle, which implies that it mixes singlet 
with singlet. This can be easily calculated in the case of one f electron 
with a ligand l state [18]; basically this result is a consequence of the 
Pauli exclusion principle that sets to zero all the matrix terms with an 
even number of fermionic operator with the same spin state. In the 
case of strong Coulomb repulsion, it can be also easily shown that the 
first excited state is the singlet l2

, which implies that the hybridization 
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14 Introduction to the physics of light actinides 

produces a singlet state as the ground state. Cooper et al. [17] have 
extended this calculation to the case of more than one f electrons and, 
even in this more complex case, hybridization produces a singlet as 
ground state. It is interesting also to analyze the role of the Coulomb 
intra-atomic repulsion U and of the hybridization at the same time. If 
U = 0 there is nothing to prevent the system from fluctuating between 
two states fn and Jn+l and the hybridization can play a role, as it 
moves electrons from the ligand to the f state and vice versa but if 
U is too high the energy to rn ove ( delocalize) an electron becomes too 
expensive, and the system is frozen in an equilibrium position. 
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Figure 1.3: Effect of hybridization (V) on the coupled f 2p states with fp2 

states resulting from explicit calculations involving three-electrons states, 
the favored ground state is a singlet ( taken from Ref. [17]). 

If we consider only the hybridization, this simple model contains the 
key ingredients of the Kondo problem. The ground state is a singlet and 
the low-lying excited states are triplets. At T high enough to populate 
the triplets states the situation is exactly the same as in absence of the 
hybridization and the magnetic character of the electrons cornes into 
play 

1.3 The role of exchange 

The exchange interaction can change this situation leading a triplet to 
be the ground state. Let us start considering only eq.l.2. The ground 
state is made by a 3-fold triplet and a singlet state so it is four fold 



1.4 Playing with interactions! 

degenerate with et.ergy EJ+E1. Considering only exchange perturbation 
for the two electron ground state, (i.e. we set V = 0, completely 
neglect U, and we set only J =/= 0) in the first order of perturbation 
theory, only the term involving states with the same energies must be 
considered. The diagonal terms are zeros whereas the perturbation 
gives off-diagonal terms different from zero only for the triplet states 
with Bz = ±1 , so we obtain a 2*2 hermitian matrix. The degeneration 
of the ground state is lifted and linear combination of two triplet states, 
symmetric or antisymmetric according to the exchange sign, becomes 
the ground state. 

The effect of the exchange is opposite to the effect of hybridization 
and as they have comparable weight a small change in the chemical 
environment can affect J and V in a way that can change dramatically 
the behavior of the systems. We note that whereas hybridization in
volves a valence change and so it is affected by intra-atomic Coulomb 
repulsion, this is not the case for exchange interaction. In this case the 
final state is still of the fl type and the virtual intermediate state does 
not involve any double occupation of the f site so that the actual U 
value is not important. 

Energies of the f,p,d,s lanthanides orbitais 
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Figure 1.4: Energies of the external orbitais in lanthanides. 

1.4 Playing with interactions! 

The main reason to study solid solutions is in the title of this section. 
There are various methods to modify under "control" the properties 
of a system: pressure for example, modifying the lattice parameter 
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16 Introduction to the physics of light actinides 

can change both the exchange and the hybridization. Another way to 
modify the interactions is to change the chemical elements present in a 
material. The effects depend on the type of substitution performed and 
are generally very complex as they are non-linear and moreover they 
act at the same time on hybridization and exchange. Let us consider 
as an example the modification induced by hybridization to the energy 
of one f electron. In the case of forbidden double occupancy of the f 
orbitais: 

(1.4) 

where v>-k_ is the matrix element between the f state of À symmetry 
a, ,u 

and the band state of o: char acter (p or d) and spin a. This term gives 
a measure of the strength of the hybridization. Ef,a and Et are the 
energies of the band states and of the localized f electron. na,k,a and n.x; 
are respectively the occupation of the band states and of the localized 

Energies of the f,p,d,s actinides orbitais 
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Figure 1.5: Energies of the external orbitais in actinides. The filling of the 
5f shell in actinides is not regular. For example from Np to Pu instead of 
leaving an electron in the d shell the number of 5f electrons jumps from 4 
to 6 and the d shell is empty. 

f state. This formula was derived by Thakahasi and Kasuya (19] in 
a perturbative approach for Ce based systems. The situation for light 
actinides compounds where there is more than one electron is more 



1.5 The anisotropy of hybridization 

complicated, but the general features that can be deduced from the 
equation still hold. The strength of the hybridization depends upon: 

1. the number of empty band state (i.e. when increasing the number 
of electrons in the conduction band the hybridization diminishes) 

2. the difference in energy between the band and the localized states; 

We note that these two effects are related, as the f states that par
ticipate in the hybridization are pushed down in energy, the band states 
are pulled up. This increases the number of band empty state, as sorne 
states cross the Fermi energy and so further increases the hybridiza
tion. In fig.1.4 and 1.5 the energies of the external f, p and d levels are 
shown for lanthanides and actinides. The difference in energy being 
more important in lanthanides, the effect of hybridization predicted by 
eq. 1.4 is reduced in lanthanides based systems. A comparison of U 
and Np shows that the effect of hybridization decreases going from U 
to Np based systems. Let suppose that we add an electron in the band 
states of the system. An example is the study performed in chapter V 
on the NpAs-NpSe solid solution. In order to simplify, let us suppose 
the band structure rigid with respect to this substitution. The formula 
above predicts two effects: 

1. The energy difference between the empty band states and the 
localized states increases; 

2. The number of empty band states is reduced. 

Both these effects reduce the hybridization. This kind of substitution 
also affects the exchange, as exchange involves both the band and f 
states. Moreover, with changing the cations the lattice parameter also 
changes, and this directly affects the mat rix element J. Another way 
to act, to influence the exchange interaction is to reduce the number of 
magnetic centers in the systems. This kind of substitution, performed 
for example in the case of the two systems US-LaS and US-LaSe, as 
explained in detail later affects also the hybridization. t• 

1.5 The anisotropy of hybridization 

U p un til now we have not considered the symmetries of the interaction, 
but this aspect must be considered as it leads to complex magnetic 
structures. 

The aspects that we want to note are that [6]: 

17 



18 Introduction to the physics of light actinides 

1. The hybridization of a single f electron with the ligand electrons 
leads to an anisotropy referred to the interionic axis, even if the 
hybridization potential is spherically symmetric; 

2. The presence of more than one f electron, set geometrical con
straints between the f orbitais; 

3. The single ion anisotropy in the presence of a crystalline electro
static field and the hybridization compete to establish the ground 
state; 

4. In a paramagnetic system the hybridization potential is not spher
ically symmetric, but it reflects the lattice symmetries. 

5. In a magnetically ordered system with a spherical potential, the 
hybridization depends in a non linear way on the angle between 
the magnetic moments and the inter-ionics axes. 

These properties result in a strong interaction along the interionic axis 
and much smaller in the other directions. This kind of approach is in
termediate between that based on straightforward electronic structure 
calculations and phenomenological models [20], and was developed in 
an attempt to describe complex anisotropie magnetic configurations. 



1 
i 
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Chapter 2 

Static properties: Neutron 
and X-ray diffraction 

Dans ce chapitre, nous présentons les résultats des études par diffraction de neutrons 
effectuées sur deux systèmes UxLa1-xS et UxLa1_xSe. Une partie des résultats 
obtenus sur le système UxLa1-xS a été publiée dans la réf. {21}. Le comportement 
magnétique des deux systèmes est similaire. Ils sont ordonnés ferromagnétiquement 
pour x > 0.55 et ne présentent aucun ordre magnétique pour de plus faible concen

tration d'uranium. Près de cette concentration critique, la contribution électronique 
à la chaleur spécifique ('y) dans UxLa1-xS double. Les expériences de diffraction 

neutronique ont montré l'existence de certaines anomalies structurales près de la 
concentration critique (xc = 0.57). Malheureusement, à cause de la qualité des 
échantillons, il n'a pas été possible de vérifier la présence d'anomalies similaires 

dans le système UxLal-xSe. Pour mettre en lumière d'éventuelles relations en
tre les anomalies de la structure cristallographique, la disparition de l'ordre fer

romagnétique, et les changement dans le comportement électronique, nous avons 
étudié 1 'évolution de 1 'incompressibilité et 1 'évolution, avec la concentration d'uranium, 
des transitions cristallographiques induite par la pression. 

In this chapter, we will present the results of unpolarized neutron 
diffraction study on the two systems, UxLa1_xS and UxLa1_xSe. Part 
of the obtained results presented on the UxLa1_xS have been published 
in ref. [21]. The magnetic behavior shown by the two systems is found 
to be very similar, both are ferromagnetic at x > 0.55 and suddenly 
loose their magnetic ordering on a further reduction of the U content. 
Near this critical concentration, the electronic contribution ('y) to the 
specifie heat in the UxLa1_xS doubles. The neutron experiments on 
the UxLa1_xS system have revealed sorne structural anomalies near 
the critical concentration (xc= 0.57). Unfortunately due to the sample 
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quality it was not possible to check for the presence of similar anomalies 
in the UxLa1_xSe system. In order to verify if the structural anomalies 
and the abrupt collapse of the ferromagnetic ordering were linked to 
sorne abrupt change in the electronic behavior, we have studied the 
evolution of the bulk moduli as well as the pressure induced structural 
phase transitions vs x. 

2.1 Experimental 

The single crystals studied in the neutron diffraction experiments were 
few mm3 parallelepipeds with faces perpendicular to the 4-fold axes. 
The UxLa1_xS samples were studied with the D15 diffractometer whereas 
the experiments on the UxLa1_xSe were performed with the D23 diffrac
tometer. Both the instruments are CRG's installed on thermal sources 
at the high flux reactor ILL. They were both used in the normal bearn 
geometry. This geometry allows access to out of the scattering plane 
refiections, which is very useful in order to determine magnetic struc
tures. For the low temperature measurements ( 4.2 K) standard "or
ange" ILL cryostats were used. Integrated intensities have been col
lected to check the nuclear and magnetic structures. The Cambridge 
Crystallographic Subroutine Libraries (CCSL) [22] were used to per
form the refinement of the nuclear structure. In such cubic systems 
due to the high symmetry of the fee NaCl-structure only two sets of 
refiections are present (hkl all even are strong refiections and hkl all 
odd are weak refiections). This means that with only two parameters 
we should estimate scale factor, extinction, Debye-Waller factors, ab
sorption and stoichiometry. It is clear that the obtained results may 
be, even in the optimistic case of convergent fit, unsatisfactory as the 
refined parameters will be correlated. However, the refinement of the 
nuclear refiections, assuming the nominal stoichiometry, and refining 
only the isotropie Debye-Waller factors, without including extinction 
gives a good agreement between the observed and calculated structure 
factors (R = 2: IF~s-Fcad ~ 0.02). 

obs 

In order to be sure about the anomalous behavior of the lattice 
parameters, measured in the UxLa1_xS system, small "splinters" have 
been taken from the samples studied in neutron diffraction experiments 
and studied with X-rays on a four-circle diffractometer. 

The heat capacity was measured using an improved version of the 
adiabatic continuous heating technique. The heat capacity is given by 
C = P 1 (dT 1 dt). The approximately constant power P is set to obtain 
a predetermined average heating rate [23]. 

Powder for high pressure experiments was obtained by finely crush-



2.2 Magnetic ordering 

ing, in a liquid mPdium (acetone) to reduce local heating, sorne of the 
single crystals used for the neutron experiments. The experiments were 
performed at high pressure beamline ID30 at the ESRF and at Hasy
lab. For each x, samples were loaded individually in diamond an vil 
cells. The transmission medium and cells were not the same at all the 
concentrations. In the case of US, for example, due to the high pres
sure needed, we tried to use He as transmission medium to have a more 
isotropie behavior. 

ln Table 2.1 we report together with the results, also the utilized 
compression medium. All experiments were performed at room tem
perature. To measure the pressure sorne small ruby chips were added 
to the sample pressure chamber and, as the main incertitude in high 
pressure experiments is on the pressure values, the shift of the ruby flu
orescence was measured before and after the measurement. The bulk 
moduli were obtained by fitting the Murnaghan-Birch state equations 
to the experimental data. To obtain the bulk modulus on the samples 
in the sc phase, the volume at zero pressure was treated as a further 
parameter in the fits, which is a standard practice. 

2.2 Magnetic ordering 

The magnetic behavior of the US-LaS and of the USe-LaSe systems is 
very similar. Both the series show spontaneous ferromagnetic ordering 
in aU the samples with x ;::: 0.60. This is shown in fig. 2.1, on the left 
for the US-LaS system and on the right for the USe-LaSe system, by 
the extra intensities developing at the Bragg peak (111) as a function 
of T. According to magnetization measurements [24, 25] the moments 
are directed along the (111) easy axes. The occurrence of ferromag
netic ordering is accompanied by a large rhombohedral distortion. This 
phenomenon, easily observed by measuring the FWHM (full width at 
half maximum) of refiection of the form { hhh }, results in either a split
ting of the refiection or, if the distortions are small, in a broadening of 
all the refiections at large angles. This is clearly shown in fig.2.2 for 
the refiection (006) in the x = 0.80 sample. As shown in fig.2.3, the 
ordered moments per U ion are nearly independent of composition for 
x > 0.60 and similar to those measured in the parent compounds. At 
x = 0.60, just before the transition, both the systems show an abrupt 
reduction of the spontaneous magnetic moment per U ion to 0.8(2) 
J1 8 /U in theS based system, and 0.9(2) J1 8 /U in the Se based solution. 
The samples with x = 0.55(S based system) and x = 0.50(Se based 
system) do not show any additional magnetic scattering down to the 
lowest temperature reached (5K). Allowing for statistics we can set an 
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Figure 2.1: On the left, change of intensity observed at the (111) refiection 
as a function of T for three values of x in the UxLal-xS. The increase of 
intensity corresponds to a ferromagnetic component for x= 0.60 and 0.80. 
On the right, the same things for two samples in the UxLal-xSe system. 
Note that the Fermi lengths of U, S and Se are very similar, so that the 
nuclear intensity almost vanish at odd positions and the magnetic scattering 
is easier to detect. The arrows mark Tc. 

upper limit of:::::::: 0.2J..lB for such a component. 

As the collapse of the ferromagnetic component of the scatter
ing could be linked to a transition to a different ordered structure, 
a search for an antiferromagnetic contribution was undertaken, but no 
new satellites were found, or any sign of diffuse scattering with the 
diffractometers used. 

Grosse et al [26] on the basis of their muon spin rotation (J..t-SR) 
measurements claim the existence of long-range ferromagnetic ordering 
down to x = 0.15, with a linearly decreasing Curie Temperature and 
a strongly reduced value of the magnetic moment (~ 0.05 J..lB/U at 
x = 0.40). Since j..l-SR is not able to distinguish long-range ordering 
from the presence of short-range correlations, it is possible that the 
measured signal is linked to short-range correlations. 
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Figure 2.2: FWHM for the (006) nuclear reflection as a function of temper
ature for x = 0.55 (non ordered), 0.60 (Tc = 100 K) and 0.80 (Tc = 140 
K). The arrows mark Tc 

2.3 Specifie heat measurements 

The measurement of the specifie heat near the Xc was undertaken in 
order to check the presence of anomalies linked to a transition to long
range ordering in the samples that do not show any sign of transitions 
with neutrons. The results, shown in fig. 2.4 for samples with x = 0.60 
(still ferromagnetic with Tc = 100 K) x = 0.55 and 0.50 (not ferro
magnetic), strongly suggest that the disappearance of the ferromag
netic contribution correspond to the loss of any cooperative long-range 
magnetic ordering. The curves for x = 0.50 and 0.55 are very similar 
to that of ThS, and represent only the lattice and the electronic contri
butions, whereas for x = 0.60 an extra contribution is clearly observed. 
This contribution develops below"" 200 K and extends down to"" 50 K 
with a maximum at"" 100 K, corresponding to the Tc determined by 
neutron diffraction. We note that specifie heat measurement is not a 
magnetic measurement, so the absence of anomalies is not a conclusive 
proof of the absence of a transition, even if it gives a strong indication 
in this direction. 

As the disappearing of the magnetic ordering may be connected 
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Figure 2.3: The uranium ordered magnetic moment at T = 5K in the two 
systems UxLal-xS and UxLal-xSe measured by neutron diffraction (a) com
pared to that measured in the system UxLal-xS by muon spin rotation [26], 
plotted on a logarithmic scale 

to a change in the electronic structure, we investigated the behavior 
of the specifie heat at low T (0.03-8.4 K) to determine the electronic 
coefficient ry. 

The plot of C jT versus T 2 is reported in fig. 2.4(right) for x= 0.50, 
0.55 and 0.60. The data are well fitted with only electronic and lattice 
contribution, even at x = 0.60 where a contribution coming from the 
magnons could be expected. 

The ry values are relatively low ~ 40 mJ mol- 1 K- 2 and almost 
double near the critical concentration, as shown in fig.2.5. As a com
parison we also report the very similar behavior observed in the solid 
solution Ux Th1_xS (7], where the substitution of U with tetravalent Th 
was performed. 

2.4 Structural anomalies 

In a solid solution system, with the parent compounds having exactly 
the same structure and slightly different lattice parameters a, according 
to the Vegard law, the lattice parameter is expected to evolve linearly 
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Figure 2.4: On the left the specifie heat C for x = 0.50 0.55 and 0.60 samples 
measured between 10 and 200 K. For a comparison the curve corresponding 
to pure ThS [7) is also shawn. The values for x=0.60 and ThS are shifted 
by 10 J mol- 1 K- 1 . For x = 0.60 an extra contribution is clearly observed. 
On the right CfT versus T 2 for the same samples between 0.3 and 8.4 K. 
Solid lines are linear fits including only electronic and lattice contribution. 

with x. Whereas the UxLa1_xSe system follows this law at all the stud
ied concentrations, the UxLa1_xS system, as shown in fig.2.6 (top left), 
exhibits an anomalous behavior around Xc· The a values in this region 
are significantly higher ( rv 0.05 A) th an th ose expected from the linear 
law. This deviation, much larger than experimental accuracy, has been 
confirmed by X-ray measurements at room temperature. As explained 
in the experimental section, it was not possible to refine the stoichiome
try of the studied samples, however the mineralization technique gives a 
good control of x values (~x ~ 1%), and the observed deviation would 
correspond to a ~x ~ 10%. Moreover, the refinement of the nuclear 
reflections, assuming the nominal x, gives good agreement between the 
observed and the calculated structure factors, which precludes any er
ror in stoichiometry. The anomalous behavior of a is accompanied by a 
change in the Bragg peak profiles. In a neutron scattering experiment 
on good quality samples the reflections are Gaussian in shape and their 
FWHM is resolution limited. In other words, the shape of the reflec
tions depend on the spectrometer resolution. As shown in fig.2.6 (top 
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x 

Figure 2.5: Evolution versus x of the electronic coefficient 1- As a com
parison the data for Ux Th1-xS [7] are also shown. The arrows mark the 
measured Xc for the two solid solutions. Even for Ux Th1_xS the magnetic 
ordering collapse( Xc t'V 0.40) occurs far above the percolation limit. 

right) , for the (006) reflection the FWHM is resolution limited for the 
samples far from the critical region and it becomes almost twice the 
resolution in the critical region (x = 0.50, 0.55, and 0.60). In fig.2.6 
the evolution vs T of the FWHM of the (006) reflection is reported for 
a resolution limited sample (x = 0.80) and for the x = 0.60, that still 
develops long range ferromagnetic order, and the x = 0.55 samples. 
As explained in the paragraph on the magnetic ordering, the onset of 
ordering results in a broadening of all the reflection, so the FWHM of 
the (006) reflection of the x = 0.80 sample increases about 0.1° with 
decreasing T. Such a increase should be observed also in the x= 0.60 
sample, but in this case, and in that of the x = 0.55 sample, the FWHM 
stays constant vs. T. 

The analysis of the profiles of the reflections provide sorne other in
teresting anomalies. Away from the critical region the peak profiles are 
well fitted with a single Gaussian; in the critical region Gaussian pro
files still account for the major part of intensity, but a small Lorentzian 
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Figure 2.6: (Top left) Cell parameter a and FWHM at low temperature 
(LT) of the (006) nuclear reflection as a function of x. The cell parameters 
follows a Vegard law except around x ;:::::: 0.55 where they are significantly 
higher than expected. ln the same x range the width of the reflection is 
larger than the instrumental resolution and the shape(Top right) of the 
{006) reflection changes. Around x ;:::::: 0.55 (open symbols) the FWHM is 
larger than the instrumental resolution. The area are normalized to the same 
value for all the concentrations. Temperature dependence(Left bottom) and 
Q-dependence(Right bottom) of the (006) reflection for x= 0.55 taken with 
w-scans (rocking curve). w0 are the centers of the reflections. Curves are 
plotted on different scales to emphasize the Bragg peak (dots) and the weak 
diffuse contribution. 
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peak is necessary to fit the foot of the peaks, which are much enhanced 
compared to the diffuse contribution observed for the normal samples 
(fig.2.6, bottom right). As on a two-axis diffractometer there is no 
energy analysis of the scattered neutrons, in the diffuse contribution 
we integrate both elastic and inelastic processes. To characterize the 
diffuse contribution we report its dependence on T and the scattering 
vector for the sample x = 0.55. As shown in fig.2.6 bottom left and 
right, the diffuse contribution is completely independent of T and in
creases with increasing Q. These two properties imply that it cannot 
arise from thermal diffuse scattering, in this case it should increase with 
T, and it is not linked to a magnetic contribution, as it should decrease 
with Q. The variation of the FWHM of the Bragg peaks, measured in 
the w-scans with increasing the Bragg angles, is shown in (fig.2.7). 

At all the Bragg angles the FWHM of the anomalous sample is 
well above that of the normal sample (x = 0.30) that follows well 
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Figure 2. 7: FWHM of the w-scans vs. the scattering angles for x = 0.30 
and x= 0.55. The solid line is the resolution curve of the spectrometer, the 
dashed one is a polynomial fit of the data. The inset shows the particle sizes 
derived from the Scherrer equation (see text) after deconvoluting with the 
instrumental resolution. 



30 Static properties: Neutron and X-ray diffraction 

for example, all the U monopnictides (UX, X = P,As,Sb,Bi), as well as 
USe and UTe, transform into a sc phase [28], whereas previous measure
ments [29] performed on US reported only a rhombohedral distortion 
that occurs at about 12 GPa. X-rays providing access to the struc
tural properties of the samples, and allowing, compared to neutrons, 
the use of small quantities, are an ideal tool to study the evolution 
of the structural properties under pressure. Moreover, the variation of 
thermodynamic variables like V and P obeys universal state equations. 
Here we will introduce the Birch-Murnaghan state equation, the details 
of the calcula ti on can be found in [30]: 

where V0 = V(P = 0) and 

and B' ·= (dB0
) 0 . dP . 

0 

The bulk modulus B 0 is the reciprocal of the compressibility and is 
the main parameter of the equation, Bb is not completely independent 
from B 0 and it is mainly used to follow the slope of V /Vo as a function 
of P. We note that there are various state equations that are used to 
fit the V(P) function. They practically do not differ for a relatively low 
applied pressure (:::; 10 GPa), whereas they start to differ for higher P. 
The high pressure part of the spectra does only affect slightly the B 0 

value. ( e.g. for x = 0.80 the difference on the B 0 value with using Birch 
and Birch-Murnaghan equation up to 14 GPa and 48 GPa respectively 
is only 1 GPa, which is below the experimental accuracy). For the cells 
charged with silicone oil we used only the low P range to estimate B0 

as the silicone oil can give a bump at low pressure (~ 10 GPa); for the 
other cells we fit up to higher pressure, but we used only undistorted 
peaks at low angles in the distorted fee regime. B0 is an important 
quantity in order to have sorne insight into the behavior of the binding 
electrons in a solid. It can be calculated directly from the equation of 
states by differentiation. B 0 is very sensitive to the electronic structure, 
so it should be a good probe of the electronic localization. A change in 
the electronic localization can be accompanied with a large variation of 
the compressibility. For example, in the case of the UX2 system, with X 
=Co, Fe, Mn, Ir, Al, the variation of the bulk modulus is about a factor 
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of 3 between UAh (Bo "' 74) and the considerably more delocalized 
UCo2 (B0 "' 217) [31]. This substantially agrees with photoemission 
measurements [32]. The main difficulty is that B0 depends strongly also 
from the volume at which it is calculated and the volume variation 
can overcompensate the B0 variation due to the behavior of valence 
electrons [33]. 

We can distinguish two different goals in the reported experiments, 
as related to the low pressure range (0-10 GPa) and to the high pressure 
range (10-100 GPa), respectively. The first one is to study the bulk 
modulus B(x) as a function of x and to look for anomalous behavior vs 
x. The second one is to try to understand if US be haves like the other 
U monochalcogenides, on the basis of the Pc(x) evolution and of the 
high pressure features of the mixed system, and, in this case, which is 
the expected range for the fee - sc transition. 

2.6 Low pressure 

The evolution ofV/V0 (P) with the applied P, in the low pressure range, 
is very similar for all the studied samples. All the samples start to 
display a rhombohedral distortion from the fee phase (B1) as soon as 
the pressure is applied, shown on the left in fig.2.8, not confirming the 
results given in ref. [29] of"' 12 GPa for the rhomboedral distortion in 
US. The distortion manifests as a peak broadening, as the splitting of 
the interested peaks is below the instrumental resolution. In fig.2.9 is 
reported an example of the results for the sample with x = 0.15. In the 
low pressure range it is quite hard to distinguish the various samples 
with the experimental points that fall almost on the same line. The 
result of the fits however shows that a small but abrupt change occurs 
at x "' 0.55. The B 0 value for samples with x :S 0.50 are all very similar 
to that found in pure LaS, whereas for x ?:: 0.60 they are similar to that 
found in pure US. It is difficult on the basis of this result to conclude 
about the change of the electronic localization, as the volume is not 
the same in all the studied samples and the change is small, but it is 
clear that something changes around the critical concentration. 

A surprise in this experiment was at atmospheric pressure. The 
peak profile of the x = 0.50 and x = 0.60 sample, which showed a 
broadened profile in the neutron diffraction experiment, were found 
completely normal in the present experiment. Generally speaking, syn
chrotron beams gives a much better resolution than neutron diffraction. 
In the ID30 experiments, for example, the peaks profiles are well fitted 
by a Lorentzian, which means that the resolution contribution, Caus
sian in shape, does not actually affect the peak shape and that the 
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FWHM depends on the sample. Concerning Bragg peaks X-ray and 
neutron diffraction should give similar results. However there are three 
things to note: Whereas neutrons do not sense the electronic charge, 
and directly see the nucleus, the X-rays are strongly scattered from 
the electronic charge, and their atomic form factor is proportional to Z 
and to compare the diffracted intensities it must be squared. If heavy 
atoms are present the scattering from them is dominant. In our system 
the S atoms scatter about 24 times less than the mixed U-La lattice, 
whereas in the neutron system this difference is only about 8, so if 
there is a smalllocal deformation of the S lattice it may be impossible 
to see it with X-rays, whereas it can appear with neutrons. Moreover 
the samples were crushed to make the X-ray experiment, and this, to
gether with the local heating, may have resulted in a small change in 
the character of their nanostructure. The third point is that even in 
what we call atmospheric pressure results, there is a small applied pres
sure, due to the the fact that the sample is in the diamond anvil cell. 
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Figure 2.8: The two figures show the diffraction rings given by the x= 0.15 
samples. The picture on the left was taken at the beginning of experiment, 
low P. All the rings are yet well defined, which means that the distortion has 
not yet started. There is still sorne small crystal with a preferred orientation 
as can be deduced from the presence of sorne spots. The picture on the right 
was taken after the transition. It is interesting to note that the applied P 
and the transition have completely crushed the small crystals present at the 
beginning. 
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x Cell Type Transmitting Pressure Range Bo B' 0 Pc 
Medium (GPa) (GPa) (GPa) 

0 Holzapfel Argon 5.4-28 86 9 28(fcc-sc) 
0.15 Le Toullec Nitrogen 0-45 85(2) 5.3(2) 32(fcc-sc) 
0.40 Chervin Silicone Oil 1.6-54.5 76(5) 7.4 33(fcc-sc) 
0.50 Holzapfel Alcohol 0-42 90 3.9 33(fcc-sc) 
0.60 Le Toullec Nitrogen 0-47 100(2) 4.0(2) ~ 47(fcc-?) 
0.80 Cornell Silicone Oil 0-70 99(5) 4.0 ~ 56(fcc-?) 

1 Dahan Helium 0.4- 16.8 100(1) 5.5(3) Not Seen 
1 Cornell Silicone Oil 2.8- 100 ~ 80(fcc-?) 

Table 2.1: Results obtained for various x from the X-ray diffraction mea
surements. The investigated pressure range, the bulk modulus B 0 , Bb and 
the critical pressure Pc are also given. 

2. 7 High pressure 

In contrast to the low pressure range, where only small changes were 
found, the high pressure behavior of the samples is strongly dependent 
on x. We can distinguish two regimes, with the borderline again at 
x rv 0.55. For x ::; 0.50 all the samples have a phase transition to a 
sc phase (B2) (fig.2.8), at x = 0.15, the V(P)/V(O) at the transition 
abruptly decreases of rv 9%(as shown in fig.2.9) and, starting from 
the critical pressure Pc, the two phases coexist over a wide range of 
pressure. The coexistence of the two phases can be a consequence of 
three effects: 

• The abrupt collapse of the elementary cell volume leads to a re
duction of the P on the sample, and the effective P is reduced; 

• The transmission of the P is not completely isotropie. 

• The atomic diffusion is very slow in our samples at 300 K, so the 
transition to the new phase is not immediately completed. 

As shown in Table 2.1, Pc is rv 30 for all the samples with x ::; 0.50 and 
suddenly increases for x 2:: 0.60. The case of x = 0.60 sample seems 
to be quite special, and it will require further measurements. Starting 
from about 30 GPa the slope of the curve V /V0 abruptly change and 
the bulk modulus increases. It is not possible to fit the data with the 
Birch-Murnaghan equation of states. This fits well the data up to rv 30 
GPa (thick gray line in fig.2.9). Above this pressure a polynomial fit 
(thin gray line) was used. We note that the reported data for the 0.60 
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sample cornes from two independent sets of measurements, so without 
doubt this slope change is real. 
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Figure 2.9: The evolution of the ratio V /Vo versus Pis reported for x = 0.15 
(black) and 0.60 (gray). In the x = 0.15 sample up to about 5 GPa the Bragg 
peaks are very well defined and the sample is in the NaCl structure (B1), 
on a further increase of P the peaks broaden and the sample stays in this 
distorted B1 phase up to about 29 GPa where the CsCl phase(B2) appears. 
The two phases coexist up to ~ 40 GPa, above this P only the CsCl peaks 
are detected. The slight increase of the bulk modulus in the x = 0.60 sample 
manifests as a tendency of all the experimental points to be slightly above 
the 0.15 points. The first part of the V /Va curve is similar to the curve 
measured in the x = 0.15 sample, but near to 40 GPa the slope of V/Vo 
clearly changes. At about 47 GPa the first peaks of the sc phase start to 
appear. 

Analogous slope changes were measured in TmSe system and other 
rare earths systems and were interpreted like pressure induced valence 
change occurring under pressure. The fact that this change under pres
sure is measured only near the critical concentration could be an indi
cation that for this concentration the border between the 3+ and the 
4+ valence state for the U ions is not far. We note that both 3+ and 
4+ U ground states are magnetic so a valence change alone does not 
explain the collapse of the magnetic ordering. 

With changing the U content in this zone we do not detect similar 
features at high pressure but we have to point out that for the x= 0.50 
sample the structural fee-sc transition occurs at 33 GPa, which is not 
far from the observed slope change in the x = 0.60 sample and may 
mask it if any and, from the other side, the x = 0.80 sample may be 
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too far from this transition. For the x = 0.60 sample the transition 
to the sc phase starts at 47 GPa, where we dectect sorne peaks of 
the sc phase; unfortunately, this was also the highest P value reached 
in this experiment, so we are not certain that this sample actually 
complete the transition to the CsCl structure. Moreover, the strong 
enhancement of Pc, compared to the x~ 0.50, samples could be a clue 
of the beginning of new behavior, found at x = 0.80 and 1, starting 
from this x value. At x 2: 0.80 the samples above Pc start to transform 
to the B2 phase, but they do not complete their transformation, as a 
new unidentified phase cornes in and coexists with the others over a 
wide range of pressure. 

The last point that we want to mention is the abrupt increase of the 
bulk modulus values in the fee-sc transition. In the x= 0.15 sample B0 

in cre ases from "' 85 G Pa in the Na Cl phase to "' 200 G Pa in the Cs Cl 
phase and the same abrupt change occurs in the x= 0.50 sample. An 
analogous change occurs also in the UTe system at the fee-sc transition, 
but there the bulk modulus jumps by only "' 12 GPa (from 48(3) to 
60(5) GPa) [29]. The large jump observed in our case is not completely 
surprising as in the phase transition the U-U distance decreases, for all 
the samples exhibiting the transition, below the Hill limit [34] ( rv 3.4 
A) , so that the 5f electrons can directly overlap in this phase. 

2.8 The Cooper approach 

Cooper et al. [35, 36] were able to quantitatively predict the abrupt 
collapse of uranium magnetic ordering with dilution. Their madel is 
based on an Hamiltonian similar to eq.l.1 presented in the previous 
chapter. The key physics of their madel is the idea that, even in pure 
uranium monochalcogenides, there are two kind of occupied 5f-p/d
band correlated states. 

1. The first one includes the occupation of localized U 5f electrons; 
so that the 5f spectral weight resides stahly around a single site 
with localized magnetic behavior. 

2. The second one includes a mixture 5f-pfd two electrons state, 
so that the 5f spectral weight fiuctuates and does not remain on 
a single site. In other words, the valence state of U in this 
configuration fluctuates rapidly. 

The first kind of electron states can couple through magnetic ex
change, and can give raise to magnetic ordering, whereas the second 
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kind is not able to establish a magnetic moment as it fiuctuates too 
quickly and acts like a ho le from the magnetic point of view. 

This idea implies that the Coulomb repulsion on the site is quite 
small, compared to hybridization, to allow for valency fluctuation and 
a random distribution of localized, in the sense specified above, 5f 
electrons on the lattice. 

Even if this last requirement is surprising, the only requirement to 
satisfy for a system, at T > 0, is the minimization of the free en
ergy and this does not require to respect the lattice periodicity, on the 
contrary, if there are non periodic configurations that violate the peri
odicity, but that have a lower free energy, the system will adopt such 
a configuration. 

The random distribution of valence fiuctuating sites is a key ingre
dient to predict the collapse of the magnetic ordering in diluted US-LaS 
and similar system, as calculations show that with an ordered distribu
tion of stable/fiuctuting sites the magnetic ordering does not collapse. 
According to the proposed model, dilution alloying increases the hole 
numbers in two ways: La does not carry a magnetic moment so it acts 
as a hole from the magnetic point of view, furthermore it enhances the 
randomness of the distribution of stable and fiuctuating sites, nucleat
ing in a certain sense the process. Dilution, like pressure, leads to a 
shift of the f spectral weight from the localized peak to the itinerant 
tail. 

In the Cooper model the magnetic ordering is calculated for an 
Ising lattice with randomly located holes. The Ising lattice accounts 
for the large anisotropy of the U monochalcogenides, while the coupling 
constant is evaluated at each x from the width (r ~ 1.04t) of the 
localized peak in the 5f density of state and the intra-atomic Coulomb 
repulsion U. We recall that the Hubbard model can be remapped on 
the t- J model with J = t2 /U, the procedure for the single band case 
can be found in ref. [37]. 

2.9 Conclusions 

From the results of the unpolarized neutron diffraction measurements, 
it is clear that both in UxLa1_xS and in UxLa1-xSe systems the long 
range magnetic ordering abruptly disappears at Xc ~ 0.57 far above 
the percolation limit (x ~ 0.15). For U concentration higher than 
x = 0.60 a similar behaviour as in pure US is observed, and the ordered 
low temperature moment and magnetic anisotropy are not affected by 
dilution. The scaling of Tc and ()P [24] with x indicates a simple dilution 
of exchange interactions. For x ::::; 0.40 muon spin-rotation (26] is still 
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able to detect a magnetic moment; however, this technique may be 
observing short-range correlations rather than true long-range order. 

Around the critical concentration in the UxLa1_xS based system we 
observed also sorne other changes: 

• The electronic coefficient 1 of the specifie heat approxima tel y dou
bles in this range; 

• Structural anomalies are observed by neutron difffraction, even 
at room temperature; 

• Bo abruptly changes at x rv Xc; 

• The high pressure phase diagram and the critical pressure change 
at X rv Xc 

The observed transition between the ferromagnetic and the para
magnetic regions has been succesfully predicted by the Cooper model, 
briefly described in the previous section that daims a small change in 
x near Xc is sufficient to destabilise the magnetic interactions. Such a 
change in the electronic structure should be reflected by a variation in 
a number of parameters. In the present experiments we observe a num
ber of subtle changes, that might suggest sorne change in the electronic 
behavior. This result agrees also with recent photoemission measure
ments [38] that show only slight differences between various samples of 
DxLal-xS. 

A number of question are opened by the present experiments: 
The first one concerns the evolution of the ground state of the U 

atoms in the UxLa1_xS system with varying x. This will be investigated 
in the next chapter. 

The second one concerns the possibility for small magnetic moments 
reported in muon spin rotation experiments to be dynamic in nature. 

The third one is linked to the structural anomalies observed by un
polarized neutron diffraction. Sorne positional short range order of the 
cations could be at the origin of the diffuse Lorentzian-like wings of the 
scattering. In this respect the behavior of the x = 0.60 sample under 
pressure, that might indicate a valence change under pressure, suggests 
that around this concentration the limit between the two valences is 
close in energy. 

The fourth question still open concerns the anomalous behavior 
observed in the x= 0.60 sample at high pressure and the new structural 
phase displayed by the samples with x 2: 0.80. 
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Chapter 3 

On the evolution of the 
magnetic ground state in the 
system UxLal-xS: Polarised 
neutron diffraction and 
XMCD study 

Dans le chapitre précédent, nous avons montré que le comportement coopératif des 
ions U dans les composés US et USe est remis en cause par dilution avec du La. 
Nous en avons conclu qu'un modèle percolatif n'est pas bien adapté pour traiter 

la perte soudaine de l'ordre magnétique à grande distance. Par contre, un bon 
accord avec ce résultat est obtenu dans le modèle développé par Cooper et al., dans 
lequel la localisation des électrons 5f peut varier avec la concentration d'uranium. 
Dans ce chapitre, nous essayons d'établir une telle liaison en suivant directement 
l'évolution de l'état fondamental magnétique des ions U dans la solution solide 
UxLa1-xS versus x. Les deux techniques que nous avons choisies pour cela sont la 
diffraction de neutrons polarisés et le dichrofsme magnétique circulaire des rayons 

X. Après une introduction aux deux techniques, nous présentons et comparons les 

résultats obtenus. Puisque les approximations utilisées pour traiter les données 
résultent d'un traitement atomique, la limite de validité de cette approche sera 

également discutée. 

In the previous chapters we have shown that the cooperative be
havior of the U ions in the US and USe systems is strongly affected by 
dilution with La. We concluded that a percolative model is not ade
quate to treat the abrupt loss of LRMO, whereas a good agreement can 
be obtained in the frame of the Cooper model in which the electronic 
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5f localization is allowed to fluctuate across the series. 
In this chapter, we try to establish experimentally such a link by 

looking directly at the evolution of the magnetic ground state of the 
UxLal-xS system versus x. 

The two techniques that we choose to investigate the magnetic 
ground state of the U ion are the polarized neutron diffraction and 
the X-ray magnetic circular dichroism (XMCD) technique. After an 
introduction to the two techniques, we present and compare the ob
tained results. As the approach followed to treat and to interpret the 
data obtained in this chapter is an atomic approach, the limit of this 
approach will be discussed. 

3.1 Polarization analysis 

Neutron diffraction as shown in Appendix A, cornes from two inter
actions; the nuclear one and the magnetic one. For an unpolarized 
neutron bearn, even if the scattering occurs at the same position in the 
reciprocal space, like in ferromagnets, the interference term between 
the magnetic and the nuclear scattering vanishes and the scattered 
intensities are given simply by eq. 3.1, (see Appendix A) 

(3.1) 

When the neutron incident bearn is polarized the interference term 
does not vanish and eq.3.1 becomes: 

(3.2) 

if a complete analysis of the initial and the final polarization P is 
possible, all the cross sections, relative to each of the elements of the 
polarization tensor, are measurable. The possibility of complete P 
analysis is a very recent development of neutron scattering techniques 
and can be very useful in sorne cases. Here we limit to uni-directional 
P analysis, which is enough to determine the form factor f(Q) and 
the spin density distribution in magnetically aligned samples. In this 
case, incident neutrons are polarized along z and we can analyze the 
diffracted bearn P along z. We get four structure factors: 
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(t IF(Q)I t) = FN(Q) + FM_l_z(Q) 
(.!.IF(Q)I {.) = FN(Q)- FMj_z(Q) 
({. IF(Q)I t) = FMü(Q) + iFMl_y(Q) := Fita(Q) 
(t IF(Q)I {.) = FMü(Q)- iFMj_y(Q) := Fi:a(Q) 

(3.3) 

From these equations, by changing the experimental conditions we 
can obtain different quantities. For example, we can choose the initial 
P/ /Q, which implies FMü(Q) = 0, then by measuring the spin-flip and 
the non spin-flip cross sections, it is possible to separate magnetic and 
nuclear scattering. Another possible choice which is useful to measure 
f ( Q) and is implemented on D3 at the ILL, where we performed our 
measurements, is reported in fig.3.1. In this case the P of the incident 
bearn is parallel or antiparallel to the magnetic field direction and the 
final P of the diffracted bearn is not analyzed. With this set-up we 
measure: 

{ 
(t IF(q)l t) + (t IF(q)l t) = FN(q) + FMj_(q) (3.4) 
({. IF(Q)I {.) + (t IF(Q)I t) = FN(Q)- FMj_(Q) ' 

where Mj_ is short for M l_ Q, the projection of the magnetization 
onto a plane perpendicular to the scattering vector. The experimental 
measured intensities at the Bragg position, deduced from eqs.3.4 are: 

± .... 1 2 .... 1 ±( .... * )1 2 .... 1 I (Q) = FN(Q) + P FN(Q)F MHJ + h.c. F Mj_(J(Q) , (3.5) 

with ±, indicating the intensities measured with P parallel or antipar
allel to the external magnetic field. The interference term is weighted 
by the P rate of the incident bearn, which on D3 is about 98%. Ex
perimentally the flipping ratios R( Q) are determined by measuring for 
each Bragg peak the background-peak-background intensities If, It 
(p = peak, b = background) for the two P states: 

R(Q) := J+(~) = 1:- r: (3.6) 

The advantage of measuring ratios is that they do not depend ei
ther on the Lorentz factor or on absorption in the sample (Appendix 
B). There are sorne instrumental parameters that can play a role, the 
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contamination due to the >../2 of the neutron bearn, the P of the in
cident bearn that is not one, and the dead time of the detector, but 
these quantities are weil known and can be taken into account in the 
data analysis. On the other hand, extinction (Appendix B) that occurs 
in the scattering event is more difficult to establish. As fee NaCl type 
structure provides only two families of refiections, strong and weak, 
and the extinction coefficient is function of 1 F N 1

2, in the presence of 
strong extinction separate fits of weak and strong refiections should 
give different parameters. In our case the two fits are almost indis
tinguishable, so extinction does not play a major role. This confirms 
the results obtained on the D15 experiments, reported in the previous 
chapter, that give a good refinement of the structure factors without 
including any extinction. 

Polarized neutron : ! 
Bearn t t t t 

Magnetic Field lines 

HHW. HH! 
''''ii 
''. i'' . 1: 

Polarized neutron ' ' 
Bearn 

Magnetic Field lines 

Figure 3.1: Schematic view of a polarized neutron experiment. 

Eq.3.6, when the FN are known, provides, by simply solving a second 
degree equation, J(Q). 

3.2 Magnetic form factor 

As shawn in Appendix A, f ( Q) is the Fourier transform of the magne
tization that appears in the scattering amplitude of a magnetic ion. In 
the case of U ions, the valence electrons are of 5 f and 6d type. The d 
conduction electrons are much more delocalized with respect to the f 
orres, which implies that their form factor falls very rapidly with mo
mentum transfer (see Ref. [39]) and we are not able to measure them 
with this kind of experiments. Concerning the 5f electrons, they have 
both an orbital and a spin contribution. For isolated ions these two 
quantities can be calculated ab-initia. When the magnetic centers are 



3.2 Magnetic form factor 

embedded in a crystalline matrix the features of the valence electrons 
can be strongly affected by the electrostatic field present in the crystals, 
the hybridization with ligands electrons, and the exchange interaction 
with the other magnetic ions. This can give a ground state for the ions 
embedded in the crystal completely different from that expected for lo
calized ions. In the previous chapters we have seen, for example, that 
the total magnetic moment of U ions is strongly reduced, as a func
tion of x, compared to the expected free ions values in intermediate 
coupling, but what about the shape and the extent of the ground-state 
wave-function? The f(Q) measurements address this question. 

In addition, the direct comparison of f(Q) in various materials, can 
be interesting in providing qualitative features of the wave-function 
change with the chemical environment. Two theoretical quantitative 
approaches have been developed, the first one non-relativistic by John
stan [40] and the second one relativistic by Stassis and Deckman [41], 
in order to analyze f ( Q). The main effect of the relativistic approach 
is on radial f integrais that are more extended with this approach. 
In a practical case it is usual to take the relativistic radial integrais 
and the non-relativistic formalism. The complete procedure can be 
found in Lovesey [42], here we recall that, in Johnston [40] approach, 
the atomic basis !'~/') = jaSLJM1 ) is chosen. Then, both the mag
netic scattering amplitude operator and the atomic wavefunctions are 
expanded in a spherical harmonies basis. This allows to factorize the 
magnetic scattering amplitude ('1/'iaM(Q)I'l/1) ex pJ(Q) into the orbital 
and spin components, and the radial integrais (j1), allowing us to write: 

f(Q) = Uo) + C2(j2) + C4(j4) + C6(J6), (3.7) 

where Ci are functions of (8, 1>). The radial part being well known for 
actinides ions, we have to fit the experimental 11! ( Q), with varying the 
total moment 11 = f.-LL + f.ls and ci· Generally speaking c2 and c4 can 
be anisotropie as function of the direction of Q, whereas C6 , due to the 
small value of (j6 ) for !QI :::; 1 A- 1 , does not contribute appreciably. A 
measurable anisotropy of the ground state function can be due to the 
presence of well defined crystal field level th at lifts the degeneracy of the 
ground state, an example is given in ref. [43]. Whereas such a splitting 
was found for example in USb [39], the converse is not true, which 
means that the presence of a cubic crystal field does not necessarily lift 
the angular degeneracy of the ground state. 

For a free ion in a spherical symmetry, which corresponds to the 
dipolar approximation, eq.3.7, the angular dependency is suppressed 
and f(Q) becomes a function of !QI: 
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with 

J(J + 1) + L(L + 1)- S(S + 1) 
C2 

= 3J(J + 1) + S(S + 1)- L(L + 1) 
2-g 

g 

(3.8) 

(3.9) 

where g is the Landé factor. This approximation is valid only for low 
Q values and allows us to write: 

(3.10) 

using C2 = J..LL/ J..L. Recently sorne criticism has been raised on the 
validity of this approach [44], that, according to the authors, can lead 
to noticeable errors for sorne ions, which in the case of U3+ have been 
estimated to about 10%. This is, of course, a serious limitation of this 
approximation, and we must be careful about quantitative conclusions. 

We note that in order to fit the measured J..Lf(Q) it is necessary 
to make an hypothesis on the valence state of the U ions. The radial 
extent of the integrais (ji) increases with increasing the number of 
electrons. 

We recall that the Landé g factor, gives a measurement of the kind 
of magnetism. In fact g = 1 means C2 = 1 and from eq.3.9 J = L orbit
only magnetism, whereas g = 2 means C2 = 0, and the magnetism is 
spin-only. 

3.3 Introduction to the XMCD 

Dichroism is the selective absorption of polarized light from a material. 
In general the charge distribution in a material is not isotropie and so, 
depending on the local symmetries, the material can be more or less 
effective in absorbing electromagnetic radiation depending on the light 
polarization. The effectiveness is a joint function of the wavelengths of 
the incident radiation and of the considered material. The most famous 
example of material exhibiting dichroic properties are Polaroïd filters, 
well known by photographers, that are very effective for wavelengths 
in the visible range and linearly polarized light. 

Magnetic dichroism is similar to charge induced dichroism, but it is 
linked to the distribution of the magnetic moments rather than to the 
charge distribution. 



3.3 Introduction to the XMCD 

In the X-ray nnge, the dichroic effects are important only near 
the absorption edges. Materials exhibiting ferromagnetic and/ or ferri
magnetic ordering or an induced moment in a paramagnet in a large 
external magnetic field display different absorptions for opposite helic
ity of circularly polarized light. Equivalently, for opposite directions of 
the external magnetic field. In antiferromagnetic materials the absorp
tion is sensitive to a change of the linear polarization of the light and 
is a smaller effect. 

ln mathematical terms, for a monodomain ferromagnetic sample 
!:::.a = a+- a- =1 0, with a± probability of absorption for left and right 
polarized light, respectively. 

In XM CD experiments wh at is actually evaluated is !:::.a/ a, with 
a = a+ + a-. This gives the advantage to normalize the signal to the 
absorption. 

The interaction of the electromagnetic radiation with matter, de
scribed in many textbooks, allows us to estimate a. The general Hamil
tonian describing the light-matter interaction involves the vector po
tential Â and the momentum of the electrons p. Various combinations 
of these two operators occur, but as absorption is an one-photon-in -
zero-photon-out process, only the one photon term (linear in Â) must 
be considered. 

The dipolar approximation can be used and, in the time depen
dent perturbation theory, the probability of absorption is given by the 
Landau Fermi's golden rule. 

aq = 4n2 fïwa L 1(! lfql i)l2 b (Et- Ei- fïw), (3.11) 
J,i 

where q = 1, -1,0 account for the polarization state of the photons. 
In the case of an atom the initial and the final states can be written 
in the form laJ MJ) with J and M.J obeying the commutation rules 
for angular moment operators and a being the remaining quantum 
numbers. The Wigner-Eckart theorem allows the separation of the 
matrix element appearing in eq.3.11 into: 

(a'J'M'IrqlaJM) = (-1)J-MJ ( -~~ ~ ~J) (a'J'IrqlaJ) 

(3.12) 

The triangular relation for the 3-j symbols immediately gives the 
absorption selection rules. Because the photons have an angular mo
mentum lph = 1, the conservation of the angular momentum for the 
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excited electron requires l' = l ± 1, as the photons do not carry spins, 
in a first approximation, no change affects the spin component(s' = s). 
The overall momentum cannat be changed by more than one; thus 
D.J = ±1 or 0, with J + J' 2:: 1. The magnetic quantum number M1 

is changed by D.M1 = q. 
According to this picture, XMCD should be sensitive only to the 

orbital component of the moment. The reality, due to the spin-orbit 
coupling, is much more complex. For a circularly polarized incident 
bearn D.M1 = ±1. If the atomic ground state of the system is magnetic, 
we want to show that a polarization dependence of the absorption is 
found. In order to do this we will distinguish two cases according to 
the localization of the final states: 

1. localized final states ( M4 and M5 edges of conventional rare earths); 

2. delocalized final states (K edges of the transition metals). 

we will profit from these examples to illustrate also the dependence of 
XMCD on the spin state of the system. 

3.4 M4 and M 5 edges of conventional rare earths 

In the case of the welllocalized 4f final valence states, the environment 
can be entirely neglected. We consider the ideal case of an Yb3+ ion 
completely isolated. 

The external electronic configuration of this ion in the initial state 
is 3d104f13 , equivalent to having only one electron in the f shell and, 
according to the Hund's rule the ground state is 3 F7 ; 2 ; the final excited 
state is 3d9 4f14

, so the 4f shell is full, whereas a ho le is created in the 
3d shell. The final excited state has, due to the spin orbit coupling, the 
core state split into the two sublevels 2 D 3; 2 and 2 D 5; 2 , which means 
that the hole left in the core state may have its spin parallel or antipar
allel to its orbital moment. According to the selection rules the only 
possible transition is 3 F7; 2 --+ 2 D 5; 2 (D.J = -1), which implies that 
the L of the hole changes by 1 and the spin state does not change. 

We apply an external magnetic field (fi= (0, 0, Hz)) to the system, 
the ground state 3 F7; 2 splits into 8 equally spaced magnetic sublevels, 
whereas the 2 D5; 2 level splits into 6 sublevels. At low T (D.J > k8 T) 
the hole in the ground state has ffiJ = 7 /2( -7 /2) depending on the ex
ternal field direction, implying that in the final state ffi~ = 5/2( -5/2). 
6ffi1 is -1(1) and in order to lower(raise) ffiJ the light must be left(right) 
polarized. 

We suppose the hole is in the ffiJ = 7/2 initial state for a fixed 
external field. The right polarized light would increase ffiJ but there 
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3.5 K edges of the transition metals 

are no free states available so the probability of such a transition will be 
zero, whereas for the left polarized light the probability will be nonzero. 
The opposite is true if we choose the opposite direction for the external 
field. 

This example shed lights on two aspects of a dichroic measurement. 

• field reversai is equivalent to light P reversai; 

• Even if the valence states do not carry an angular moment in the 
final state, the core-level splitting is enough to ensure dichroism. 

in the following example we illustrate what is needed when there is no 
spin-orbit core level splitting 

3.5 K edges of the transition metals 

Schütz et al. [45] were the first to observe XMCD at the K edge of Fe. 
In order to explain their result we must leave the localized final state 
picture. 

We look to a transition from an s(L = 0) state to a p band state, 
this implies that the orbital moment in the p state is almost com
pletely quenched. In a monodomain ferromagnetic system the density 
of states(DOS) will be spin split. 

To explain this dichroism a two step model has been introduced: 

1. The photoelectron is emitted and the polarization P of the light 
provides a preferred orientation for the photoelectron spin; 

2. The photoelectron is absorbed into the empty DOS. 

This model is in sorne sense analogous to the three-step model used 
in photoemission spectroscopy. The advantage is to factorize two con
tributions, the first one including the initial core state and the strength 
of the transition, and the second one including the empty DOS; instead 
of working with the actual joint density of state that is much more dif
ficult to treat. 

Let P+ ( t )(p+ Cl-)) be the probability for a photoelectron to be polar
ized up( clown) by light of a given helicity. The probability of absorption 
is proportional to: 

O"+ ex P+(t)Pt + P+C!-)P+ 

for the opposite helicity the probability becomes P-(t) (P-0-)). Un
der simultaneous light and field reversai, O" must be unchanged, which 
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obviously implies the identities P-(t) = P+(-1--) and p_(.J,.) = P+(t), so 
that: 

and 

~a = (P+(t) - P+(.!.)) (Pt(E)- PJ..(E)) = 2Pe Ps(E). 
a P+(t) + P+(-1--) Pt(E) + PJ..(E) p(E) ' 

(3.13) 

with Ps(E) := 1/2[pt(E) - PJ..(E)] and the polarization of the photo
electron Pe defined as: 

p ·- P+(t)- P+(-1.-) 
e .- P+(t) + P+(.!.) 

(3.14) 

It is quite easy to verify that the Pe value without including any 
spin-orbit interaction is zero. At the K edge of Fe and Co dichroism 
is actually very small, the spin orbit coupling coming entirely from 
the band electrons and, moreover, the orbital moment of p electrons 
is almost completely quenched. As a result Pe :::: 0.008, considering 
the L2 and the L3 shells in the same system Pe = -1/2 and + 1/4 
respectively. 

3.6 The orbital polarization: U M4 and M5 edges 

The real case of interest for us is that of 3d --+ 5f transitions in an 
U atom in a metallic environment. The main difference with the two 
presented examples is that the 5f state is neither a completely localized 
state nor a band state. The 5f electrons carry an orbital moment, 
reduced compared to what expected for insulated ions, but still large 
compared to that expected for pure band-states. 

To have a first idea on the problem let us look at the system in a 
one electron atomic approximation, the initial ground state is a 3d105fn 
state, with n determined by the specifie system considered and gener
ally not known; the final excited state is a 3d95jn+l state. Like in 
the Yb3+ case the spin-orbit coupling lifts the degeneracy of the two 
possible states for the hole in the final core state into the two sublevels 
3d312 and 3d512 , separated by about 175 eV. Moreover also the upper 
5f state is spin-orbit split, which means that the f states are split into 
5f512 and 5j712 and, according to the third Hund's rule, the degeneracy 
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is lifted and the 5 F 12 states is higher in energy th an the 5 j 512 state. 
This means th at the external 5 f electrons are expected to have the 
orbital moment opposite to the spin moment. 

Following Lovesey and Collins [46) we estimate the contribution to 
~a/ a due to the orbital polarization of the DOS in the two step model. 
We neglect the spin polarization of the valence states, as its effect has 
been considered in the previous example. We begin by defining the 
total and the orbital DOS of the unpaired 5f electrons in the final 
state as a superposition of states with a given projection m of the 
orbital moment : 

l l 

p(E) := L Pm(E), and PL(E) := L mpm(E). (3.15) 
m=-l m=-l 

Working exactly like in the previous example, to within a constant 
factor c, one can write the absorption as the product of the probability 
for a given light polarization( + or -) of exciting a photoelectron with 
given m and the corresponding DOS 

l 

O"±(E) = C L P±(m)pm(E). (3.16) 
m=-l 

In order to evaluate ~afa, we use the identity: 

P±(m) = p'f( -m), (3.17) 

analogous to the identities in the spin-density case. The difference in 
the probabilities for two magnetic sublevels with opposite m scales with 
m, 1.e. 

P±(m) - Pmp( -m) =am, (3.18) 

where ais a constant. ~a with using the identities 3.17 and eq.3.18 is: 

l 

a+(E)- a_(E) =caL mpm(E) := capL(E). (3.19) 
m=-l 

In order to determine the two constants a and c there are two further 
steps. To determine a we have to evaluate the mean orbital polarization 
of the photoelectron for light of a given helicity 
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substituting eq. 3.18 in eq. 3.20 and evaluating the numerator, 

"l 2 
( ) 

L....tm=l am m := l 

2:m=-l P±(m) 

from which we obtain: 

ail(l + 1)(2l + 1) 

2:~=-l P±(m) 

6(m) 
1 

a= l(l + 1)(2l + 1) f
1 
P±(m). 

(3.20) 

(3.21) 

(3.22) 

The dichroic signal ~a is non zero only if the expectation value of 
the orbital moment in the final state is non zero. In order to evaluate 
the denominator we consider that: 

(3.23) 

the sum of the absorption of the left and right polarized light is about 
2/3 of the total absorption ar. a0 corresponds to the probability of 
absorption of a photon with linear polarization. The advantage of this 
combination is th at P+ ( m) + p0 ( m) + p_ ( m) = PT is independent of m; 
which allows us to write: 

l l 

ar= c L Pm(E) [p+(m) + Po(m) + p_(m)) = cpr L Pm(E) 
m=-l m=-l 

(3.24) 

and, as the total probability is independent of the light polarization, 

- 3 - 32:~=-!P± 
PT - PT,± - 2l + 1 (3.25) 

substituting eq. 3.25 in eq.3.24 and, taking the ratio with eq.3.19, 

~a 3(m)pL(E) 

a l(l + 1)p(E) 
(3.26) 
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is obtained. This is only the contribution to dichroism coming from 
the orbital magnetization. Putting together with the result obtained 
in the previous paragraph for the spin contribution: 

~a _ p Ps(E) 3(m)pL(E) 
a -

2 
e p(E) + l(l + l)p(E) · 

(3.27) 

The total dichroism cornes in a general case from the orbital and the 
spin DOS that appear in eq.3.27 with different prefactors. Contrary to 
the spin case, orbital dichroism does not require a spin-orbit resolved 
core state. The sum rules are based on these ideas but with a treatment 
more complex involving many electron states. As a result, XMCD has 
become powerful element specifie magnetometry tool. 

3.7 The sum rules 

Thole, Carra and co-workers have shown [47, 48] that the normalized 
integrated XMCD signais can be related to the ground state expecta
tion values of the orbital momentum (Lz) and an effective momentum 
(Se) = (Sz) + 3(Tz) with (Tz) the projection of the magnetic dipole 
operator T = l:i[si - 3ri(ri · si)/rlJ along the quantization axis. ln 
the case of M 4 and M 5 absorption edges the sum rules take the form: 

(Lz) 

3nh 

fM5+M
4 

(a+(E)- a-(E)) dE 

~ fM5+M
4 

(a+(E) + a-(E)) dE 
(3.28) 

2(Se) ~ fM5 (a+(E)- a-(E)) dE-~ fM
4 

(a+(E)- a-(E)) dE 

3nh - ~ fM5+M
4 

(a+(E) + a-(E)) dE 
(3.29) 

where nh is the number of holes in the 5f final state and the denomi
nator gives the normalization of the signal to the white line. According 
to Carra [48], the problems related to the knowledge of nh as well as 
the majority of experimental complications strongly diminish for the 
determination of the ratio: 

(Lz) 
2(Se) 

2 fM5+M
4 

(a+(E)- a-(E)) dE 

2 fM5 (a+(E)- a-(E)) dE- 3 fM
4 

(a+(E)- a-(E)) dE' 
(3.30) 
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as nh and the normalization disappear from the equation. We note 
that the integrated values of the signais do not depend on the exact 
shape of the signal, that can be very different in different materials. 

The application of the sum rules to the experiments requires sorne 
hypothesis and a complex procedure of data correction. 

3.8 The ideal and the real: Applying the sum 
rules! 

Our XMCD measurements were performed at the beamline ID12A at 
the ESRF. The experimental geometry is reported in fig.3.2. The ex
ternal field is applied in the direction of the incident radiation. The 
energy of the X-ray bearn was sweept around the M 4 ("' 3 726 eV) and 
M5 ("' 3551 eV) U absorption edges. In the case of a thin sample 

Flux lines of the 
Magaetie field 
1 to the X-ray 
incident bearn 

i 
1 

, folarized 
~luorescence 

1 

1 
. 0\ 
'10 . 

Detector 
. J 

Figure 3.2: Schematic top view of the dichroism experiment. The sign of 
the magnetic field direction can be switched. 

an XMCD measurement on ID12A is a measurement of the difference 
between the two absorption coefficients under external field reversai. 
This raises the first problem. In a real experiment the total absorption 
can be linked to various transitions, whereas in the sum rules only the 
process we are interested in appears . The absorption is not due only 
to the process that we are interested in, even if it dominates at the 
studied edge. We can write: J-t(E) = J-lx(E) + J-la(E) where J-lx(E) is 
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the contribution coming from the process we want to study and p,0 (E) 
cornes from other absorption processes. 

As we dispose of thick sample no radiation is transmitted. We 
neeed an indirect measurement of the absorption. This is a problem 
often present in X-ray measurements. The solution is to measure the 
products of the relaxation of the atoms that have absorbed the pho
tons in the sample. The two possible decay channels are Auger electron 
emission and fluorescence, the crossover between the two processes oc
curring at Z"' 30, in the U case (Z = 92), the fluorescence dominates. 
Besicles, the free mean path of Auger electrons (rv 50 Â) is well adapted 
to study surfaces, whereas the rv 3000 Â free mean path of the fluo
rescence photons makes it characteristic of the bulk. 

To apply the sum rules the relation between the absorption and 
the fluorescence intensities must be established. This relation deviates 
from simple proportionality, as there is a non vanishing probability for 
the fluorescence photons to be absorbed in their passage through the 
sample. The totality of the emitted fluorescence detected, due to the 
process that we are studying, normalized to the incident bearn intensity 
I0 (E) is: 

Ix(E) - A'p (E) . ( ) P,x(E) [ ( ~'-<E> ~)] - 'f/2 X Slll Œ ( 1- e- sin(o)+sin(f:l) t 
r p,(E) l + s~n(a) \ ' 

sm({J) 

(3.31) 

where A' fr 2 is the solid angle seen by the detector, Tf is its efficiency, 
Px(E) the probability of the occurrence of absorption followed by flu
orescence reemission, Œ the angle between the sample surface and the 
incident bearn (:::::: 80°) and f3 the angle between the surface of the sam
pie and the outgoing bearn (:::::: 10°), defined by the detector position 
(see fig.3.2), t is the thickness of the sample. 

This equation can be approximated for the two cases: 

1. thin sample (using e-x:::::: 1- x+ ... ), we obtain: 

A' 
Ix (E):::::: ry 2 p,x(E)wxtp,x(E) 

r 

2. thick sample (neglecting e-x compared to one) 

Ix (E) :::::: B(E)p,x(E) 
p,(E) + A(E)' 

(3.32) 

(3.33) 
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where 

A' 
B(E) := rJ-zPx(E) sin(o:), 

r 
and 

sin(o:) 
A := J-L(E1) sin(,B). (3.34) 

By simple inversion of eq.3.33 

(E) = Ix (E) (J-La(E) +A) 
J-lx B- JX(E) . (3.35) 

3.9 The data analysis 

Eq.3.35 is the basis for the data analysis and immediately raises the 
problem of estimate JX (E), J-la(E), A, and B. 

To estima te Ix ( E), the first thing to do is to extract from the total 
measured intensity I(E), Ix (E) as, like for J-l, we can write I(E) = 
Ix (E) + JO(E), where JO(E) is the unwanted background that does not 
appear in the sum rules, but is present in the experiment. 

To do this we introduce a simple analytic function: 

-o -o(E-Ee) f ( E) = Fs + tl! arc tan tl! a (3.36) 

to model the jump of l 0 (E) at the absorption edges. The parameters 
that appear in f(x) are the position of the absorption edge Ee, which 
depends on the valence state and on the chemical environment of the 
considered ion; the mean value of the background r, its jump tlr, 
and the slope of the function a, this last parameters is really free and 
is chosen in such a way that the jump is neither to steady nor too 
smooth. 

This analytic function will be also exploited to determine J-L0 (E). 
This coefficient is estimated in two ways: far from the edge it is equal 
to the total absorption and can be estimated from the "N uclear Data 
Tables" [49], near the edge the jump is described by the function used 
to describe the JO(E) jump, i.e. with the same a, Ee and D.r. 

The following step is to determine A and B. 
A does not pose big problems as it depends from the geometry of 

the experiment, that is known, and from the total absorption at the 
fluorescence energies E1. To estimate J-L(E1 ), we note that at each yield 
90% of the absorption cornes from an unique transition. We choose Ef 
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corresponding to these transitions (Ef5 = 3170 eV and Ef4 = 3338 
eV). 

B is much more difficult to estimate. The adopted procedure is to 
change B to reproduce the spectral features observed either directly in 
absorption or in Auger electron emission [50]. Let H be the height of 
the maximum of the white line relative to the minimum mean value of 
the background and Hb the background jump from the value before to 
the value after the edge. The direct measurement gives for the ratio 
( H / Hb) rv 9 at the M 5 edge and rv 8 at the M4 edge, whereas the ratio 
between the integrated intensities of the white lines is J(M4 /M5 ) rv 1.9. 

We note that this step of the procedure does not affect qualitatively 
the shape of the spectra and it represents a small correction on the 
global result ( rv 2% on the values obtained from the sum rules). A 
complete analysis of the effect of a variation of the free parameters, 
involved in the data treatment on the final results is given in ref. [51]. 
Here we limit to recall their results: the variation on (Lz) /3nh ~ 7% 
whereas ~~;? variation is rv 1%. This, combined with experimental 
errors, allows to set an upper bound for the global uncertainties of 
rv 10% on (Lz) /3nh and of rv 4% on ~~:?. 

We have now to apply the sum rules to J.lx(E), but before to do this 
we have to correct for the polarization of the X-rays in the experiment, 
that is not one as in the ideal case and moreover depends from the 
energy value. Of course, this correction does not apply to the isotropie 
absorption, that is the mean value of the absorption obtained for the 
two opposite polarization, and so it does not depend from the polar
ization values, but only to the two polarization dependent absorption 
coefficients. 

3.10 Experimental 

The samples were the same used for the experiments reported in chap
ter 2. They have approximately parallelipiped shape and volumes of 
few cubic mm. The magnetic form factor measurements were per
formed with the polarized neutron diffractometer D3 installed on the 
hot source at the ILL. The samples were oriented with a 3-fold axis 
vertical in a cryomagnet and field cooled in the maximum available 
field of 6T dawn to 2K. According to the hysteresis loop, this satu
rates the magnetic moment and produces monodomain samples. The 
intensity ratios (the so-called flipping ratios) of the Bragg peaks were 
measured with neutrons polarized first parallel and then antiparallel 
to the applied field, as described in section 3.1. Flipping ratios were 
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3.11 Magnetic form factor results 

collected with a P~utron wavelength À = 0.843 A, and to control the 
extinction correction sorne reflections were measured also at À= 0.514 
A. Extinction was quite small in the samples examined (x = 0.60, 
0.40, and 0.15), and this is consistent with the results of the previous 
unpolarised neutron diffraction experiment [21]. Data were also cor
rected for the À/2 contamination and the depolarization of the neutron 
bearn. XMCD measurements were performed at the beamline ID12A 
at the ESRF by sweeping the energy of the X-ray bearn around the 
M 4 (rv 3726 eV) and M 5 (rv 3551 eV) U absorption edges. It was not 
possible to have exactly the same experimental conditions as in the 
neutron experiments. In the dichroism case the crystals (x = 0.60, 
0.40, and 0.30) were oriented with a 4-fold axis forming an angle of 
rv 10° with the X-ray bearn. The samples were cooled in a magnetic 
field parallel to the incident bearn. The two absorption spectra needed 
to extract the dichroic signal were obtained by flipping the direction of 
the applied magnetic field. To avoid the crystal breaking, due to the 
large anisotropy present at low temperature for x ~ Xc, the x = 0.60 
sample was cooled to 90 Kin a 2 T field, whereas for x= 0.40 and 0.30 
the applied field was 5 T and the temperature T rv 10 K. 

Magnetization measurements were performed with a SQUID mag
nometer in the same orientations and with the same applied fields as 
the neutron and dichroism measurements in order to allow a compari
son. 

3.11 Magnetic form factor results 

The measured form factor for both x=0.60 and x=0.40 samples are 
reported in fig.3.3a. For comparison the results for pure US [52) are 
also shown in fig.3.3b. In each case the value for the scattering vector 
Q = 0 is taken from magnetization measurements. To fit the magnetic 
form factor we used the dipolar approximation (eq.3.8). Only flipping 
ratios corresponding to Q ::::; 0.6 A-l were considered. The data were 
fitted assuming two hypotheses for the U ground state (U3+ and U4+). 
At each x, both the ionie states fit well the experimental results, so, like 
in pure US, it is not possible to establish which is the actual ground 
state. The resulting parameters for the 3+ and 4+ configurations are 
reported in Table 3.1 and Table 3.2 respectively. The saturated mag
netic moment per U increases with increasing x, but the ratio JlL/ Jls is 
constant within the experimental sensitivity. The two fits give slightly 
different values of the ratio JlL/ Jls for the different configurations be
cause of the different spatial extent of the (ji) functions [53). The bulk 
magnetization measurements values at x = 0.60 and x = 0.40 were 
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NO LRMO LRMO 
u3+ x= 0.15 x= 0.40 x= 0.60 x= 1 [52] 

T(K) 2 2 2 4.2 

IL = ILL+ ILS 0.11(1) 1.07(2) 1.53(6) 1.67(3) 
C - ILL 2--

IL 
2.0(1) 1.76(6) 1.9(1) 1.86(6) 

ILL 0.22(2) 1.88(7) 2.9(3) 3.11(11) 

-~Ls 0.110(14) 0.81(7) 1.38(16) 1.4(1) 
ILL 2.0(1) 
MS 

2.32(10) 2.11(12) 2.16(8) 

IL 0.097(3) 0.925(2) 1.30(3) 1.55[ [24]] 

Table 3.1: Parameters obtained by the dipolar fit to the neutron data with 
the U3+ hypothesis. The data for pure US are obtained from a new fit 
of the Wedgwood data [52]. Ji is obtained by the magnetization measure
ments. The magnetic moments are given in ~Ls/U. The double verticalline 
divides the samples exhibiting long range magnetic ordering (LRMO) from 
the others (NO LRMO). 

found to be reduced by about (rv 0.15~Ls) compared with the neutron 
results and the same difference was measured also in pure US. This 
difference has been attributed to the conduction electrons (6d and 7 s) 
which have a spatial extent such that they cannot be observed by neu
tron experiments [53]. In agreement with theory, these electrons are 
polarized parallel to the uranium spins thus antiparallel to the total U 
moment. This difference appears to be very small at x= 0.15. Accord
ing to fig.3.3 a and b, we conclude that the shape of the form factor 
does not change when varying the U concentration. This is further 
demonstrated in fig.3.3 c, where we plot the ratio between the form 
factors measured in diluted compounds and the form factor measured 
in pure US as a function of Q. The magnetization distribution in the 
real space, obtained by the maximum entropy technique [54], agrees 
with the hypothesis of the magnetic moment only at the U sites. 

3.12 Dichroism results 

In this section we focus on two aspects: The quantitative analysis 
of the dichroic data and the qualitative comparison of the shapes of 
the dichroic signais that abruptly changes near Xc. The results are 
reported in Table 3.3 for the two hypotheses 3 + (nh = 11) and 4 + 
(nh = 12) for the U valence state. In arder to allow a comparison with 
the neutron results, the dichroism results have been normalized, using 
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NO LRMO LRMO 
uH x = o.15 1 x = o.4 11 x = o.6 1 x = 1 [52J 

T(K) 2 2 2 4.2 

IL = ILL +ILS 0.114(12) 1.079(13) 1.55(6) 1.68(3) 
C2 = ILL 

IL 
1.67(12) 1.58(5) 1.71(11) 1.67(5) 

ILL 0.19(2) 1.70(5) 2.6(2) 2.81(6) 
-~Ls 0.076(16) 0.62(4) 1.10(18) 1.13(9) 

ILL 2.5(3) 
ILS 

2.74(14) 2.4(2) 2.49(11) 

Table 3.2: Parameters obtained with the hypothesis U4+ for the U ions. The 
data for pure US are obtained from a new fit of the Wedgwood data [52]. The 
magnetic moments are given in ILB/U. The double verticalline divides the 
samples exhibiting long range magnetic ordering (LRMO) from the others 
(NO LRMO). 

magnetization measurements, to conditions of field and temperature 
corresponding to the neutron experiments. The ratio ~~:? appears to be 
lower for the low x sample, but, within our statistics, we cannot claim 
a change of this parameter as a function of x. This result implies that 
no abrupt variation of the electronic localization occurs in the studied 
samples. In order to estimate {Sz), (Tz) and the total 5f moment 
ILdic, we impose the ratio a obtained by the fits of the magnetic form 

J.LS 
factors. 

The absorption and the dichroic spectra, corresponding to the Ms 
(3d3; 2 -+ 5!) and M 4 (3ds;2 -+ 5!) edges are shown in fig.3.5 for the 
studied concentrations and for pure US. The M 4 spectra are feature
less and their shapes do not change with x. As usual in light actinides 
compounds the signal at the Ms edge is reduced by a factor rv 5 com
pared to the M 4 one. The Ms edge at x = 0.60 is very similar to that 
measured in pure US (51, 55], with a positive lobe and a small negative 
"splinter". At x = 0.40 and 0.30 the Ms edges exhibit two lobes that 
have almost equivalent areas. 

3.13 The shape analysis: the US case 

The shape analysis of the dichroic signais represents a very complex 
problem, that only recently was addressed theoretically. Here we dis
cuss the origin of the shape, in the US case, following closely the expia
nation given in a recent paper of Shishidou et al. (56). The noteworthy 
result presented in this paper is the close agreement between the theo-
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NO LRMO LRMO 
U3+(nh = 11) x= 0.3 x= 0.4 x= 0.6 x= 1 [51] 

-(Lz) 1.0(2) 1.4(2) 2.3(4) 2.6(4) 
(Se) 0.7(1) 1.0(2) 1.3(3) 1.7(4) 
(Tz) 0.29(3) 0.33(3) 0.39(3) 

J-ldicÜts/U) 0.8(1) 1.2(2) 1.4(3) 
U4+(nh = 12) 

-(Lz) 1.1(2) 1.5(3) 2.5(5) 2.9(5) 
(Se) 0.76(15) 1.1(2) 1.4(3) 1.9(5) 
(Tz) 0.28(3) 0.32(3) 0.38(3) 

/Jdic (tJ B /U) 0.95(14) 1.5(3) 1. 7(3) 

~Lz)_ 1.43(7) 1.44(7) 1.73(8) 1.56(6) 
(Se) 

R=l~l 2.1(6) 2.4(7) 16(2) 23(3) 

Table 3.3: Parameters obtained by the dichroism experiments with the two 
hypothesis nh = 11 (U3+) and nh = 12 (U4+). The results obtained by 
magnetization measurements have been used to deduce the expected values 
in the same conditions of the magnetic form factor measurements. The 

ratio - ~~:? and R are not affected by the hypothesis on hole number. 

The double vertical line divides the samples exhibiting long range magnetic 
ordering (LRMO) from the others (NO LRMO). 

retical calculation and the experimental features of the dichroic signal. 
We discuss the characteristic features of US dichroic spectra referring 
to the aspect of the signal in fig.3.5 (US is shown in the lower panel) 
and completely ignoring the prefactors (i.e. what appear as positive in 
the figure is discussed as being positive). The most impressive features 
are: 

1. Absence of multiplets or satellites structures; 

2. Positive sign of the major part of the dichroic signal at the M 4 

and the Ms edge; 

3. lntensity of the dichroic signal at the Ms edge strongly reduced 
compared to the M 4 signal; 

4. In the Ms region a small negative "splinter" appears above the 
main signal in energy. 

The first feature, together with the large separation in energy be
tween the M 4 and Ms edges, implies that the final excited states with a 
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hole in the spin-orbit split 3d state can be considered as a good quan
tum number. In other words the interaction between the core hole and 
the valence states can be neglected, as it generally produces multiplet 
features in the spectra. This agrees with the small size of the multipole 
Slater integrais (3d- 5!). The second feature is generally ascribed to 
the large orbital moment. Ali these features, even the small intensity 
at the Ms edge compared to the M4 can be explained within an atomic 
calculation, but not the last feature. Both the small Ms/ M4 ratio and 
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Figure 3.4: The 5f partial DOS projected onto the j bases: a) the light gray 
line is the j = 5/2 part, whereas the j = 7/2 part is in black. In fig .(b) 
a further projection of the j = 7/2 5f over two (jz = 7/2 in black and 
Jz = -7/2 solid light gray) of the 8 magnetic sublevels. The two sublevels 
are separated slightly in energy. The dotted vertical lines mark the Fermi 
energy. 

the splinter can be qualitatively explained inspecting the 5f density of 
states(DOS). The way to reason is exactly the same adopted for the 
multiplet dichroism seen in section 3.4 for Yb3+. The difference is that 
we have to consider DOS rather than weil defined levels. We must 
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consider the projection of the 5f DOS onto the angular momentum 
states j = 7/2 and 5/2. According to the Hund's third rule, the 7/2 
states (L and S parallel) are higher in energy than the 5/2 states (see 
fig.3.4a). The occupation of these states is less favorable for the sys
tem that prefer to occupy the 6 j = 5/2 states. We have however to 
keep in mind that this is only a qualitative approach, since, j is not a 
good quantum number, so that off diagonal terms will mix the states. 
These states are also at least Zeeman split, due to the presence of an 
external magnetic field, and the exchange interaction. For the 3d5; 2 

state almost all the signal cornes from the transition to the 5h;2 state. 
This part of the DOS is almost empty and this strongly enhances the 
probability of transition for both polarizations of the incident photon, 
so that their difference become small. The small splinter cornes from 
the different energy positions of the projected 7/2 DOS onto the Jz 
sublevels (see fig.3.4b). In arder to raise Jz the light must be right 
polarized so the transitions to (Jz = +7 /2) are maximized for right 
polarized light, whereas the transition to (Jz = -7 /2) are maximized 
for left polarized light. As these DOS are very similar but their energy 
position is not the same, they are separated from the main signal and 
cause an additional feature in the dichroic signal. 

Why is this feature not observed at the M 4 edge? The transition 
in this case is 3d5; 2 --+ 5f5; 2 . Contrary to the 7/2 DOS that is al
most completely empty, so that occupation does not come into play, 
here we have to put the two or three electrons of the U into the six 
magnetic sublevels. The energy spread of the levels being quite small, 
the levels will be all occupied but with a preference for the positive 
sublevels. This implies that there are more states available for the 
transitions induced by the left polarized light than for those induced 
from the right polarized light, which would increase Jz. The result is 
that the enhancement of the signal at the M 4 edge is smaller than the 
enhancement at the M5 edge, whereas the dichroic signal is larger due 
to the major occupation of the states with positive Jz· 

3.14 Discussion 

The polarised neutron study has confirmed the previous results on US. 
Although the long range arder is lost at Xc = 0.57, there appears no 
change in the shape of the magnetic form factor either near Xc or at 
lower x when the induced moment is quite small. Within the dipole 
approximation, this implies that the ratio of J-LL/ J-Ls is unchanged as a 
function of x. Averaging the experimental values given in Table 3.1 
and 3.2, we find IJ-LL/ J-Lsi = 2.5(2) for the assumption of U4+(5j2), and 
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about 2.1(2) for p3+(5j3), whereas the calculated free-ion values for 
these two configurations, including intermediate coupling, are 3.36 and 
2.54 respectively. Ab initio study of US have suggested that there are 
about 2.9 5f electron states occupied [57], so that US should be doser 
to the U3+ configuration. 

The decrease in IJ.LL/ J.Lsl from the free ion value of 2.54 to 2.1(1) is 
due to hybridization. However, this aspect of the hybridization does not 
change with La dilution, suggesting it is a single-ion effect, presumably 
involving the 5f and conduction electrons 6d7s at the U site. 

Another comparison may be made between the polarised neutron 
results and XMCD by examining the orbital moment J.LL and -(Lz) in 
the three tables. Here the agreement is reasonable with the assumption 
of U4+, whereas in the case of U3+ the neutron values are consistently 
rv 0.5J.LB greater than those deduced from dichroism. This suggests a 
U4+ ground state, in contradiction with theory. Of course, we must be 
aware that both the neutron and XMCD results have been deduced us
ing free-atoms parameters. In the neutron case by applying the dipole 
approximation, see section 3.2, about which there has recently been 
sorne doubt expressed [44], and by using atomic (ji) functions [53]. In 
the dichroism case completely neglecting coherence effects that could 
modify the ratio between the dichroic signal [58]. The lack of agree
ment is therefore not totally surprising, and illustrates the difficulty 
of establishing the valence state of U in these materials, as discussed 
earlier. 

From the dichroism al one we see th at the ratio - (Lz) /(Se) shows 
a slight increase for x > 0.50, but this is barely significant within the 
statistics. Moreover, (Tz) is close to the latest ab initio value of 0.27 of 
this quantity [59], as well as the 0.36 deduced by Shishidou et al. [56] 
There seems to be a slight tendency for (Tz) to rise with x, as perhaps 
might be expected sin ce (Tz) is also a me as ure of anisotropy, and US 
is known to be highly anisotropie [1]. 

Thus summing over spin clown and spin up, which is the case for the 
parameters extracted from Tables 3.1 to 3.3, there does not seem to be 
a major change in the electronic structure in the integrated properties 
of the UxLa1_xS system as a function of x, apart, of course, from the 
loss of the long-range ordered moment for x< Xc, as shown in Ref. [21]. 
On the other hand, it is also clear from the muon experiment, as weil 
as from own neutron inelastic scattering measurements, discussed in 
the next chapter, that even for x :::; 0.40 localised magnetic moments 
exist and exhibit short-range ferromagnetic correlations. This is not a 
situation in which the local moments cease to exist below Xc· 

One property that does change drastically as a function of x is 
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Figure 3.5: M4,5 absorption spectra and corresponding dichroism spec
tra(light gray) at x = 0.30, 0.40, 0.60, and 1. The value of the applied 
magnetic field (Bext) and the temperature (T) are reported on the right for 
each sample. At x = 0.30 and 0.40 the areas of the positive and the negative 
lobes at the M 5 absorption yields are comparable. On a further increase of 
x (x ~ 0.60) the positive lobe becomes much larger than the negative one, 
that is reduced to a small "splinter". 
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the spectral shape of the Ms dichroic signal - see fig.3.5. This change 
can be emphasized by examining the areas of the positive and nega
tive lobes at the Ms edges for all the material shawn in fig.3.5. We 
have attempted to be more quantitative in this respect by summing 
the experimental points corresponding to the individual positive and 
negative lobes around the Ms dichroic signal, and taking their ratio. 
This is shawn in Table 3.3 as R = lA/ BI, where A is the area of the 
lobe at lower energy (negative with our sign convention), and B the 
area of the lobe at higher energy (positive with our convention). The 
dispersive nature of the line shape may be seen clearly for the low x 
concentrations, where R rv 2, whereas for x= 0.6 and 1, R > 10. Note 
that this feature of the dichroic signal will not appear in any integrated 
property of the dichroism, as the total area under the dichroic curve is 
taken, independent of sign, in deducing the parameters in Table 3.3. 

This negative "splinter", has been discussed in the previous section 
for the US case following Shishidou (Ref. [56]). It was also discussed 
by Dalmas de Réotier et al. [60] and there is agreement where this 
effect cornes from qualitatively. As shawn in the previous section it 
is related to the energy splitting and to the absence of occupation in 
the IJ Jz) = 17/2 ± Jz) states, see fig.3.4. These two features lead to 
unequal energy dependencies of the two transitions. The absence of a 
similar feature at the M 4 edge is also discussed in the previous section 
and it is related to the different occupation of the magnetic sublevels 
of the 5/2 DOS. 

However, such a madel in jj coupling is too naïve to be more than 
qualitatively satisfying, and requires more complete calculations to sim
ulate the experiments. A simple approach might assume that the split
ting is proportional to the molecular field at the U site, and hence the 
magnetic moment, either ordered or induced by a magnetic field. If 
this was the case one would expect the biggest change in R to come at 
low x, where the observed moment drops appreciably. However, this is 
not the case, the biggest change is near Xc, so that one may perhaps 
associate this change also with the loss of the long range magnetic or
der. In conclusion on this point we note that there is little consistency 
of the spectral features of the Ms dichroic signal for U compounds. R 
is large in US and URu2Si2 , it is small in the low x compositions exam
ined here, smaller in UPt3 , and UPd2Ah, and even < 1 in UBe13 [60]. 
Hopefully, a theoretical treatment can shed sorne light on this unusual 
systematics. 

65 



Chapter 4 

Short range correlations 

Dans ce chapitre nous présentons les expériences réalisées par diffusion inélastique 
de neutron sur deux échantillons. 

La première expérience concerne un échantillon de U0 .40 La~J.6oS . Nous avons 
choisi d'étudier ce composé pour deux raisons: 

1. La proximité de la concentration critique (xc ~ 0.57); 

2. L'absence d'anomalies structurales pour cette concentration. 

Le deuxième ensemble d'expériences a été réalisé sur un échantillon de 

Uo.2o(Lao.t5 Yo.s5)o.so Te. Pour UTe qui est le plus "localisé" parmi les monochalcogénures 
d'uranium, la dilution via une combinaison d'ions diamagnétiques devrait réduire 
les interactions U-U, principalement l'interaction d'échange. Cela devrait per
mettre de décrire le système en termes d'un ion isolé dans un champ cristallin 

anisotrope {24, 61}, mais nous montrerons que même pour une faible concentration 
d'uranium, le corrélations magnétiques, résultat des interactions d'échange persis-

tent et déterminent le comportement du système. 

In this chapter we will present the experiments performed using 
neutron inelastic scattering on two samples. The first experiment that 
we present is on the U0 .40La0.60S sample. We have chosen to study this 
concentration for two reasons: 

1. It is near to the critical concentration (xc-:::::::: 0.57); 

2. At this concentration the elastic behavior does not present struc
tural anomalies. 

The second set of experiments is on a U0.20 (La0 .15 Yo.ss) 0.80 Te sam
pie. The UTe system is on the "localized" side between the U monochalco
genides. The dilution via a combination of diamagnetic ions should 
further reduce the U-U interactions, mainly by reducing magnetic ex
change, giving rise to a description in term of a single ion in an highly 
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anisotropie crystal field [24, 61]. As shown in the following, this is not 
the case, even at this low U content, magnetic correlations still deter
mine the behavior of the system. 

4.1.1 Experimental conditions 

The measurements were realized on the thermal three axis spectrometer 
IN22 at the ILL, installed at the end position of a thermal supermirror 
guide. To maximize the flux at the sample position all the collimators 
were set to "open" . The bearn focalization was insured by a vertically 
focusing monochromator PG(002), whereas the PG(002) analyzer in
sured the horizontal focusing. All the measurements were realized with 
fixed k1 = 2.662 A-l. The flux at the sample was of about 3.5 x 107 

n·cm-2s-1 . 

The specimen was a single cubic crystal of 7.256(5) g, it was ori
ented with a vertical [llO] axis. To minimize incoherent scattering, 
it is attached to the holder with copper wires, and encapsulated in an 
aluminum container filled with He gas to insure thermal exchange. The 
FWHM of the A3-scan (equivalent to an w-scan on a two-axis diffrac
tometer) was of about 0.5° at A4::: 70°, which indicates a sample of 
good quality. The FWHM of the incoherent peak was'"" 1 meV. 

The simultaneous presence of the magnetic and the nuclear scatter
ing in the unpolarized neutron scattering experiment makes it difficult 
to separa te the magnetic intensities I ~ ( Q, w, T) from the nuclear con
tribution I:'(Q,w, T) in the total scattered intensity I~(Q,w, T), (e = 
experimental). In sorne cases accidentai reduction of the nuclear sig
nal, Iinked to Fermi lengths compensation, provides sorne regions of 
reciprocal space that are free of contribution from phonons. In the 
general case, this is not true and a contribution coming from the lat
tice is always present. In these cases, we can exploit the differences 
between the energy, the space, and the T behavior of the magnetic and 
lattice-related signais to obtain the needed information. The recipe to 
isoiate the magnetic contribution is: 

• to choose the smallest Q reflection with the weakest nuclear struc
ture factor ( in our case the { 111} positions), to maximize the 
magnetic contribution; 

• to choose a reflection with the highest nuclear structure factor 
and the biggest Q to minimize the magnetic contribution (in our 
case the {222} position) and maximize scattering from phonons; 
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• to vary T. The spins and the phonons excitations are bosons, 
so they both scale with the Bose factor, but magnetic correla
tions have an intrinsic T dependence, so they vanish when their 
coupling constant is of the same magnitude as T, whereas the 
contribution from phonons increases with T. 

4.1.2 Experimental results 

In fig.4.1a and 4.1b the dependence of the magnetic signal from T, at 
fixed energy transfer (w = 4 meV) , and w = 4, 6, 8, and 10 meV at 
fixed T = 5 K are presented, respectively. Data are corrected for the 
Bose factor. The signal is centered at the ferromagnetic point at all the 
measured T and w, it is quite broad in reciprocal space, and becomes 
broader and broader with increasing energy transfer and temperature. 
The signal does not disperse in Q-space vs w. At w = 10 meV it is 
hardly detectable. The maximum at 50 K agrees with the maximum 
in fig.4.2 and 4.3. 
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Figure 4.1: Magnetic signal obtained subtracting from the transversal scans , 
performed around the (111) position in the direction (h,h,-h), the signal 
measured performing the same pa th in the ( Q, w) space at 300K, corrected 
for the Bose factor. The evolution of the magnetic signal versus T is shown 
in (a) for an energy transfer of 4 meV, whereas in (b) is shown the change 
of the magnetic counts with changing the energy transfer at T = 5 K. 

In order to subtract the nuclear contribution from the integrated 
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signal two different methods were adopted. Both methods are based 
on the hypothesis that at 300 K all the signal cornes from the nuclear 
contribution. This hypothesis is quite reasonable because 300 K is far 
above the ordering Tc of US (180K). After performing the Bose factor 
correction, by simply subtracting the integrated intensity measured 
at 300 K from those measured at lower T, in the same position, the 
magnetic signal (5~'*(111)) is obtained, (c=calculated, * is a label for 
the first method). The results obtained by applying the equation: 

S~'*(w, T) = [S!(w, T)- S!(w, 300)] 

are reported in fig.4.2a. 
The second way we choose is to estimate the phonons ratio by the 

structure factor of the one-phonon cross section. Approximating the 
Debye-Waller factor to one, as the Debye temperature is qui te high 
in these materials, and, considering that in the symmetry directions 
the nuclear displacements are in the same directions f,. The phonons 
intensity becomes proportional to [62]: 

(4.1) 

with 

(4.2) 

g' 2 refers to the first Brilloiun Zone (BZ), the b symbols are as usual 
the Fermi lengths, the m are the mass of the different a toms that renor
malizes the actual displacements û, normalized so that ûÎ + û~ = 1. 
The ratio obtained in our case from this expression ( rv 10) is different 
from the actual ratio at 300 K, which depends on the energy trans
fer. For example it is '"" 7 at w = 4 meV, whereas it is only rv 3 at 
w = 8 meV. This is due to the fact that this formula should be evalu
ated at each displacement value, and was evaluated for a MnO crystal 
and not for a solid solution. In the latter the different species are not 
uniformly distributed in the lattice, and the contribution coming from 
local motion can be important. So, it is better to consider the actual 
ratio between the signal measured at (111) and (222) position at 300 
K as the phenomenological ratio (r 1(w)) between the nuclear contribu
tions. Then, considering the magnetic contribution as negligible for all 
the measured T, around the (222) position, to evaluate the expected 
nuclear contribution at the (111) position. We note that integrating 
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the signal in the Q.l space the effect of changing the resolution between 
the two positions of the reciprocal space is reduced. The two meth
ods give the same trend for the integrated transverse component of the 
imaginary part of the dynamic susceptibility J Imx(w, Q.i)dq.l. The 
values obtained neglecting the magnetic signal at (222) position shown 
in fig.4.2b, as expected, are always slightly smaller than those obtained 
by the first method. 

A better agreement can be obtained giving an estimate of the ex
pected magnetic contribution to the integrated signal measured around 
the (222) position. 
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Figure 4.2: Evolution vs. T at different w of the magnetic susceptibility, 
integrated along the ( hhh) line in the Brillouin Zone. The scans were per
formed around the position (111). In (a) the results obtained subtracting 
the value at 300 K normalized for the Bose factor and in (b) the signal is 
obtained subtracting the integral values obtained performing the same scan 
in the Brillouin Zone but with the center in the (222) position times rf ( w) 
(see text). The solid lines are guides for the eyes. 

We consider the magnetic form factor f ( Q) in pure US that was mea
sured by Wedgwood [52], as well as our measurements of the magnetic 
form factors in the diluted system, reported in chapter 3, i~ order to 
estimate the ratio between the magnetic contributions (Rj) at different 
Q positions. Rj between the form factor measured between the (222) 
and the (111) reflections is "'0.65 that gives (Rj) 2 ~ 0.42. 

In mathematical terms, the magnetic signal is given by: 
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S~(lll,w, T) = [S!(lll,w, T)- rt(w) * SN(222,w, T)], (4.3) 

where 

SN(222,w,T) = S!(222,w,T)- S~'*(lll,w,T) * (Rj) 2
. (4.4) 

The result of these calculations are reported in fig.4.3. The two 
figures are independent and the agreement between the two methods is 
very impressive and makes us quite confident about the results. Con
cerning fig.4.2 and fig.4.3, one of the main problems is the estimation 
of the error bars. The areas of the signais were evaluated from fits to 
the data, and the error given by the fit programs are quite optimistic. 
We performed fits using different functions and even changing the num
ber of the peaks. The error on the areas goes from about 8% at low 

60~--~--~--~--r=7=======~ 
<111111 w = 4meV 

0 

0 50 

- ....... -

w = 6meV 
• w = BmeV 

7 w =10meV 

100 150 200 250 
T(K) 

Figure 4.3: Evolution vs. T at different w of the magnetic susceptibility, 
integrated along the (hhh) line in the Brillouin Zone obtained plotting the 
equation 4.3. The solid lines are guides for the eyes, whereas the dash-dotted 
and dotted lines are for comparison with fig.4.2a and fig.4.2b respectively. 



4.2 Uo.2o(Lao.15 Yo.ss)o.soTe 

T(K) 5 50 100 200 300 
S!(111) 12.8 15.1 12.8 6.3 2.9 
S!(222) 28.6 26.2 27.8 22.7 22.5 

s~·*(111) 9.9 12.3 9.9 3.4 0 
s~·*(222) 6.1 3.7 5.3 0.2 0 

R2 
e 0.6 0.3 0.5 0.1 

s~ (222) 4.2 5.1 4.1 1.4 0 
sN (222) 24.4 21.1 23.6 21.3 22.5 
s~ (111) 9.9 12.4 10.1 3.5 0 

Table 4.1: The symbols are defined in the text. All the quantities were 
normalized and divided by the thermal factor and the transferred energy 
w = 4 meV. 

energy and low T, where the signais are well defined up to rv 40% at 
10 meV and 200K where the signal around the (111) position becomes 
weak and the choice of fit ting function becomes critical. The error bars 
that appear in the figures results from the standard error propagation 
theory applied to the formula used. Rj was considered error free. Of 
course this is not true, but as the magnetic contribution to the signal 
is quite small, this source of error can be neglected. 

The well pronounced maximum observed up to 8 me V at 50K could 
be linked to the presence of a gap in the magnetic excitation spectrum. 

4.2 Uo.2o(Lao.I5 Yo.ss)o.soTe 

4.2.1 Experimental conditions 

\Ve performed two experiments at ILL on this sample, the first one 
was realized on the CRG thermal three-axis spectrometer IN22, the 
second one on the CRG cold three-axis spectrometer IN12, in order to 
determine the nature of the signal observed on the thermal source. The 
sample was a single crystal containing rv 0.2 g of U. It was enveloped 
in an aluminum foil and glued with the 2-fold axis [1IO] in the vertical 
plane. The glue was screened with a cadmium absorber. The FWHM 
of the incoherent in the IN22 experiment was rv 1.0 meV, whereas 
the A3-scan gave at the { 111} position a FWHM of rv O. 7°. In the 
IN22 experiment the experimental set-up was the same adopted in the 
U0.40La0.60S experiment except for the measurements of optic phonons 
that were performed at k1 = 4.1 A -1, to access a different region in 
Q space. For this sample the Fermi lengths compensates very well 
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at the odd family of reflections, so it becomes quite easy to observe 
the magnetic correlations. The only care being to choose a low Q 
position. The spatial width of the observed signais were well adapted 
to the experimental resolution of IN22 whereas, in order to observe 
the signal on IN12 spectrometer we have been obliged to degrade the 
resolution of the spectrometer by choosing kJ = 1.9 A -1, and adopting 
the defocusing configuration. 

4.2.2 Experimental results 

Magnetization and transport measurements [61] performed on sample 
with this composition show sorne anomalous behavior around 50 K that 
led Schoenes et al. [24,61] to propose a model to fit their data based on a 
localized U ion in a 3+ state. An octahedral crystal electrostatic field is 
employed in their model to lift the degenaracy of the ground state. The 
proposed crystal field scheme is shown in fig.4.4. The energy separation 
between the proposed ground state and the first excited state of about 
50K, to reproduce the range of energy of the reported anomalies. As 

------------------- r6 

ô. 21 

r (2) 

--------------~------ ~8 

t~, 
r(1) 

---------------------- ~8 
ô. - 4 me V ~ 50 K 1 

ô. 2 - 34me V - 400 K 

Figure 4.4: Proposed crystal field scheme 

the ground state and the excited states are linked by a dipole transition, 
this should be easily induced by neutron inelastic scattering. We have 
carefully looked for this transition. As shown in fig.4.5 no evidence for 
any CF transition in the analyzed energy range (2-22 meV) was found. 

On the other hand, as shown in fig. 4.6, the presence of FM corre-
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Figure 4.5: Energy scan shows the absence of any well defined CF transi
tions. The arrow marks the expected energy for the transition. The slight 
increases of the value at low energy cornes from the wing of the incoherent 
peak. 

lations, even at this low U content, is definitely clear from the energy 
constant scans performed around the (111) direction. The FWHM of 
the observed peaks is almost one half of the whole BZ. In order to fit the 
observed signal we have used three Lorentzians centered at the Bragg 
points (11-1), (111), and (113). The counts around the border of the 
BZ do not correspond to the actual background of the spectrometer, 
which is obtained at a negative energy transfer. This enhancement of 
the background value could be linked either to a Q-independent com
ponent of the magnetic signal or to a superposition of the Lorentzians. 
As the peaks are very broad the latter hypothesis seems to be the 
more probable. Besicles, this background looks entirely magnetic be
cause it decreases with decreasing the magnetic signal. The resolution 
of the thermal spectrometer does not allow to establish the nature of 
the signal, even if the presence of a gap in a paramagnetic system is 
not expected. Further measurements were realized on IN12, in order 
to clarify this point. 

The experiment confirmed essentially the results obtained on the 
thermal source and allowed to establish the quasi elastic nature of 
the signal. The T dependence of the FWHM r and of the integrated 
intensity of the signal near the center and the border of the BZ are 
reported in fig. 4.7. The presence of a magnetic signal also near the 
border of the BZ is confirmed by the energy scans. The signal is no 
longer detectable at about 80 K. An interesting aspect of the observed 
signal is that magnetic correlations are, generally speaking, strongly 
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Figure 4.6: On the left, data collected at various temperatures at an energy 
transfer of 2.5 meV along the line [11 (] . Solid lines are Lorentzian fits 
centered at the Bragg points. At T = 200 K the intensity starts to rise 
because of the multiphonon background. The inset shows the variation of 
the {111) peak heights with temperature. On the right, the comparison 
between three scans at fixed T = 50 K and different energy transfers 2.4, 4, 
and 6 meV. Up to 4 meV the signais does not change, whereas at 6 meV it 
can no longer be observed. The slope of the points at 6 me V cornes from a 
phonon contribution (not visible in the reported picture). All the data have 
been corrected for the Bose factor. 

enhanced lowering T, whereas their r decrease with T. The situation 
in U0.20 (La0.15Y0.85 ) 0 .80Te system is quite different, the r value between 
25 and 50 K does not change. The intensity at the center of the BZ 
minus the intensity at the border goes through a maximum at 50 K. 

4.3 Spectral response function 

The magnetic cross sections presented in Figs. 4.2 and 4.3 shows that 
the intensity decreases as a function of increasing energy. This is also 
the characteristic of the data for the doped UTe sample examined in 
section 4.2. Since both materials are "paramagnetic" to the lowest tem
peratures it seems reasonable to assume that the spectral function of 
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Figure 4. 7: The FWHM (left) and the area ( right) of the Lorentzian peaks 
centered at w = 0 meV that we adopted to fit the energy scans performed 
near the center (squares) and near the border of the Brillouin zone (triangles) 
as a function of T. The area are corrected for the Bose factor. 

the short-range correlations is quasi-elastic in nature, i.e. as a function 
of energy the scattering peak at w = 0, has a Lorentzian form with a 
characteristic half-width at half-maximum representing the lifetime of 
the fluctuations. Unfortunately , it has not been possible to determine 
the details of the spectral function with sufficient precision to extract 
the lifetimes as a function of either ll.Z1 or T . The reason for this is that 
in the case of the U0.40 La0.60S sample the phonon scattering is very 
strong, and we must always use subtraction techniques to determine 
the true magnetic signal, and in the doped UTe sample, the scattering 
itself is too weak for a more extensive characterisation than already 
performed. 

In particular the prononced maximum observed at T = 50 K in 
the U0.40La0.60 S sample (Figs. 4.2 and 4.3) may arise for a number of 
reasons. One should always remember that the lowest intensity is at 
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the lowest temperature (because of the Bose factor) so that the signal 
at sorne energy transfers actually increases as a function of T. There 
might be a gap in the spectral function, although it is difficult to see 
how this could occur in a paramagnetic system. 

ln brief, this aspect requires more experiments, and we plan to look 
at this sample with polarization analysis techniques in 2001. Such ex
periments will separate the phonons from the magnetic contributions, 
and should allow the spectral response to be mapped out for the mag
netic correlations as a function of both IQ1 and T. 

4.4 Conclusions and perspectives 

In the previous chapters we have discussed the properties of the UxLa1-xS 
and UxLa1_xSe systems from a static point ofview. By neutron diffrac
tion, both the systems loose abruptly the ferromagnetic long-range or
dering at an U concentration far above the percolation limit of x~ 0.15. 

In zero applied field all the unpolarized neutron diffraction measure
ments show no trace of long-range magnetic ordering below Xc and for x 
just greater than Xc the ordered magnetic moment is abruptly reduced, 
which might be interpreted as a change in electronic structure. 

The present neutron inelastic measurements show without doubt 
the existence of both magnetic moments and ferromagnetic correlations 
in the diluted system for x < Xc in zero field. Moreover, we observe 
these correlations up toT~ 200 K, which is not far from the Tc of US, 
what means that the magnetic exchange is not abruptly reduced. This 
agrees with the linear reduction of the paramagnetic Curie temperature 
with x. As we have measured a convolution of the magnetic and the 
nuclear signal it is not easy to provide the spatial correlation length, 
but the peaks of the estimated magnetic signal are very broad and this 
is a signature of a very short correlation length. 

It would be very important to continue the work on this sample 
performing an experiment with the polarization analysis, in order to 
better characterize the dynamic susceptibility of the system and to 
compare the results to that obtained on pure US. 

Also, the Uo.2o(Lao.Is Y0.85 )o.80 Te sample, despite its low U content, 
shows ferromagnetic fluctuations. As in the U0.40La0.60S sample these 
correlations are broad both in Q and in w space. The correlations ex
tend to an energy trans fer of rv 5 me V, so that one may associa te their 
characteristic lifetime with this energy. Almost certainly this lifetime 
is sensed by bulk measurements, and mistakenly has been analyzed as 
a CF transition in a localized model. 



Chapter 5 

Evolution of Magnetic 
Structures in NpAs-NpSe 
Solid Solutions 

L'étude du systeme NpAs1-xSe présentée dans ce chapitre a été récemment publiée 
{63}. Nous avons examiné quatre échantillons (x = 0.05, 0.10, 0.15 and 0.20) dans 
ce système par spectroscopie Mossbauer, aimantation, et diffraction de neutron. 
L'évolution du diagramme de phase magnétique vs la température Tet la concen
tration x de Se a été déterminée. Trois transitions de phase distinctes sont présentes 

jusqu'à x = 0.15. La première antiferromagnétique (AF) à TN(x) est du param
agnetisme à une phase incommensurable, la deuxième, à Tc(x), est vers une phase 
ferromagnétique (FM), la troisième à Tm(x) est de la phase FM pure à une phase 

mixte où l'ordre AF et celui FM coexistent selon des directions perpendiculaires. 
La structure incommensurable est longitudinelle et son amplitude peut être décrite 
par une onde sinusoldale avec un vecteur d'onde k dans l'intervalle (0 0 0.14- 0.24) 
qui se déplace vers le centre de la Zone de Brillouin en augmentant x. Nous n'avons 
detecté aucune trace d'harmoniques d'ordre supérieur. A Tc(x) tous les sites de Np 
deviennent équivalents et la direction du moment est selon (111). Etonnament, à 

Tm(x) les interactions AF réapparaissent et causent une rotation des moments qui 
s'alignent selon la direction (2 21). Les mesures dans en champ magnétique ont per

mis d'établir la nature 1k de la composante AF à T < Tm(x) ainsi que la direction 
du moment. L'augmentation de la concentration de Se réduit la phase incommen

surable à un petit intervalle de T et diminue les interactions AF. Pour x = 0.20, 

le mesures d'aimantation montrent que l'ordre est purement ferromagnétique. Le 

moment du Np à saturation, mesuré à basseT, décroit légèrement en augmentant 
x. 

The study of the NpAs1_xSex system reported in this chapter has 
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been recently published [63]. We have performed Mossbauer Spec
troscopy, magnetization and neutron diffraction measurements on four 
samples (x = 0.05, 0.10, 0.15 and 0.20). The evolution of magnetic 
phase diagram vs the temperature T and the Se concentration x has 
been determined. Up to x = 0.15, three distinct phase transitions 
are present. The first antiferromagnetic (AF) at TN(x) is from para
magnetism to an incommensurate phase, the second, at Tc(x), is to 
a ferromagnetic (FM) phase, the third at Tm(x) is from pure FM to 
a mixed phase where AF and FM ordering coexist along perpendic
ular directions. The temperatures of the transitions are functions of 
Se concentration x. The incommensurate structure is described by a 
longitudinal amplitude modulated sinusoïdal wave with a wave vector 
kin the range (0 0 0.14- 0.24) that is shifted toward the center of the 
Brillouin Zone with increasing x. A squaring up of this wave, if present, 
is too small to be detected. At Tc(x) all Np sites become equivalent 
and the moment directions become (111). Surprisingly, at Tm(x) AF 
interactions again become important and cause the moments to rotate 
and to align along (221) directions. Measurements in an external mag
netic field up to 4.8 T have allowed to determine the 1k nature of the 
AF component for T < Tm and to establish the moment directions. 
Increasing Se content reduces the incommensurate phase to a small 
range of T and reduces the AF interactions. At x = 0.20 pure FM 
behavior, as shown by the magnetization measurements, is recovered. 
The saturated Np moments at low T decrease slightly with increasing 
x. 

5.1 Introduction 

In Table 5.1 we report the known magnetic properties of N pX and 
NpY compounds. Like in the US-LaS case the lattice parameters (a) 
are large enough to prevent direct overlap between 5f electrons. Again, 
hybridization and exchange play a crucial role, and involve both the 
conduction electrons and the anion p states. With the exception of 
NpN, which is ferromagnetic, the NpX materials show AF order with 
components along (001), and an interplay of 1k and 3k structures that 
is found in abundance in the UX compounds [12, 13]. The behavior 
of the Np Y compounds is substantially different from that of the NpX 
systems. Although they all show AF order, the ordering is of type-II, 
which consists of alternating (111) FM planes rather than the (001) 
planes in the type-1 arrangement, and there are drastic reductions in 
the ordering TN (by about a factor of 5) and in the magnetic mo
ment values. Moreover, the paramagnetic Curie temperatures (Bp) are 
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negative whereas they are positive in the NpX compounds. The ex-
act moment directions in the NpY compounds are not yet completely 
solved as a number of possible multi-k configurations are possible [12]. 

a(Â) TN,c(K) Op(K) k easy Magnetic mo(LT) 
T'(K) ax1s Ordering 

NpN 4.897 87 86 (000) (111) FM 
NpP 5.615 120 96 (00 1/3 + c) 2k, lnc. 

95 70 (00 1/3 + c) 3k,Inc. 
70 (001/3) (00 1) 1k 3 + 3-

Np As 5.838 173 184 (000.233) (00 1) 1k lnc 
154 (001/4) (00 1) 4+4- 1k 
138 (0 0 1) {111) 3k Type 1 

NpSb 6.254 200 150 (00 1) (111) 3k Type 1 
NpBi 6.438 192.5 114 (00 1) {111) 3k Type 1 
NpS 5.527 :::::::' 22 -81 (1/2 1/2 1/2) ? ? Type II 
NpSe 5.804 38 -130 (1/2 1/2 1/2) ? ? Type II 
Np Te 6.198 42 -105 (1/2 1/2 1/2) ? ? Type II 

Table 5.1: Lattice parameter a and sorne magnetic properties of NpX and 
Np Y compounds. TN indicate a transition from paramagnet to an ordered 
magnetic structure, T' indicates a transition between different magnetic 
structures. k is the propagation vector of the observed magnetic structures. 
mo is the ordered magnetic moment measured by neutron diffraction at low 
temperatures(LT) and /-Leff is the paramagnetic moment. 

Pure NpAs and NpSe compounds have been studied by various tech
niques. The magnetic phase diagram of NpAs is reported in fig.5.1 
NpAs orders at TN ~ 173 K [64, 65] into an incommensurate 1k state, 
has a lock in transition to a commensurate (4+,4-) phase at TIC~ 154 
K [66, 67] and then again at T0 = 138 K a first-order transition occurs 
to a 3k state of type-I. This latter transition forces the lattice symme
try to be cubic, so the small tetragonal distortion observed when the 
AF arder is lk is removed. [67] The low temperature magnetic moment 
is about 2.6 /-LB close to the free Np3+ ion value in intermediate cou
pling (2.57 /-tB)· At 4.2 K, an external magnetic field induces a FM 
component resulting in a mixed AF, FM phase(H between 4 and 6 T). 
The easy axis is (1 0 0), up to 10 T the system stays in this mixed 
phase [65]. Resistivity measurements [68] show the traces of the phase 
transitions, at low T NpAs is a semimetal. Mossbauer measurements 
at 4.2 K are well fitted with a single Np3+ site and the hyperfine field 
corresponds to a magnetic moment of 2.52 /-tB [69]. 
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Figure 5.1: Evolution of the z component of the propagation vector k versus 
T in pure NpAs, taken from ref. [64, 65]. 

The situation for NpSe is less clear. It displays a second-order 
transition to an AF type-II phase (k = [~~~])at 38 K with mf _L k but 
the actual structure has not been determined. The two more realistic 
possibilities seem to be a 2k or a 3k structure with possibly 2 different 
magnetic Np sites. The magnetic moment is about l.2j..ts, much lower 
than the free-ion value. Mossbauer spectra [70) at low T present broad 
lineshapes. This, together with the higher average magnetic moment 
(1.4 J..ts) estimated from the Mossbauer data, suggest that long-range 
ordering coexists with short range magnetic correlations. 

In the present chapter we report 237 Np Mossbauer spectroscopy, 
magnetization and neutron-diffraction measurements. Mossbauer spec
troscopy is a local probe that gives the hyperfine Hamiltonian param
eters. Mossbauer spectroscopy can not be applied to U based system, 
where there is often doubt about the U valence state, and this is really 
a shame as it allows the determination of the valence state of the ions 
investigated. Besicles, it provides also access to the magnetic moment 
value at the Np sites. Magnetization and neutron-diffraction on single 
crystals gives information on the easy direction of magnetization and 
details of the magnetic structures, respectively, as well as the value of 
the moments. 



5.2 Experimental 

x a(À) mFM mAF m m* Op f..Leff 
RT X-rays (J.L B) (J.L B) (J.L B) (J.L B) (K) (J.LB) 

0 5.8383(3) 2.6(1) 184 2.82 
0.05 5.8402(2) 2.3(2) 0.8(1) 2.4(2) 2.00 180 2.95 
0.10 5.8426(2) 2.4(2) 0.6(1) 2.5(2) 2.00 181 2.75 
0.15 5.8462(5) 2.1(2) 0.7(1) 2.2(2) 1.89 168 3.07 
0.20 5.8487(5) 2.2(2) 2.2(2) 2.02 161 2.92 

1 5.8054(4) 1.1(1) -130 2.15 

Table 5.2: Lattice and magnetic parameters of the investigated NpAs1-xSex 
compounds. Sorne of the symbols are defined in Table. 5.1. The new 
ones are the AF moment component (mAF ), the FM component(mFM) 
and the total moment m, that are measured by neutron diffraction at low 
T. The saturated moment m * is obtained by magnetization measurement 
along (111). 

5.2 Experimental 

Crystals were grown in Karlsruhe by mineralization technique [71]. For 
each given x, all samples came from the same batch. The growth 
process gives a confidence level on nominal stoichiometry of about 1%. 

Mossbauer measurements were performed on crushed single crystals 
at 4.2 K. The source was a foil of 241 Am metal. The Mossbauer velocity 
scale was calibrated with reference to a NpAh absorber (Bhf ~ 330T 
at 4.2 K). Hyperfine interaction parameters were obtained by !east
square fitting of the absorption spectra using an appropriate effective 
hyperfine Hamiltonian. 

For magnetization measurements crystals were oriented along the 
main crystallographic axes. Magnetization measurements have been 
made at ETH Zürich and ITU Karlsruhe using moving sample magne
tometers in field up to 10 T and a SQUID up to 7 T, respectively. 

Neutron-diffraction measurements have been made using the D15 
diffractometer, installed at the ILL high flux reactor, working in the 
normal-bearn geometry. The advantage of this geometry is the possibil
ity of monitoring both the in scattering-plane and the out of scattering
plane refiections (up to 35°). All the samples for the neutron experi
ments (single crystals of a few mm3) were oriented with a 2-fold axis 
vertical and mounted in a cryomagnet with maximum obtainable field 
of~ 4.8 T and temperature control between 5 K and 300 K. Data were 
corrected for absorption. Due to high symmetry of the NaCl crys
tal structure only two structure factors are present. This prevents, as 
previously explained, a refinement of all structural parameters (scale 
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factor, Debye-Waller factors, extinction correction, and stoichiometry) 
at the same time. We assumed nominal stoichiometry and reason
able Debye-Waller factors in order to estima te the scale parameter and 
extinction factor in the paramagnetic phase. The extinction changes 
between the ferromagnetic and paramagnetic phases but the presence 
of the FM contribution makes it difficult to estimate the new extinction 
parameter at low temperature. We have therefore estimated magnetic 
moments by using only weak reflections at low angles. This minimizes 
the effect of the extinction. 

5.3 Mossbauer spectroscopy 

As shown in Fig. 5.2, the Mossbauer spectra at 4.2 K of pure NpAs 
and of the diluted samples are very similar. The well resolved magnetic 
hyperfine splitting unambiguously indicates the presence of magnetic 
order. The spectra of all the investigated compounds were fitted as
suming a single Np site experiencing both electric and magnetic hyper
fine interactions. The small hyperfine field and quadrupolar spreads 
due to local environment effects when x > 0 manifest themselves as 
a slight increase of the Lorentzian linewidths W (W :::: 3.5 mm/s and 
4.9 mm/s for x = 0 and 0.20, respectively). It is worth mentioning 
that an induced electric field gradient is present in the ordered state 
although the Np ions are in cubic symmetry (at least in the 3k type-I 
magnetic structure). The values of the isomer shift 81s (Fig. 5.3(c)) 
allow a Np3+ charge state to be assigned for all NpAs1_xSex studied 
compounds. Furthermore, the value of the quadrupole interaction pa
rameter e2 qQ in NpAs (-28.6 mm/s) is very close to the free Np3+ ion 
estimate (-27.3 mm/s), which confirms the occurrence of such a charge 
state [72]. Fig. 5.3(a) shows that the hyperfine field (Bhf) exhibits a 
maximum value at x :::: 0.05 - 0.10 whereas le2qQI decreases and 81s 
increases continuously when raising the Se content. Notice that Bhf, 
proportional to (Jz) in a first approximation, is close to the free ion 
Np3+ value (rv 5300 kOe) whereas e2qQ related to (3J;- J(J + 1)) is 
strongly reduced when x increases. The latter behavior indicates that 
(J;) :::: (Jz) 2 and in turn (Jz), i.e., the Np magnetic moment decreases 
monotonously when substituting As with Se. Thus, the small increase 
( rv 3%) of Bhf observed between x = 0 and x = 0.05 is attributed to 
a change of magnetic structure which induces a different transferred 
hyperfine field contribution to Bhf [73]. These conclusions are nicely 
corroborated by the neutron diffraction results discussed in section V. 
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Figure 5.2: 237Np Mossbauer spectra for NpAs and NpAs0.90Se0.10 at 4.2 K. 

5.4 Magnetization measurements 

At high T all the samples show a Curie-Weiss behavior of the suscepti
bility with an effective magnetic moment (f.le!f) close to the free Np3+ 
ion value and slightly decreasing ()P with increasing x as shown in Ta
ble. 5.2. Magnetization curves at high T in small field for x = 0.05 
clearly show two magnetic phases with a first-order transition around 
157 K, see Fig. 5.4. 

Hysteresis loops at low T have been measured for the main crys
tallographic directions up to 9.5 T. The ordered ferromagnetic compo
nents of magnetic moments are strongly reduced if compared to f.le!f, 
and slightly decrease with increasing x. The hysteresis loops become 
broader with increasing Se content. 

For x = 0.15 and H ~ 5T we find a plateau in the hysteresis loop, 
which could indicate the presence of an intermediate phase. In addi-
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Figure 5.3: 237 Np hyperfine parameters in NpAsl-xSex at 4.2 K. The isomer 
shift is relative to the 241 Am metal source. 

tion, for x:::;: 0.15, the easy axis changes with decreasing T from (111) 
to (110), indicating a transition to a different magnetic structure. For 
x = 0.05 and 0.10 a deviation from normal ferromagnetic behavior is 
observed already below 150 K and for x = 0.15 a transition is clearly 
observed around 75 K (see Fig. 5.5). This transition does not depend 
critically on applied field. The strong reduction of the net magnetiza
tion together with the variation of easy axis clearly indicate a complex 
ferrimagnetic ordering. At x = 0.20 a different behavior is found for 
H 2: 0.5T. There is no trace of the transition to the complex mixed 
structure. The sample has a first-order transition to a FM phase, with 
easy (111) direction, at about 150 K. 

5.5 Neutron results 

5.5.1 x = 0.05 

Measurement on this sample have been performed in zero magnetic 
field. In Fig. 5.6 we reproduce the evolution of the magnetic inten
sities given in Ref. [7 4]. Above T N = 175 K only nuclear reflections 
allowed by the fee symmetry are present. Below TN extra intensities 
develop at the family of equivalent lattice position { k 2 0} correspond
ing to a propagation vector k :::::::: [0.14(2) 0 0] that decreases as T 
is lowered. The same integrated intensities are obtained in the three 
directions [k, 2, 0], [2, k, 0] and [2, 0, k], as expected for an fee structure 
with equivalent domain volumes. The absence of intensity in the first 
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Figure 5.4: Magnetization measurements in low field for x = 0.05 clearly 
display the existence of two magnetic phases with a first order transition 
between the two at 157 K (arrow). 

Brillouin Zone indicates that mis parallel to k, where mis the Fourier 
component propagating along the wavevector k. The measured inten
sity is related to an amplitude modulated collinear sinusoïdal wave with 
k and mf parallel to the cubic axes. At T ~ 148 K the amplitude of 
the Fourier component is ~ 1.7 /-LB· On a further decrease of T the 
magnetic order changes. At Tc = 147 K the incommensurate intensity 
disappears and an extra magnetic contribution appears on the nuclear 
reflections. This signifies a first-order transition to FM. Due to the 
FM domains the moment direction cannot be determined by neutron 
diffraction but the magnetization data show that the easy direction is 
(111). Decreasing T further, at Tm = 131 K (m=mixed) a magnetic 
contribution develops at (0 1 1) and equivalent lattice positions, corre
sponding to the AF wave vector k = (1 0 0). The AF component is 
of type 1. The three magnetic domains are not completely equivalent 
suggesting a 1k rather than 3k configuration, although this needs to 
be verified by applying a magnetic field. 
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Figure 5.5: Magnetization measurements on two samples (x = 0.10, 0.15) 
show the deviation from normal FM behaviour. In (a) (field cooled, FC) at 
T ê::= 150 K the easy axes changes from (111) to (11 0). The moment below 
T ê::= 100 K stays almost constant. In (b) (zero field cooled, ZFC) the initial 
absence of a signal in the low temperature low field (fi = 2 T) experiment 
is due to domain effects. By T ê::=. 50 K a single domain is produced, the 
magnetization is independent of temperature, and the easy axis is (11 0) . 
This changes abruptly at T = 75 K, where the easy axis becomes (111). 

5.5.2 x = 0.10 

For this sample the evolution of magnetic intensities vs T in zero field 
is shown in Fig. 5.7. At TN ~ 175 K we measure a magnetic intensity 
in the lattice direction [111 - k] which shows the existence of an in
commensurate collinear phase with propagation vector (0 0 k) where 
k decreases linearly with T from k = 0.17 at "' 175 K to k = 0.14 at 
"' 162 K. At "' 164 K a first-order transition occurs to a FM phase 
(k = 0) and magnetic moments are, as measured by magnetization, 
along the (1 1 1) direction reaching ~ 2~-ts at T = 120 K. This phase is 
not stable at low T. Around Tm~ 120 Ka new peak develops at (110) 
and equivalent lattice positions, corresponding to an antiferromagnetic 
component (k = 1) of type I, as in the x= 0.05 sample. 

The application of an external magnetic field along [1IO) allows us 
to determine the type of magnetic ordering. The external perturbation 
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Figure 5.6: Magnetic intensity measured by neutron diffraction on 
NpAso.95 Seo.o5 . (Taken from Ref. [74]). AF and incommensurate compo
nents are multiplied by 4. The arrows mark the temperatures of transition. 

lifts the degeneracy between the three directions [0 0 1], [1 0 0] and 
[0 1 0]. In the case of a 1k ordering only the domain with k (and 
mf l_ ii) will survive, for a 3k structure no change is expected in 
the AF intensity, whereas for a 2k a more complex re-distribution of 
intensity is expected. In our case, with ii/ /[1 I 0], only the peak at 
(1 1 0) position survives and its intensity is about 3-times the zero-field 
intensity. 

The phase diagram H-T for this sample is reported in Fig. 5.8. The 
incommensurate phase closes at about 1.2 T. The shift of FM phase to 
higher T is an effect of the high Np ion susceptibility. Up to 4.8 T the 
AF component does not change, and this is consistent with hysteresis 
loop that up to 10 T does not show any variation. 

5.5.3 x = 0.15 

At this concentration all the phases found at lower x are present. The 
main difference is th at T N and Tc now approach each other and the re 
is little of the incommensurate phase. The AF component develops at 
Tm c:::: 80 K and, as in the other sam pl es, this mixed phase is stable 
clown to low T. An aspect that is very clear in this experiment is the 
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Figure 5.7: Magnetic intensities measured by neutron diffraction. AF and 
incommensurate components are multiplied by 4. The arrows mark the 
temperatures of transition. 

rotation of the FM component of the magnetic moment. In fact the 
presence of AF ordering along the direction [001] ..L ii in the mixed 
phase obliges the ferromagnetic component to be in the [110) direction. 
So the mixed phase occurring implies the FM moment rotation. This 
effect is easily verified by monitoring two nuclear reflections (Fig. 5.9). 
The measured magnetic intensities are ex m~M(sin2 a) where mis the 
magnetic moment, ( ) is the average over m and a the angle between 
m and the diffraction vector Q. 

In zero field the intensities of the eight degenerate reflections {111} 
are equivalent, because moments in the crystal are equally distributed 
along these axes. As a consequence (sin2 a) = 2/3. Applying a field 
ii Il [1 10) lifts the degeneracy. For 80 :::; T :::; 170 K (purely FM 
sample) m = mFM and moments are equally distributed along only 
two directions: [lll) and [liT), which are closest to ii. If we consider 
the in-plane scattering (111) reflection (sin2 a) = 24/27, whereas the 
(lll) reflection that is ~ 30° out of the scattering plane gives (sin2 a) = 
12/27. For 5 :S T < 80 K (mixed phase) m 2 = m~M + m~p, and 
on the nuclear reflections we measure only the FM component that is 
directed along [llO), whereas the total moment is directed along an axis 
between [llO) and [111]. This gives for (111) reflection in applied field 
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Figure 5.8: Phase diagram for x = 0.10. Up to 4.8 T an AF component 
(triangles) is still present, whereas the incommensurate phase closes at about 
1.2 T (small circles). In an external field the Curie temperature Tc is not weil 
defined because of the high Np susceptibility that masks the real transition 
from PM to FM (dashed lines). At higher T circles mark the starting point 
of magnetic intensity on [1 1 1] reflection and at the lower T the point at 
one half of the height of the extra intensity. The maximum applied field of 
4.8T sets a lower limit to the anisotropy energy. 

a (sin2 a) = 1, whereas for (111) (sin2 a) = 1/3. In order to compare 
directly with high-temperature FM phase we have to consider that 
mFM ~ mr · 8/9 and this causes a further reduction of the measured 
intensities. 

5.5.4 x = 0.20 

A neutron experiment on the x = 0.20 showed that it is FM at Tc ,..._, 
150K with probably a first-order phase transition to paramagnetism. 
We have carefully looked for incommensurate and AF peaks but no 
evidence for such components was found at fi = O. This is consistent 
with the magnetization measurements performed on this sample. 
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Figure 5.9: Magnetic integrated intensities vs T measured on (111) peak 
(triangles) and (I11) peak (circles). Sample is field cooled in a 0.5 T field. 
Data at low temperature in zero field for peak (lil) are reported as squares. 
The effect of moment rotation due to the AF component is evident. Re
ported numbers are coefficients that originate from geometrical dependence 
of magnetic interactions (see text). 

5.6 Discussion 

The phase diagram of NpAs1_xSex is reported in Fig. 5.10 and shows 
the evolution of the magnetic properties in zero field and increasing 
Se content. With increasing x the range of the incommensurate phase 
rapidly decreases , the mixed phase tends to lower Tm, whereas Tc(x) 
increases slightly and than stays almost constant. The details of the 
transition between x= 0 and x= 0.05 are not yet investigated; a study 
of this region could reveal the existence of a multiphase point. 

The magnetic moments arrangement at low T are similar for alllow 
Se concentrations, and are shown in Fig. 5.11. The magnetic moments 
lie in the plane defined by (1 11) and (11 0) and the angle with (11 0) 
direction is about 18°. Previously, the only system studied in such a 
transuranium solid solution was NpSb-NpTe [14]. There are sorne sim-
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Figure 5.10: Magnetic phase of NpAsl-xSex at zero field. Shaded regions 
are not yet explored. Magnetic behavior of pure NpAs (x = 0) as well as 
pure NpSe (x = 1) are reported. x = 0.05 is enough to destroy completely 
the magnetic ordering found in pure NpAs. Various transitions are expected 
in the region 0.0 < x < 0.05. The dashed lines indicate possible evolutions of 
the magnetic phases, presenting a multiphase point. The moment direction 
in NpSe is unknown. 

ilar features, but also sorne differences between the NpSb1_x Tex and 
NpAs1_xSex systems. In both cases ferromagnetism appears at rela
tively low x, 0.10 in the NpSb-NpTe, and x = 0.20 in the NpAs-NpSe 
compounds. The most notable similarity is that the two components 
magnetic structure (with both an AF and a FM component) was first 
identified in the NpSb1_x Tex with x = 0.05. A magnetic field was not 
applied to the sample in the neutron experiments reported, so that the 
information is not as complete as in our present study, but the same 
underlying interactions are clearly similar. On the other hand, the ini
tial ordering temperature (from the paramagnetic state) drops rapidly 
with x in the NpSb-NpTe system, whereas, as shown in Fig. 5.10, this 
is not the case in the system reported here. 

Our experiments have opened a number of new perspectives on the 
study of solid solutions of transuranium compounds. The principal 
observations are as follows: 
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Figure 5.11: Magnetic moment arrangement at low Tin NpAs1-xSex with 
0.05 ~ x ~ 0.15. In the domain shown the FM component is along [110] 
and the AF component along [001]. The angle ais:::::= 18°. 

1. The low temperature type-! 3k structure of NpAs is unstable. 
With a small change of the conduction-electron concentration, i.e. 
x= 0.05, it disappears and the lk behavior that is found at high 
temperature even in NpAs returns as the "stable magnetic phase" . 
The 3k magnetic structure in USb has been treated theoretically 
recently [75); it would be interesting to extend these calcula
tions to NpAs and consider the effects of a changing conduction
electron concentration on its 3k ground state. With the resolution 
of D15 we are unable to determine the lattice symmetry of the 
x = 0.05 sample. X-ray experiments are planned on this sample 
at low temperature. 

2. A tendency to develop ferromagnetism with increasing x is found, 
and by x= 0.20 the sample is ferromagnetic. A signature of this 
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tendency is present also in the incommensurate phase (Fig. 5.12). 
The center of the incommensurate peaks shifts with increasing x 
and decreasing T toward the FM wavevector. This is similar to 
that found in the analogous UX-UY solid solution [76] . The fact 
that it is also found [77] in the doping of UX by tetravalent Th 
shows that the effect is mainly related to the conduction-electron 
concentration. However, it remains to extend the present studies 
to higher x as, unlike the case of doping UX with UY in which 
UY is ferromagnetic, in this case Np Y is antiferromagnetic. It 
is clear that our experiments have not addressed this important 
question. 
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Figure 5.12: Variation of the position of the center of the incommensurate 
contribution vs the T and the Se concentration. 

3. A new intermediate state is found between the tendency to have 
the Fourier components of the magnetization along (0 0 1) in the 
AF state and (111) in the FM state. Unlike in UX-UY solid solu
tions, in which the change between these two states is abrupt, in 
the case of NpAs1_xSex we find an intermediate state in the region 
0.05 ~ x ~ 0.15 in which the moments actually rotate as a func
tion of temperature. This is shown most clearly in the magnetiza
tion curves of Fig. 5.5 in which (11 0) becomes the easy axis. This 
situation is observed directly in the neutron experiments in which 
the FM component rotates at Tm from the (111) to (110), and, 
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simultaneously, an AF component develops along the (0 0 1) axis 
perpendicular to the FM component (see Fig. 5.9). The resulting 
magnetic structure is shown in Fig. 5.11. The final components of 
the moments are almost along a (221) direction, so that the total 
moment also slightly rotates. Since the strong spin-orbit coupling 
in actinides favars magnetic moments along the high symmetry 
directions [78} this situation is rather unusual, and suggests that 
a balance between the single-ion anisotropy and the magnetic ex
change determines the magnetic structures. However, despite this 
compromise leading to a rather unusual easy-axis, the anisotropy 
in the system far exceeds any normal laboratory magnetic field, 
as shown by the experiment we have performed at 5T. The lat
ter is not sufficient to change the direction of the magnetization. 
Anisotropies of this magnitude are common in actinide systems, 
and are thought, as explained in the first chapter, to arise from the 
hybridization between the actinide 5/ and anion p electrons [6)' 
. This unusual situation in the lightly doped NpAs compounds 
gives a further test for theories developed to understand these 
anisotropies. 

4. We note that in these pseudobinary Np solid solutions the lattice 
parameter (Table. 5.2) does not follow the Vegard law vs x. In 
all the diluted samples the lattice parameter measured by X-ray 
diffraction [79] at room temperature are bigger than those of their 
parent compounds, coming doser to the lattice parameter of the 
PuAs, which is a ferromagnet. 



Chapter 6 

Conclusions and perspectives 

Les études des systèmes présentés dans cette thèse, qui complètent les travaux 
antérieurs sur les composés d'actinides, confirment Je comportement très varié des 
propriétés magnétiques et électroniques des composés à base d'actinides légers. 

D'une part, les changements profonds des propriétés magnétiques avec Je dopage 
de toutes les solutions solides étudiées démontrent que les corrélations électroniques 
dans ce systèmes ne peuvent pas être considérées comme des petites perturbations. 

D'autre part, la tentative d'établir une liaison entre les propriétés magnétiques 
des matériaux, (principalement dans US-LaS) et Je détail de la structure électronique, 
indique que des petits changements dans le comportement des électrons 5/ ont une 
effet très important. De plus, les interactions magnétiques entre les ions U sont en
core présentes même pour des faibles concentrations d'uranium. Cela est très clair 
au vu de nos résultats de diffusion inélastique de neutrons, des mesures de rotation 
et relaxation du spin des muons et aussi par le fait que 1 'aimantation au dessous 
de Xc ne s'annule pas {7,25}. Cela est egalement montré par la valeur de"' lJ.LB/U 
mesurée dans un échantillon de Uo.4oL8{). 60S à saturation. La relation entre les 
petits changement électroniques observés dans Je système US-LaS et les anomalies 
structurales mises en évidence près de x = 0.5 reste une question ouverte. Après 
réflexion nous ne croyons pas que çe soit le cas et cela pour les raisons suivantes: 

1. Dans le cas du système USe-LaSe le paramètre de maille ne montre pas de 
déviation de la loi de Vegard, mais la disparition de l'ordre magnétique se 
passe exactement dans Je même intervalle de concentrations x que dans le 
système US-LaS. 

2. Dans US dilué avec du Th tétravalent la disparition soudaine de l'ordre 
magnétique à grande distance près de Xc "' 0.4, est encore une fois loin de la 
limite de percolation {7}, et aucune anomalie structurale n'a été détectée. 

3. Dans un échantillon, comme Uo.4oL8{).6oS, qui a une concentration d'U encore 
très élevée par rapport au seuil de percolation ("' 0.15), l'absence d'ordre 
magnétique à grande distance et d'anomalies structurales semble indiquer 
que ces deux phénomènes ne sont pas liés. 

Des deux premiers points nous pouvons tirer deux informations importantes: 

1. La distance entre les centres magnétiques du système ne semble pas jouer 
un rôle majeur dans la disparition de J'ordre magnétique. Dans USe-LaSe Je 
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paramètre de maille près de Xc est ,...., 5.893 A tandis que dans US-LaS il est 
,...., 5.656 A et dans US-ThS il est,...., 5.608 A. 

2. Quelque soit le nombre d'électrons donné par l'ion diamagnétique (Th ou 
La), la dilution des centres magnétiques dans le système suffit à assurer la 
disparition de l'ordre à grande distance bien au dessus de la limite de perco
lation. 

Le dernier point implique que cette disparition est liée seulement en partie 
au nombre des électrons dans le bande de conduction et donc à un changement 
dans l'hybridation du type decrit par l'eq.1.4. Cependant, il doit y avoir d'autres 
facteurs qui entrent en jeu. Il est possible de reproduire la disparition de l'ordre 
magnétique dans un modèle à électrons localisés {7}, mais une telle approche ex
igerait l'apparition d'un état fondamental singulet due au champ cristallin. La 
présence d'états bien définis de champ cristallin devrait être détectée aussi bien par 
les mesures de la chaleur spécifique, anomalie de Schottky, que directement par les 
expériences de diffusion inélastique de neutrons. Ceci n'est pas le cas. Comme l'ont 
montré les travaux précédents et la mesure que nous avons réalisée sur l'échantillon 
de Uo. 20 (L8{). 15 Y0 .85 ) 0 .80 Te. Dans ce contexte, soulignons également la valeur très 
élevée du moment magnétique induit dans les échantillons qui ne présentent pas 
d'ordre magnétique à grande distance. L'échantillon U0 .40 L8{)_ 60 S, par exemple, a 
un moment à saturation de ,...., 1 J-LB/U réduit d'environ 40% par rapport à US, et 
un moment effectif de ,...., 2.31 qui doit être comparé à ,...., 2.38 J-LB/U dans US. La 
situation est similaire dans les systèmes USe-LaSe {25} et US-ThS {7}. 

En fait, un modèle localisé prédit une disparition soudaine non seulement de 
l'ordre à grande distance mais aussi de l'aimantation induite {7} au dessous de Xc, 

qui n'a pas été observée dans notre système. 
Une autre possibilité est de considérer l'importance de l'environnement lo

cal dans une approche itinérante très simplifiée. Il est bien connu que le seuil 
d'apparition d'un moment magnétique localisé pour un atome d'un métal de tran
sition noyé dans une mer non magnétique dépend de façon cruciale de la nature 
chimique de l'environnement non-magnétique. Dans le cas d'un alliage concentré 
l'échange entre les impuretés entre en jeu. A partir d'une telle idée il est possible de 
proposer {7, 80} une valeur critique p du nombre de voisins magnétiques pour laque
lle les ions U commencent à porter un moment. La distribution binomiale donne 
la valeur relative nu(x) de atomes d'U qui possèdent un moment magnétique et la 
valeur moyenne du moment est ex: 1. 7 · x · nu (x) J-L 8 , où 1. 7 est la valeur du moment 
ordonné dans US. 

Un tel modèle est intéressant parcequ'il pourrait être également lié de façon 
qualitative aux petits changements que nous avons détectés dans le module d'incompressibilité 
près de Xc ainsi qu'au comportement différent des échantillons à haute pression. 
Dans ce contexte, le comportement singulier de l'échantillon x ,...., 0.60 pourrait 
être lié à une relation fonctionelle entre la valeur critique du nombre de voisins 
magnétiques et les distances interatomiques dans le système. 

Malheureusement cette approche est trop grossière pour qu'elle puisse repro
duire quantitativement les petits changements observés. En outre, elle demande 
d'imposer la valeur de p ainsi que la valeur du moment ordonné dans US pur. Des 
approches plus complexes sont nécessaires pour expliquer les changements que nous 
avons détectés. 

Le modèle de Cooper que nous avons décrit à plusieurs reprises dans cette 
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mémoire est un "desc"ndant" des approches qui étaient bâties sur l'idée de fluctua
tions de valence {81,82}. Ces modèles, développés pour certains composés à base de 
terres rares (TmSe et TmS), pourraient également s'appliquer à l'atome d'U libre, 
puisque la différence en énergie entre les configurations électronique 5 P ( 6d7 s )4 et 
5j3(6d7s)3 de l'uranium est de l'ordre de 1 eV, mais il y a un certain nombre de 
caractéristiques que ces modèles ne sont pas capable de reproduire. 

Par rapport à ses "ancêtres" le modèle de Cooper est beaucoup plus complexe, 
par exemple il prédit la renormalisation de la partie localisée des états f 3 et donc 
il peut expliquer non seulement la disparition de l'ordre magnétique mais aussi la 
renormalisation du coefficient 'Y de la chaleur spécifique près de la transition. 

Dans ce contexte, d'autres changements subtils que nous avons observés pour
raient être approchés dans ce modèle, il serait très important de pouvoir comparer 
avec l'expérience les variations avec x des paramètres microscopiques calculés "ab
initia" dans le modèle de Cooper, comme l'évolution attendue dans la densité des 
états 5f avec le dopage. En particulier, il serait intéressant de comparer les sig
naux dichroïques attendus, et les valeurs des constantes d'échange qui devraient 
être estimées lors des prochaines mesures par diffusion inélastique de neutrons dans 
l'échantillon x = 0.40. 

Nous n'avons pas de données décisives concernant la nature des anomalies 
structurales que nous avons observées, mais nous pensons qu'elles sont liées au 
sous-réseau du soufre. 

Nous avons proposé et obtenu du temps de faisceau pour une expérience d 'EXAFS 
au seuils Lui de l'U et K du La sur la ligne italienne GILDA à l'ESRF. Ce type de 
mesures permet d'avoir accès aux distances moyennes entre le différentes espèces 
atomiques qui sont présentes dans un cristal. La première partie de l'expérience au 
seuil Lu 1 de l'U a déjà été réalisée et les résultats préliminaires, qui sont plutôt 
encourageants, sont rapportés dans la Fig. 6.1. Le distances moyennes entre les 
U et les S sont comparables à celles attendues des expériences de diffraction pour 
x~ 0.80, mais elles sont bien au dessous des valeurs attendues pour toutes les con
centrations d'U::; 0.60. En outre, les oscillations EXAFS sont présentes du seuil 
Lu 1 ("' 17180 eV) jusqu 'à "' 18400 eV dans les échantillons loin de la région qui 
présente des anomalies, autour de x= 0.50, tandis qu'elles sont très amorties dans 
la région critique. Cela indique que dans cette région de concentration la condition 
de rétrodiffusion n'est pas parfaitement satisfaite. 

Les conclusions principales en ce qui concerne le système NpAs-NpSe sont rap
portées dans le chapitre 5. Ici nous voulons seulement rappeler que les expériences 
que nous avons réalisées ont complété les études préliminaires rapportées dans 
la Réf {74} pour x = 0.05 et, révélé des changements sévères de la structure 
magnétique dans la limite des faibles dopages. De toute façon, il reste encore à 
explorer la région du diagramme de phase magnétique près de x= 1, où une autre 
transition du FM à l'AF, mais cette fois ci de type-II doit se présenter. 

Le travail présenté dans ce mémoire a soulevé un certain nombre de questions 
qui seront traitées dans des expériences futures. Les deux questions immédiates sont 
liées à la dynamique des corrélations à courte distance que nous avons mesurées 
dans Uo.4oLao. 60S, et aux anomalies structurales près de la composition x = 0.50 

Comme signalé dans le quatrième chapitre, la forte contribution due aux phonons 
dans le cas de Uo.4oLao. 60 S, a soulevé des nombreuses difficultés pour isoler la con
tribution magnétique au signal et nous avons prévu de réaliser une expérience avec 
l'analyse de polarisation le plus tôt possible après le rédémarrage du réacteur en 
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2001. Heureusement la taille du cristal est assez grande pour pouvoir réaliser cette 
mesure. Nous espérons pouvoir ainsi séparer complètement les contributions vi
brationelles et magnétique du spectre, et en outre, pouvoir caractériser la fonction 
spectrale des corrélations magnétiques en fonction de la température. Ceci perme
ttra de d évelopper un modèle plus quantitatif et de le comparer, par exemple, aux 

résultats donnés par les muons. 
Un deuxième effort sera fait pour continuer l'étude des anomalies structurales 

trouvées autour du dopage de 50% de La dans US. 
Les résultats obtenus par EXAFS sont déjà prometteurs. S'ils permettent 

d'élaborer un modèle nous pourrons le tester en étudiant la diffusion diffuse par 
rayons-X ou neutrons. Une expérience préliminaire avait été réalisée sur un petit 
cristal de U0 .55 Lao.45S, cette expérience était focalisée sur la quête des corrélations 
ferromagnétiques à courte distance. Cependant une forte contribution vibrationelle 
à la diffusion a été observée. Celle ci n'a pas encore pu être interpretée. 

Il serait intéressant de réaliser une nouvelle expérience neutronique et chercher 
à mesurer cette contribution dans une intervalle en Q plus grand. 

Il serait également judicieux de voir si les changements intéressants de la forme 
du signal dichroïque, que nous avons discuté dans le troisième chapitre, se manifes
tent aussi dans le système USe-LaSe, où nous avons trouvé une réduction du mo

ment à une concentration critique semblable à celle mesurée dans US-LaS. De toute 
façon, nous espérons que ces résultats susciteront de nouveaux travaux théoriques 
qui puissent ensuite être à l'origine de nouvelles expériences. 

The study of the systems presented in this thesis, extending the 
previous work on actinides systems, has revealed a rich behavior con
cerning both the magnetic and electronic properties of light-actinide 
based systems. 

On one hand, the dramatic change in the magnetic properties with 
doping of all the solid solutions studied demonstrates that the electronic 
correlations in these systems cannot be considered as small perturba
tions. 

On the other hand, the attempt to establish an experimental link 
between the macroscopic properties of the materials, performed mainly 
on US-LaS system, and the detailed electronic structure, indicates only 
small changes in the behavior of 5 f electrons. Besicles, the magnetic 
interactions between U ions are still present even for a low U content. 
This is definitely shown by our neutron inelastic results, by the muon 
spin rotation and relaxation measurement, and from the fact that the 
magnetization does not actually collapse below Xc [7, 25], and as shown 
in our work by the value of rv lJJ,B/U found in the U0.40La0.60S sample at 
saturation. A question is whether the small electronic changes observed 
in the US-LaS system are also responsible for, or are a result of, the 
structural anomalies observed near x= 0.5. After consideration we do 
not think so, for the following reasons: 
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1. In the case of USe-LaSe system the lattice parameter does not 
show deviations from the Vegard's law, but the collapse of the 
magnetic ordering occurs exactly in the same x range as in US
LaS system. 

2. ln US diluted with tetravalent Th the collapse of long-range mag
netic ordering has also been measured at Xc rv 0.4, again well 
ab ove the percolation limit [7], and no structural anomalies were 
reported. 

3. In a sample that does not show any anomalous behavior, like 
U0 .40La0.60S, but hasan U content well above the percolative limit 
(0.15), the magnetic ordering should be present, but this is not 
the case. 

The first and the second point requires in my opinion sorne further 
considerations, as they provide two important informations: 

1. The distance between the magnetic centers in the system does not 
seem to play a major role in the collapse of the magnetic ordering. 
In USe-LaSe the lattice parameter near Xc is rv 5.893 A whereas 
in US-LaS is rv 5.656 A and in US-ThS is rv 5.608 A. 

2. Regardless of the number of electrons provided by the diamagnetic 
ion the reduction of the magnetic centers is enough to give a 
collapse of the magnetic ordering well above the percolation limit. 

The last point means that this collapse is linked only partially to 
the number of electrons in the conduction band and so to a change in 
the hybridization of the kind suggested by eq. 1.4, but there are other 
factors as well. Even if it is possible to reproduce a collapse of magnetic 
ordering within localized model [7], such an approach would require the 
appearance of a crystal-field singlet. The presence of well defined crys
tal field split states should be detected both through specifie heat mea
surement, as Schottky anomalies, and directly through inelastic neu
tron scattering experiment. This is not the case as shown from previous 
work and present measurements on the U o.2o (La0.15 Yo.ss )o.so Te sample. 
ln this respect it is also important to notice the value of the induced 
magnetic moment in the samples that do not exhibit long-range mag
netic ordering. The U0.40 La0.60S for example, has a saturated moment 
of rv 1 J.Ln/U, which is reduced by 40% compared to US, and an effec
tive moment of rv 2.31 that must be compared to rv 2.38 J.Ln/U in US. 
The situation is similar in the USe-LaSe system [25] and in the US-ThS 
system [7]. 
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In fact, a localized model predicts an abrupt collapse not only of 
the long-range ordering but also of the induced magnetization values [7) 
below xC) which was not observed in our system. 

Another possibility is to consider the importance of the local envi
ronment in an oversimplified itinerant approach. It is well known that 
the threshold for the appearance of a localized magnetic moment on a 
transition metal atom diluted in a non magnetic environment depends 
in a crucial way on the chemical nature of the non magnetic environ
ment. In the case of concentrated alloys also the exchange between 
impurities cornes into play, and the occurrence of a magnetic ground 
state is a function of both its chemical and magnetic environment. So, 
an idea might be that in a matrix of La or Th the "impurity" U has 
a non magnetic ground state and only when it starts to see a certain 
number of other U ions its magnetic character cornes into play. From 
such an idea it is possible to propose [7, 80) a critical value p of magnetic 
neighbours at which U ions starts to carry a moment. The binomial 
distribution gives the relative number nu(x) of U carrying a moment 
and the average magnetic moment is ex 1.7 ·x· nu(x) p,8 , where 1.7 is 
the ordered moment value in pure US. 

Such model is interesting as it might also be qualitatively linked to 
the slight changes observed in the bulk modulus around Xc and to the 
different behavior of the samples at high pressure. In this respect the 
strange behavior of the x "' 0.60 sample might be related to an inter
play between p and the distances in the system. But, this approach is, 
of course, too crude to reproduce the slight changes observed quantita
tively. Moreover, it requires to impose the p number and the value of 
the ordered magnetic moment in pure US. So it is not really predictive 
and more complex approaches are needed to explain the change that 
we have detected. 

Cooper approach that we have described in various parts of this 
work is a "descendant" of the approaches based on valence fluctua
tions [81,82). These models, developed for sorne rare earth compounds 
(TmSe and TmS), could be a pp lied to free U a toms as the difference 
in energy between the 5j2(6d7s)4 and the 5j3(6d7s)3 electronic config
urations of U is of the order of 1 eV, but there is a number of features 
that they are not able to capture. Compared to its ancestors the model 
of Cooper is much more complex, e.g. it predicts the renormalization 
of the localized part of the f 3 states and so it can explain not only the 
collapse of the magnetic ordering but also the renormalization of the 'Y 
coefficient of the specifie heat near the transition. 

In this respect perhaps also the other subtle changes that we have 
measured might be well captured in this approach and it would be 
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important to have the possibility to compare the variation with x of the 
"ab-initio" calculated theoretical parameters occurring in the Cooper 
model, as well as the predicted evolution of the 5/ DOS under doping, 
with our experimental results. In particular it would be interesting to 
compare the predicted dichroic signal, and the change in the exchange 
coupling constants, which are linked to the energy width of the localized 
part of the 5/ peak in the DOS, with the photoemission measured DOS, 
and the coupling constant that could be estimated from further neutron 
inelastic scattering on the x = 0.40 sample. 
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Figure 6.1: Evolution versus x of the mean distance between the U and theS 
ions(Squares) , obtained applying FEFF data analysis to the EXAFS signal 
at the U Lui absorption edge. The analysis was limited to the first shell. 
As a comparison the expected values deduced from diffraction measurements 
are also shown. 

We do not have conclusive proof about the nature of the observed 
structural anomalies, but we think that they are linked to the sulphur 
lattice. In this respect we have proposed and obtained time for an EX
AFS experiment at U Lu1 edge and La K edge on the Italian bearn line 
GILDA at the ESRF. This kind of experiment provides a way to have 
access to the mean distances between the various atomic species in a 
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crystal. The first part of the experiment at the U Lu1 edge has been 
performed and preliminary results, which are quite encouraging, are 
reported in Fig.6.1. The mean distances between the U and the S are 
comparable to the expected distances from the diffraction experiments 
for x 2: 0.80 but are well below the expected values for all the U con
centrations::; 0.60. Moreover, the EXAFS oscillations are present from 
the Lu1 edge at rv 17180 eV up to about rv 18400 eV in the samples 
that are far from the anomalous region around x= 0.50, whereas they 
are strongly damped for x in the critical range. This indicates that in 
this region of concentration the backscattering condition is not satis
fied, i.e. the condition of perfect long range order among the atoms in 
the lattice is not fulfilled. 

The main conclusions concerning NpAs-NpSe system are reported 
in Ch.5. Here we want recall that our experiments have completed 
the preliminary studies reported in ref. (74] for x = 0.05 and revealed 
dramatic changes of the magnetic structure in the small doping limit 
of NpAs. However, still remaining is to explore the region of the phase 
diagram near x= 1, when another transition from FM to AF, but this 
time of type-II, must occur. 

The work in this thesis has raised a number of questions that will 
be addressed by new experiment in the future. The two immediate 
ones are related to the dynamics of the short-range correlations in the 
U0.40 La0.60S, and the structural anomalies near x= 0.50 composition. 

As noted in Ch.4, the strong phonon response in the x = 0.40 mate
rial poses severe problems for isolating the magnetic contribution and 
we plan shortly after the start-up of the reactor in 2001 to arrange 
time for an experiment using polarization analysis. Fortunately the 
crystal size is sufficiently large that this experiment is possible. This 
should allow a dean separation of the magnetic and vibrational part 
of the spectrum, and further permit the spectral function of the mag
netic correlations to be measured as a function of temperature. In 
turn, this will allow a more quantitative model to be developed and 
compared with, for example, the results from muon experiments. A 
second effort will be continued on the structural anomalies found near 
50% doping of La in US. The EXAFS result are already promising. 
If they lead to sorne model than it is possible to test this with either 
X-ray or neutron diffuse scattering analysis. A preliminary experiment 
was already made on a small single crystal of U0.55 La0.45S, but this was 
focussed on searching for magnetic short-range correlations. The ex
periment gave evidence for strong diffuse vibrational scattering, which 
was not understood at the time. It would seem worthwhile to perform 
a different neutron experiment to measure this over a wider Q range 
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than in the first experiment. Initially, it might also be worth using a 
polycrystalline sample to get an overview of the response. 

The interesting change in the form of the dichroic signal, discussed 
in Ch.3, is also worth pursuing in the USe-LaSe solid solution, where a 
similar quenching of the moments occurs at a similar Xc· However, we 
hope that the dichroic results motivate sorne new theory, which will, 
in turn, lead to further experiments. 
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The goal of this appendix is to provide the reader with no previous 
knowledge in neutron scattering sorne basic ideas and the few equa
tions necessary to understand the neutron experiments presented in this 
work. The theory of neutron interaction with condensed matter is well 
established and very well described in many textbooks (e.g. [42,83,84]). 

A.l Neutron properties 

We recall the neutron properties that makes it successful: 

1. The wavelength of the thermal neutrons is comparable to the 
inter-atomic distances in condensed matter; 

2. The neutron is neutral soit does not interact with charges present 
in the matter and thus it is very penetrating; 

3. The neutron magnetic moment interacts with the magnetic field 
due to unpaired electrons in the solid; 

4. The neutron-nuclei interaction depends in an irregular way on the 
atomic number, so it is also isotope dependent. 

5. The energy of thermal neutrons is comparable to the excitation 
energies (phonons, magnons, etc.) in the condensed matter. 

The first property allows the study of the ordering in matter, both 
crystalline, through the nuclear interaction, and magnetic, through the 
third property. The second property allows to study bulk properties 
under extreme conditions of Tor P. The third property is crucial for 
magnetic studies because, beyond the magnetic ordering determina
tion, it allows to study the spatial extent of unpaired electrons in the 
solid and the magnetic excitations. Moreover, through the polariza
tion analysis, it allows to have access to the interference term between 
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magnetic and nuclear excitations in all the direction of the space. The 
fourth properties allows to see light nuclei even in presence of heavy 
atoms, so it can be very important for the study of structures in ac
tinides system. A suggestion of how this property may change the 
results between neutron and X-rays is given in chapter 2. The fifth 
properties allows to extend the study of the matter to the dynamical 
properties, with two enormous advantages: 

• to have access to space dependent information, 

• due to the weakness of interaction, the perturbation induced by 
the neutron can be treated in the frame of linear response theory. 

All these properties are wonderful but they cost a lot. To obtain 
neutrons a reactor or a spallation source is needed. A monochromatic 
flux of about 108 n · cm-2 · s-I, comparable with the flux obtained in 
an ordinary X-ray tube, is the best available at the ILL. 

A.2 Neutron cross section 

The differentiai neutron cross section, due to the weakness of the in
teraction between the matter and the neutron can be evaluated in the 
Born approximation, with the Fermi-Landau's Golden rule: 

lkJI ( mn )
2

1 ..... ..... 1
2 

= lkil 21rlî2 (kJ, af, ÀJ lVI ki, ai, Ài) · (A.l) 

· 6 ( E À; - E À 1 + Ei - E J) , 

where the suffix i and f refer to the initial and final states respectively, 
k is the wavevector of the neutron, mn its mass and iJ its spin state, À 

is the state of the matter and the 6 express the energy conservation. V 
are all the possible interactions between the neutron and the matter. 

The problem of the determination of the scattered intensities be
cornes: 

• the determination of the interaction potential V, 

• the evaluation of its matrix element ( (kf, af, ÀJ lVI ki, ai, Ài) ). 

For condensed matter studies the nuclear and the magnetic scat
tering must be considered. Is is formally more correct to introduce 
the integral representation of the 6 function as it allows to obtain in 



A.3 Nuclear elastic scattering 

a natural way the separation between the elastic scattering, the one, 
the two and so on phonons or magnons contributions, see for example 
ref. [42,83]. Here we limit to recall that for the elastic scattering eq.A.l 
becomes: 

( da)-(mn)21_, __, 2 

drl - 21rn2 (k,,a,,-X,IVIki,ai,.xi)l , (A.2) 

A.3 N uclear elastic scattering 

The interaction between neutron and nuclei is very complex and is a 
fundamental problem in nuclear physics. Here we limit to introduce 
the Fermi pseudo-potential: 

27rfï
2 

( __, ) VN;(T) = mn bi8 r- RN; . (A.3) 

This potential approxima tes weil the S part of the scattering process 
due to the nucleus i. The strength of the interaction is given by bN, 
the bound scattering length, this is a complex number, as it accounts 
also for the possibility of absorption of the neutron from the nuclei. It 
is possible to separate two contributions to the scattering: 

( daN) = (daN) (daN) 
drl drl c + drl i 

(A.4) 

The coherent scattering ( c) cornes from the mean scattering length 
of the N atoms sitting at the same crystallographic site, and contains 
interference (b = Ei bi/ N)). In the case of a crystal the periodicity of 
VN gives: 

( d;;) c = (27r) 3 ~ ~ IFN(Q)r 8 ( Q- r) (A.5) 
T 

where 7 is a vector of the reciprocallattice, Q is the diffraction vector. 
The condition Q = 7 is nothing but the Bragg condition. The "nuclear 
unit-cell structure factor" defined as: 

FN(Q) := LbJeiQ·de-wd, 

d 

(A.6) 
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with d in the unit cell and the Debye-Waller factor Wd accounting for 
the thermal uncorrelated motion of each atoms, corresponds to the 
thermal average of the scattering amplitude from each nucleus. 

The incoherent diffusion ( i) cornes from the different Fermi lengths 
of atoms sitting in the same crystallographic position, these differences 
can be due to the isotopie distributions and to the different state of the 
nuclear spins. The incoherent cross section does not contain interfer
ence and, for our purpose, is only isotropie unwanted background. 

A.4 Magnetic elastic scattering 

As the interaction potential is long-range and not central. The neutron
electron magnetic interaction is more complex than the nuclear one. It 
is made from two contributions the spin-spin interaction and the spin
orbital moment interaction. It is in the form: 

(A.7) 

where fln = -ry fLN êJ is the neutron magnetic moment, with ry :::::: 1.9, 
/LN the nuclear Bohr magneton, and O" the Pauli operators. ii is the 
magnetic field generated by unpaired electrons at the position r. The 
first term of ii cornes from the electron spin moment fli, the second 
term from the electronic momentum Pi. 

Proceeding like in the nuclear case, it is possible to define a magnetic 
scattering amplitude, which is a vector. If mj is the thermal average 
value of the magnetic moment of the atom j, s in the unit celll, then in 
the nuclear cell, with the hypothesis of a single magnetic site (s = 1): 

dO"M (Q) 
dQ 

where 

FM(Q) = pf(Q) L mk,jeiif·fie-Wj' 

j 

(A.8) 

(A.9) 

f(Q) is the form factor of the magnetic ion and p rv 0.2697 · 10-12 cm 



A.5 N uclear and magnetic inelastic scattering 

To derive these equations we have Fourier expanded the moment distri
bution m1,j, with j in the magnetic sublattice of the nuclear unit cell. 
The k values in the sum are confined to the first Brillouin zone of the 
nuclear unit cell. 

Inside each Brillouin zone of the nuclear unit cell, there will be as 
many superlattice magnetic peaks as there are distinct wave vectors k 
in the Fourier expansions of iii1,j: 

.... ~ --
ml,j = ~ mk,je-ik·Ri (A.lO) 

k 

and each magnetic peak will be located at a position defined by the 
scattering vector Q = k + 7. 

A.5 N uclear and magnetic inelastic scattering 

In the previous sections we have made the restriction of absence of 
energy transfer between the neutron and the investigated system. Ac
tually, there is energy transfer and the response of a system to the 
neutron is generally very complex and its features depend from the 
nature of the excitations in the system. The more general expressions 
for the nuclear and the magnetic coherent diffusion are: 

( 
d

2
a ) dfld~ ( Q,w) 

lk,l 1 1 . lkil 27rn dte-zwt ~ (bibje-iQ·R;(o)e-iQ·Rj(t)) 

Z,J 

(A. 11) 

(
d

2
a ) 

dfld;; ( Q,w) IIZIIv'J<Ql ~ (oa,8- QQ~p) s"·p ( Q,w) 

(A.l2) 

(a, f3 = x, y, z) and the dynamic structure factor is: 

so.,f3 ( Q, w) = 1 dte-iwt ~ e-iQ·R;(o)e-iQ·Rj(t) (Sf(O)Sf (t)) (A.13) 
Z,J 

where Sf(O) is the Œ component of the moment of the atom i at the 
time O. In sorne cases, it is possible to directly calculate the correlation 
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fun etions, and to specialize these general equations, ( e.g. phonons, 
magnons, atomic diffusion, etc.) but in other cases, this is not an easy 
task. 

A point to note is that in the linear response theory, the dynamic 
structure factor, which represents the dissipation of the investigated 
system in presence of the neutron and the fluctuations of the system 
are related through the fluctuation-dissipation theorem: 

(A.14) 

where I mxo:,/3 ( Q, w) is the imaginary part of the generalized suscepti
bility of the isolated system. 



Appendix B 

In this appendix we report the equations giving the diffracted intensi
ties in a real experiment together with sorne sources of deviations from 
these equations. The deviations from the theoretical formula originate 
from the fact that they are based on various approximations 

B .1 Diffracted intensities 

The nuclear integrated intensities measured on a two axis spectrometer 
are given by: 

IN(Q) = KC(Q) 
1
FN(Q)r, (B.l) 

whereas the magnetic ones are given by: 

IM(Q) = KC(Q)(sin2 a) jFM(Q)j
2

, (B.2) 

where K is a normalization factor, C(Q) is the Lorentz factor. This 
factor accounts for the different speeds owned by different reciprocal 
lattice points for a constant velocity of rotation of the crystal. It de
pends from the scan geometry, in normal bearn geometry c-l ( Q) = 
sin(O) cos(J.L), where 0 is the Bragg angle and J.L the angle out of the 

equatorial plane. jFN(Q)j and jFM(Q)j are the nuclear and the mag

netic structure factor defined in appendix A. ( ) is the average over the 
directions of the magnetic moments m and a the angle between m and 
the diffraction vector Q. 

B.2 Absorption correction 

Neutron are absorbed by the sample in a way that depends from their 
path in the sample, their energy and from the absorption cross-section 

113 



114 Appendix 

of the atoms in the investigated sample. The absorption is given by: 

(B.3) 

where Vs is the volume of the sample, t is the total path length of the 
incident and diffracted beams within the crystal. 

(B.4) 

is the linear absorption coefficient. Vo is the volume of the elementary 
cell and ad(>.) the effective absorption cross-section of the d atom. 

B.3 Contamination in >../2 

If a crystal is scattering neutrons of wavelength >. in a certain direction 
via a reciprocal lattice vector, then it is also scattering neutrons of 
wavelength >./2 in the same direction via the double of the previously 
considered lattice vector. This implies that after the monochromator, 
the neutrons bearn contains not only the frequency >. but also the 
frequencies >./2, >.j3, etc, coming from the higher order reflections. The 
ratio between the diffracted intensities due to the two contributions is: 

(B.5) 

where qy(>.) is the flux of the neutrons of wavelength >.and IF(Q)I the 

nuclear or the magnetic structure factor. The >./2 contribution can 
be reduced with the help of a filter that absorbs neutron of >./2 wave-

length but not of>. wavelength. However when IF(2Q)J >> JF(Q)J 

the contamination can be important. 

B.4 Extinction correction 

The kinematical approximation, on which the theory presented in ap
pendix A is based, assumes that there is neither reduction intensity 
of the incident bearn by scattering, nor reduction intensity of the 



B.4 Extinction correction 

diffracted bearn by re-scattering back parallel to the incident bearn. 
This is of course not true. The gap with the real situation can be filled 
with the introduction of the extinction factor. Within Darwin's mosaic 
model of the crystal, small blocks not perfectly aligned, two situations 
must be considered: 

1. primary extinction - the misalignment between the individual 
blocks is so large, that it is not possible for a scattered bearn to re
scatter in another block, but each block is so large that extinction 
can occur within it. 

2. secondary extinction- each crystal block is so small that there 
is no reduction of the intensity in a block, but the small misalign
ment between the blocks can cause a scatter or a re-scatter occurs 
in the passage from a block to another, which gives the intensity 
reduction. 

The extinction coefficient is: 

Y~ Yp ·Ys ~ (1 + 2x + ... + O(xn) + ... ) 

with the linear contribution given by: 

À31F21 Tg 
x ex V sin(20) ' 

(B.6) 

(B.7) 

where T is the absorption weighted mean path in the sample for the 
considered reflection, and gis the extinction parameter, which is related 
to the mosaicity of the sample. This formula states that the extinction 
is more effective on strong reflections at low angles and decreases with 
decreasing À, so that measuring at different À is a way to determine x. 
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Résumé 

This thesis concerns the evolution of the magnetic properties in sorne solid solutions (UxLal-x{S,Se). 
Uo.2(Lao.1s Yo.ss)o.sTe, NpAsl-xSex) based on Uranium and Neptunium. This experimental study 
is an attempt to improve the comprehension of the behavior of the 5f electrons, which are gen
erally considered as responsibles for the physical properties observed in these systems, when a 
modification "under control" of their chemical environment occurs. The first part of this thesis is 
devoted to the study of the effect of the reduction of the density of the magnetic centers (substitu
tion U -+ La) on sorne physical properties, mainly magnetic, of the U monochalcogenide systems. 
The ferromagnetic long-range ordering observed in US and USe abruptly collapses at a critical 
U concentration far above the percolation limit, whereas short-range ferromagnetic correlations 
are measured well below this critical concentration. Magnetic form factor and X-ray magnetic 
circular dichroism measurements were performed to relate experimentally the change observed 
in the macroscopic properties of the materials to the electronic structure. The second part is 
devoted to the study of the evolution of the magnetic structures in the NpAsl-xSex system. In 
this case a p electron is added, presumably to the conduction band, thus modifying the chemi
cal potential. The magnetic phase diagram up to a Se concentration of 20%, as determined by 
neutron diffraction, magnetization measurements, and Mossbauer spectroscopy is reported. 

---0 --"-

Cette thèse concerne l'évolution des propriétés magnétiques dans des solutions solides 
(UxLal-x(S,Se), Uo.2(Lao.l5 Yo.ss)o.sTe, NpAsl-xSex) à base d'Uranium et de Neptunium. Cette 
étude expérimentale est une tentative d'améliorer la compréhension du comportement des électrons 
5j, qui sont en général considérés comme responsables des propriétés physiques observées dans 
ces systèmes, lorsqu'une modification "sous contrôle" de leur environnement chimique est ef
fectuée. La première partie de cette thèse concerne l'étude des effets de la réduction de la densité 
des centres magnétiques (remplacement U -+ La) sur certaines propriétés physiques, principale
ment magnétiques, des monochalcogenures d'uranium. L'ordre ferromagnétique à grande dis
tance, qui est observé dans US et USe disparait brusquement pour une concentration critique 
d'uranium bien supérièure au seuil de percolation, tandis que les corrélations ferromagnétiques à 
courte distance persistent au dessous de cette concentration. Des mesures du facteur de forme 
magnétique et du dichroisme magnétique circulaire des rayons-X ont été réalisées afin de relier 
expérimentalement les changement observés dans les propriétés macroscopiques des matériaux à 
la structure électronique. La deuxième partie est consacrée à l'étude de l'évolution de la structure 
magnétique dans la solution solide NpAsl-xSex. L'augmentation du nombre d'électrons p, prob
ablement dans la bande de conduction, modifie le potentiel chimique. Le diagramme de phase 
magnétique a été determiné, par diffraction neutronique, mesures d'aimantation et spectroscopie 
Mossbauer, jusqu'à une concentration de 20% de Se. 
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