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Il y a également les théoriciens
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M’ont montré qu’il est possible concrètement
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Ma ”vraie” famille mérite aussi un merci:
Ils m’ont toujours supportée, ainsi que mes choix,
Bien que, sans tourner autour du pot de persil,
Ils n’ont jamais compris les travaux de ma voie. . .

Enfin, une heureuse rencontre a eu lieu
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Introduction en Français

Malgré sa découverte il y a plus de 100 ans, la supraconductivité continue régulièrement
de défier la communauté scientifique: il a fallu plus de 40 ans pour comprendre son orig-
ine microscopique avec la théorie BCS, les supraconducteurs cuprates ont une température
critiques une température critique plus élevée que celle prédite par la théorie BCS, certains
systèmes à fermions lourds possèdent une phase supraconductrice coexistent avec un état
magnétique. . . Les interactions électrons-phonons, responsable de la formation des paires de
Cooper dans les supraconducteurs conventionnels, ne peuvent être à l’origine de la supracon-
ductivité dans les cuprates et dans les fermions lourds, et, dans certains cas, les fluctuations
magnétiques semblent être un bon candidat pour le mécanisme d’appariement.

Figure 1 Diagramme de phase typique d’un
fermion lourd, représenté par CeRhIn5 [107].
AF, PM et SC sont les états antiferromagné-
tique, paramagnétique et supraconducteur respec-
tivement. TN et Tc sont les températures de Néel
et supraconductrice respectivement. pc and p∗

c

sont les pressions critiques, correspondant au max-
imum de Tc et à la pression à laquelle TN → 0K
respectivement.

La physique des fermions lourds se trou-
vent à basses températures, usuellement en
dessous de 10K, avec la présence éventuelle
d’une poche supraconductrice, généralement
avec une température critique de l’ordre de
1K. Le diagramme de phase typique d’un
fermion lourd est similaire à celui du com-
posé CeRhIn5, montré sur la figure 1. En
appliquant de la pression, le système passe
d’un état magnétique non supraconducteur à
un état supraconducteur avec éventuellement
coexistence avec l’état magnétique. La tem-
pérature supraconductrice est maximum dans
l’état paramagnétique pour ensuite décrôıtre.
Le fait que le dôme supraconducteur se situe
proche d’une instabilité magnétique supporte
l’idée que d’un lien étroit entre supraconduc-
tivité et magnétisme. Ce diagramme de phase
montre qu’il est expérimentalement réalis-
able sans techniques expérimentales lourdes
de sonder l’état magnétique, ainsi que l’état
supraconducteur. Ce contrôle ”aisé” (à l’aide
de dopage chimique, d’application de pres-
sion, de champ magnétique. . . ) de l’état fon-
damental est un gros avantage des fermions
lourds, car cela permet de suivre en détail
l’évolution des différents paramètres pour déterminer ce qui est responsable de la supra-
conductivité.
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Un autre intérêt des fermions lourds est le nombre important des différentes propriétés
que ces matériaux présentes: la supraconductivité peut coexister avec une phase antiferro-
magnétique (dans CeRhIn5 par exemple [107]) ou une phase ferromagnétique avec la présence
d’une poche supraconductrice induite sous champ dans URhGe [10, 118], existe dans des com-
posés non-centrosymétriques avec un champ critique très élevé (comme dans CeRhSi3 avec
Hc2

>30T [103]), peut posséder plusieurs énergies caractéristiques (supraconducteur multigap,
comme dans PrOs4Sb12 [188]) ou avoir une température critique de 18K dans PuCoGa5 [181]!
Il s’agit là d’une liste non exhaustive montrant la quantité d’états fondamentaux différents
existant dans les fermions lourds.

Tous les fermions lourds ne sont pas supraconducteurs, comme YbRh2Si2, et, proche d’un
point critique quantique, des propriétés exotiques peuvent apparâıtre, comme un comporte-
ment de non liquide de Fermi. Ce régime non conventionnel représente un défi théorique, car
la nature exacte du point critique quantique, ainsi que le rôle des fluctuations quantiques sont
toujours en débat.

Ce grand nombre de différentes propriétés fait que les systèmes à fermions lourds sont
très intéressants à étudier pour la compréhension des interactions fondamentales impliquant
la supraconductivité, et donne la raison pourquoi ces systèmes sont largement étudiés.

Plan de la Thèse

Cette thèse est découpée en cinq chapitres. Le premier donne le contexte scientifique néces-
saire pour la compréhension de la physique des fermions lourds, ainsi que les idées générales
concernant la supraconductivité. Ensuite, étant donné que cette thèse fut principalement
un travail expérimental, le second chapitre recense les techniques expérimentales utilisées.
Leur intérêt, ainsi que leurs limites seront donnés, avec une explication plus détaillée sur les
mesures de conduction thermique.

Deux composés ont été étudiés: UCoGe et YbRh2Si2. Le premier composé étudié est
le supraconducteur ferromagnétique UCoGe, et les résultats sont montrés dans les chapitres
trois et quatre. Le troisième chapitre montre les mesures de champ critique et de XMCD, et
le quatrième est dédié aux mesures de conduction thermique. Le second composé, YbRh2Si2,
se trouvant proche d’un point critique quantique, est étudié dans le cinquième chapitre.
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Introduction

Despite its discovery 100 years ago, superconductivity continues regularly to challenge the
scientific community: the microscopic origin has been understood 40 years after its discovery
with the BCS theory, the high superconducting temperature of the cuprates discovered in
1986 is higher than the maximum superconducting temperature predicted in the BCS the-
ory (≈30K), some heavy fermion systems show microscopic coexistence of magnetism and
superconductivity. . . The electron-phonon interaction, which is the pairing mechanism of the
formation of the Cooper pairs in conventional superconductors, cannot be responsible for
superconductivity in the cuprates and in heavy fermions, but magnetic fluctuations seem a
good candidate for pairing mechanism in some cases.

Figure 2 Typical phase diagram of a heavy
fermion, represented by CeRhIn5 [107]. AF, PM
and SC are the antiferromagnetic, the paramagnetic
and the superconducting states respectively. TN and
Tc are the Néel and the superconducting tempera-
tures respectively. pc and p∗

c are the critical pres-
sures corresponding to the maximum of the super-
conducting temperature and to the pressure where
TN → 0K respectively.

The interesting physics of heavy fermion
systems lies at low temperatures (usually be-
low 10K) with a possible superconducting
transition, usually in the order of magnitude
of 1K. The typical phase diagram of a heavy
fermion is similar to the one displayed by the
heavy fermion CeRhIn5, shown figure 2. By
applying pressure, the system goes from a
non-superconducting and magnetic state to
a superconducting state with possible coex-
istence with magnetism. The superconduct-
ing temperature is maximum in the param-
agnetic phase and then decreases. The fact
that the superconducting dome lies close to
a magnetic instability in the heavy fermions
pledges for a strong link between supercon-
ductivity and magnetism. This phase dia-
gram shows that it is experimentally feasi-
ble without big facilities to probe the mag-
netic state as well as the superconducting
one. This easy control (via doping, pressure,
magnetic field . . .) of the ground state of the
heavy fermions is a great advantage, as it en-
ables to ”follow” the different parameters to
see what is responsible for superconductivity.

Another interest for the physics of heavy
fermions is the number of different properties exhibited: superconductivity coexists with
antiferromagnetism in CeRhIn5 [107], with ferromagnetism in URhGe with a field induced
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superconducting pocket [10, 118], exists in the non-centrosymmetric CeRhSi3 with very large
Hc2

(>30T) [103], has several gaps in PrOs4Sb12 [188] or can even have a superconducting
temperature as high as 18K in PuCoGa5 [181]! This non-exhaustive list shows that supercon-
ductivity can exist with many different background states.

Some heavy fermions do not exhibit superconductivity, as YbRh2Si2, and, close to a
quantum critical point, other properties can appear, such as non Fermi liquid behaviors. This
unconventional regime is also theoretically challenging, as the exact nature of the quantum
critical point, as well as the role of the quantum fluctuations are still under debate.

These large numbers of different properties make that the study of the heavy fermion
systems is very interesting for the understanding of fundamental interactions implying super-
conductivity, and explains why these systems are widely studied.

Plan of the thesis

This thesis is separated in five chapters. The first chapter gives the basic theoretical back-
ground for understanding heavy fermion physics as well as the general ideas about super-
conductivity. Then, as it was mainly an experimental work, the second chapter explains the
different facilities and probes I used. Each time, I will explain the interest of each probe and
their limitations, with a more detailed explanation on the thermal conductivity measurements.

Two different compounds with different properties have been studied during these three
years: UCoGe and YbRh2Si2. The first compound studied is the superconducting ferromagnet
UCoGe, and the results are shown in the third and fourth chapters. The third chapter shows
the measurements of the upper critical field and the XMCD, and the fourth chapter the
thermal conductivity measurements. The second compound is YbRh2Si2, which lies close to
a quantum critical point, and the last chapter is dedicated to it.
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Chapter 1

Physical Background

This first chapter reviews the physical background necessary to understand the work done
during my thesis. As my subject brings together several big fields of physics, I will not at all
do a complete review of these domains, but only emphasize the differences with the existing
theoretical models for the simple case.

The first part concerns the physics of heavy fermions (HF). This quite old physics is
very rich and groups together some more basic physics (notion of Fermi liquid, Kondo effect,
localized/itinerant magnetism. . .) which will be evoked. Superconductivity (SC) is the next
part where basic ideas about unconventional superconductivity are given. As the study of the
compound UCoGe was the biggest part of my thesis, the last part concerns the ferromagnetic
superconductors, with first the theoretical and experimental advances before discovery of
the heavy fermion superconducting ferromagnets, with their description as the last part of
the chapter. Presentation of compound YbRh2Si2 is differed to the introduction of the last
chapter.

1.1 Heavy Fermions

The story of the heavy fermions1 (HF) started with the low temperature measurements of
CeAl3 [7] in 1975, where the residual specific heat Sommerfeld coefficient Cp/T is enormous,
together with the resistivity behaving as ρ = ρ0 + AT 2, with a very large A coefficient. These
two features have the same origin, which characterizes the HF: at low temperature (usually
T<10K), HF systems show a strong enhancement of the effective mass of the charge carriers,
with the possibility to be described as Landau quasiparticles with Fermi liquid behavior.
Soon later the discovery of CeAl3 came the first HF exhibiting superconductivity: CeCu2Si2
in 1979, discovered by Steglich et al. [200]. This discovery challenged the well-established
BCS framework, proving that superconductivity can exist in strongly correlated electronic
systems and may even be induced by magnetism.

The mechanism leading to the formation of a HF ground state can be different for different
compounds, and notably for 4f based systems (Ce, Yb or Pr based HF) or 5f based systems
(U, Np or Pu based HF). The case of the 4f compounds is easier due to the more localized
character of the f -orbitals, and the Kondo lattice model captures the main ingredient of
the problem. At high temperature, the magnetic atoms act as free local moments and the f -
electrons are localized. With the ”single site”Kondo effect, below the Kondo temperature TK ,

1This section was highly inspired by the work of Coleman [34], Bauer [18] and Flouquet [53]
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1.1. Heavy Fermions

Figure 1.1 Effect of the chemical doping on the resistivity in CexLa1−xCu6. A low amount of magnetic
impurities (here Ce) gives rise to the Kondo effect, and for high doping (x > 0.7), the Kondo lattice
is forming with the Ce atoms and coherence appears at low temperature. The Fermi liquid behavior is
recovered at high doping (right panel). From [208].

the magnetic impurities start to be screened on cooling by the conduction electrons, leading
to an increase of the electronic resistivity. In HF, this effect happens on each site and it can
be balanced by the induced recovery of lattice periodicity upon the decrease of spin disorder:
so below a so-called ”coherence temperature”, the resistivity decreases on cooling. As an
example, the figure 1.1 shows the effect of the chemical doping in the HF CexLa1−xCu6 [208].
In the pure compound LaCu6, the resistivity decreases on cooling in the whole temperature
range: it behaves like a normal metal. At low doping (Ce atoms are magnetic), the logarithm
increase on cooling of the resistivity at low temperature is due to the Kondo effect, and for
x > 0.7, the resistivity decreases at low enough temperature, as a consequence of the coherence
effects. The right panel shows the magnetic resistivity (ρm = ρCexLa1−xCu6

− ρLaCu6
): in the

HF regime, the Fermi liquid behavior is recovered.

Below the coherence temperature (∼2-50K), the conduction electrons are strongly hy-
bridized with the f -electrons through many body Kondo effects, having for consequence the
enhancement of the effective mass m⋆ of the quasiparticles (in a normal metal, m⋆ ∼ 2−5m0,
and in HF, m⋆ ∼ 10 − 1000m0, with m0 the bare electron mass). This leads to the renormal-
ized, or ”effective” Fermi liquid temperature T ∗

F . An unexpected feature is the recovery of the
Fermi liquid regime in the coherence state, but with strongly renormalized parameters. This
leads to a greater sensitivity of the ground state to external parameters, like magnetic field
or pressure.

At low temperature, HF are magnetic or close to a magnetic state, and the application of
an external parameter has for effect to bring the system closer to (or to drive it away from)
the magnetic instability. If the ground state is magnetic, it can become paramagnetic, and
vice-versa. To explain this, a naive picture, giving by Doniach [44], brings face to face the
Kondo effect (leading to a non-magnetic state) and the RKKY interaction (controlling the
magnetic order). Both are controlled by the coupling exchange between the f -electrons and
conduction band (see equations 1.1 and 1.2). By tuning the system with external parameters,
this coupling exchange is changed, possibly inducing transition between magnetic and non-
magnetic states. Doniach has calculated the dependence of the coherence temperature due to
Kondo effect (TK) and the RKKY temperature (TRKKY ) with the exchange coupling constant

2



Chapter 1. Physical Background

Figure 1.2 Doniach phase diagram. The abscissa measures the strength of the tuning parameter
(pressure, magnetic field. . .), modifying the coupling constant. The passing from the magnetic phase
to the non-magnetic phase goes through a quantum critical point, with the possible existence of an
unconventional superconducting pocket. From [44].

(J) and the electronic density of states (D(EF )):

TK ∼ e−1/(2JD(EF )) (1.1)

TRKKY ∼ J2D(EF ) (1.2)

The figure 1.2 shows the Doniach phase diagram. By applying a tuning parameter (pres-
sure, magnetic field. . .), the coupling constant changes and the system goes from a magnetic
phase to a non-magnetic one (or the inverse) through a quantum critical point (QCP). At
this place, unconventional superconductivity with coexistence of magnetic order is possible,
as well as non-Fermi liquid behavior in the normal phase. The proximity of the QCP may
induce magnetic fluctuations with a large magnetic susceptibility, which can be favorable for
superconductivity2 [129]. The magnetic fluctuations in the HF can be described by Moriya
[146], and may be responsible for the anomalous non-Fermi liquid and the unconventional
superconductivity around antiferromagnetic QCP. Similar description can be done on the
high-Tsc cuprates and iron-pnictide superconductors, where the maximum of the supercon-
ducting temperature occurs close the QCP.

Around the QCP, deviation of the Fermi liquid regime has been observed in several com-
pounds, the more direct being the resistivity with a non quadratic temperature dependence:
ρ = ρ0 + AT n, with n < 2. However, up to now, no theories have succeeded to unify the
non-Fermi liquid regime.

1.2 Superconductivity

Superconductivity is an old domain in physics: it has been discovered in Hg in 1911 by
Kamerlingh Onnes [154] and despite this, lots of questions are still under debate, like the

2For a review about superconductivity in the HF compounds, the reader may read the Pfleiderer’s review
[165]
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1.2. Superconductivity

microscopic origin of unconventional superconductivity.

In 1957, Bardeen, Schrieffer and Cooper (BCS) [16] have elaborated a microscopic theory
to describe the conventional superconductivity. For conventional superconductors, at the
superconducting transition, the electrons enter the coherence state and form Cooper pairs via
interactions between the charge of the electrons and phonons. The Cooper pairs are formed
with electrons of opposite wave vectors and spins (singlet state), are weakly coupled and, at
the transition, only the gauge symmetry is broken.

However, Cooper pairs can also be bound in higher orbital states. In such a case, and more
generally, the superconducting transition breaks a symmetry (spatial, time reversal. . . ) in
addition to the gauge symmetry: one speaks of unconventional superconductivity.

In most of cases, unconventional superconductivity appears due to an unconventional pair-
ing mechanism, i.e. a pairing mechanism not governed by the electron-phonon interactions,
but by exchange of spin fluctuations or other ”exotic” excitations. Experimentally, unconven-
tional superconductivity has been first discovered with the p-wave superfluidity of 3He [117],
and then in heavy fermions systems, an adventure which started with the discovery of the
superconductivity of CeCu2Si2 by F. Steglich in 1979 [200]. A simple picture for non-phononic
superconductivity is given by Monthoux et al. [144]: the time and space dependent interac-
tion between quasiparticles is divided into the charge-charge and the spin-spin interactions,
and given by

Vind(~r, t) = −ee′g2
nχn(~r, t) − ~s.~s′g2

mχm(~r, t) (1.3)

(e, e′) and (~s, ~s′) are the charge and the spin of each electron, χn is the non-local charge
density susceptibility and χm the non-local magnetic susceptibility. gn,m are empirical pa-
rameters relative to the strength of the coupling to the charge and to the spin. In the case of
conventional SC, the first term is dominant and for spin fluctuation mediated SC, the second
term is dominant. The figure 1.3 shows a schematic sketch of the charge-charge and the spin-
spin interactions with the distance. To be attractive, the charge-charge interaction implies
dynamical particles. For spin-spin interactions, it is locally attractive for the ferromagnetism
instability (triplet state), whereas it oscillates in space for the antiferromagnetism instability
(singlet state).

As FM instability leads only to attractive interactions, it could be expected that uncon-
ventional SC is close to this kind of instability. However, the spin-triplet channel is three times
less effective than the spin-singlet channel [144]. This ineffectiveness is not valid anymore in
anisotropic magnetic systems with fluctuations along one particular axis, suggesting strong
magnetic anisotropy is favored for pairing with close to a FM instability [143].

In HF systems, the superconducting temperature is small, usually Tsc<2K (with some rare
exceptions, as PuCoGa5, with Tsc=18.5K [181]), but the upper critical field can be large,
higher than 10T. For example, in the non-centrosymmetric HF CeRhSi3, the critical temper-
ature is Tsc=0.7K for Hc2

>30T [103] (by comparison, for the conventional superconductor
Zn, Tsc=0.89K for Hc2

≈5mT).

Superconductivity is suppressed by a magnetic field, through two mechanisms:

• the first limitation is the Pauli (or paramagnetic) limit. The magnetic field tends to
align the spin, which destroys the Cooper pairs. The Pauli limited critical field, in the
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Chapter 1. Physical Background

Figure 1.3 Schematic sketch of the attractive interaction according to its origin versus distance.
Panels a and b display the case of charge-charge interaction. For FM instability (panel c), the attractive
interaction is close to the spin whereas it oscillates for the AFM instability (panel d). From [144].

Clogston-Chandrasekhar theory [32, 33], is given at T=0K by

HP
c2

= 1.84
g

2
Tsc (1.4)

with g the gyromagnetic factor (g = 2 for free electrons).

• the second is the orbital limit. The magnetic field acts on the momentum of the elec-
trons. The orbital critical field is given at T=0K by

Horb
c2

=
Φ0

2πξ2
0

(1.5)

with Φ0 the quantum flux and ξ0 the superconducting coherence length.

The large critical field in HF systems can be explained by the large effective mass: the
coherence length is proportional to the inverse of the effective mass (ξ0 ∼ vF /∆ ∼ hkF /m∗∆),
can thus be very small. From equation 1.5, it appears that Horb

c2
∼ (m∗∆/kF )2, leading to

a large orbital limit. The Pauli limitation can be suppressed, or raised to higher value, by
p-wave pairing, a small (anisotropic) g-factor, strong coupling. . .

A consequence of the unconventional pairing is that the superconducting order parameter
may need to change sign (or phase) on the Fermi surface, leading to nodes of the gap (∆~k

)
imposed by symmetry. The figure 1.4 shows some examples of superconducting gap. The
first case is an isotropic s-wave gap, the second is an example of an anisotropic d-wave gap
(representation dx2−y2) with line nodes and the last one is a f -wave gap, with line nodes at
the equator and point nodes at the poles. The physical properties are sensitive of the presence
of nodes in the superconducting gap, especially thermal conductivity, as it will be explained
in the next chapter.

In HF, several Fermi sheets can be present. As a consequence, the quasiparticles can
have different pairing strength, depending on the weight of their f -character. In that case,
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1.2. Superconductivity

Figure 1.4 Representation of three superconducting gaps: an isotropic s-wave gap and two anisotropic
gaps (d-wave and f -wave) with line nodes and point nodes.

Figure 1.5 STM spectroscopy in the multigap superconductor MgB2 [128] (left panel) and thermal
conductivity measurements in the multigap superconductors MgB2 and PrOs4Sb12, and in the one band
Nb (conventional SC) and UPt3 (unconventional SC) [188] (right panel).

if interband scattering is not ”too strong”, several superconducting gaps, corresponding to
different Fermi sheets, can be present in the superconducting state: this is called multigap
superconductivity. It has been theoretically predicted in 1959 by Suhl et al. [207] and seen first
experimentally in MgB2 in 2001 [148]. To detect multigap superconductivity, several probes
are available, like STM spectroscopy or thermal conductivity. Figure 1.5 shows an example
of STM spectroscopy in MgB2 [128] and the normalized thermal conductivity in different
compounds: in the multigap superconductors MgB2 and PrOs4Sb12, and in the one band Nb
(conventional SC) and UPt3 (unconventional SC) [188] (right panel). The STM spectroscopy
shows the condensation of the σ bands at ±8mV and the π bands at ±2mV. The thermal
conductivity shows two energy scales: by decreasing the magnetic field, the first decrease below
Hc2

corresponds to the opening of the large superconducting gap and follows by a plateau.
The second decrease is the opening of a smaller gap. Note that multigap superconductivity
does not imply necessarily unconventional SC, MgB2 is an s-wave, electron-phonon mediated
superconductor (at 39K!).
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Chapter 1. Physical Background

Figure 1.6 Different scenarios when existence of superconductivity close to a magnetic instability.
Panel (a): SC exists only out of the FM phase, like Fe under pressure [192, 183]. The superconductivity
exists in both phases, with the vanishing of Tsc at the QCP (Panel (c)) or not (Panel (b), case of
UCoGe). The panel (c) has been predicted by Fay and Appel [46], and is similar to UGe2, but no
superconductivity has been detected in the PM phase up to now. The parameter r represents the
”distance” to the QCP. From [178].

1.3 Superconducting Ferromagnets

1.3.1 Introduction

The heavy fermion superconducting ferromagnet UGe2 (its superconductivity has been dis-
covered in 2000 [182]) is the first superconductor where ferromagnetism and superconductivity
coexist in a non competitive way and unambiguously. However, the possibility to mix super-
conductivity and ferromagnetism has been theoretically and experimentally explored since a
long time.

Theoretical Predictions

From a BCS point of view, it has been seen that superconductivity is very sensitive to mag-
netic impurities, and, as the Cooper pairs are formed in opposite spin directions, ferromagnetic
spin fluctuations tend to suppress superconductivity [23]. Thus, it is natural to think that
coexistence of SC and FM is faintly probable, due to their antagonism. In 1957, Ginzburg
has predicted that their coexistence is nevertheless possible, if the internal field due to mag-
netization is lower than the critical field. However, in some conditions, spin alignment in
the superconducting state can lower its energy, leading to coexistence with FM. But the
alignment occurs in a very short distance (smaller than the coherence length), and the net
magnetization remains zero when averaged over a coherence length. It is so evoked in term of
cryptoferromagnetism or modulated ferromagnetism [6, 25]. In ferromagnetic superconduc-
tors, the coexistence of FM with SC in a large temperature range is also predicted [95], with
a spontaneous vortex phase at zero field [114, 209, 64].

In 1980, Fay and Appel [46] predicted the possibility of p-wave ”equal spin pairing” (ESP)
superconductivity (Cooper pairs with the same spin ↑↑ or ↓↓) with itinerant ferromagnetism
(equivalent to the A1 phase in superfluid 3He) close to a magnetic instability, the pairing
being induced by longitudinal spin fluctuations. In their theory, SC and FM are carried by
the same electrons with triplet pairing, but the superconducting temperature vanishes at the
QCP. They predicted that superconductivity is possible in the weak ferromagnet ZrZn2 with

7



1.3. Superconducting Ferromagnets

Tsc as high as 1K in a very pure system3. For a second order ferromagnetic transition, Roussev
and Millis predicted the possible coexistence of FM and SC, and, if the ferromagnetism is
suppressed by an external parameter (pressure for example), the superconducting pocket can
survive in the paramagnetic phase [178]. The different scenarios for superconductivity close
to a magnetic QCP are shown figure 1.6. Conventional s-wave superconductivity is also
predicted for localized ferromagnets [206, 2] and for weak ferromagnet, if close to a quantum
critical point [24, 35].

Experimental Results

Figure 1.7 Superconducting phase diagram of the
Gd-doped CeRu2 [132].

So, numbers of theories can predict the coex-
istence in various systems with different mod-
els. From an experimental point of view,
a close relationship between FM and SC
was early suspected in some rare-earth com-
pounds [133] in 1958, and the first example
where coexistence seemed unambiguous is cer-
tainly the compound CeRu2 doped with Gd
[132]: the superconductivity is not strongly
suppressed by the ferromagnetism (see figure
1.7), as expected for a BCS superconductor.
The first thought was that the superconduc-
tivity was confined in the ferromagnetic do-
main walls, where the net magnetization is
zero [131], but specific heat measurements
confirms that SC develops in the whole sample [167]. However, the short range ferromag-
netic order (correlation length r∗ ≈ 16Å in Ce0.8Tb0.2Ru2 at 1.5K [177]) made that these
compounds are rather ”spin glasses”. The coherence superconducting length ξ is much larger
than r∗ (ξ ≈ 100Å), and so, the superconductivity, carried by the d-electrons, is not affected
by the correlations of magnetic moments (carried by the f -electrons) [176].

In 1962, it has been predicted that ferromagnets can become superconducting when the
external field compensates the internal exchange field (Jaccarino-Peter effect [93]). The basic
mechanism of the Jaccarino-Peter effect relies on several requirements:

• two separated systems are needed: the magnetic ions and the conduction electrons,
coupled by an exchange interaction −J ~S.~s, where J is the exchange integral, ~S the
local moment and ~s the conduction electron moment.

• the exchange field should be negative, so that the total field applied to the conduction
electron spin: H = −J < ~S > .~s − gµB

~Hext.~s, leading to the effective field ~Heff =
~Hext + J <~S>

gµB
, and <~S>

gµB
≈ ~m. This effective field can be reduced compared to ~Hext and

to the internal field.

• the value of the external field compensating the internal field should be smaller than
the orbital limitation of the upper critical field: the Jaccarino-Peter effect allows only
a suppression of the Pauli limitation due to the exchange field.

3Superconductivity was claimed in ZrZn2 [166], but it appears later that it was an experimental artifact
[240]
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This effect has been seen experimentally in the system Mo1−xMxGa4 (M=Nb, Ru, Mn, Fe,
Co) [52]. It is responsible for very high field superconductors, like in Pb0.7Eu0.3Gd0.2Mo6M8

with Hc2
≈70T [51], and for field induced superconductivity (e.g. in Eu0.75Sn0.25Mo6S7.2Se0.8

[136]). Some compounds can even show superconductivity only under field (for example, in the
organic compound λ-(BETS)2Fe2Cl4 [15]). In these compounds, superconductivity can often
be described with BCS theory, and one does not speak about ferromagnetic superconductors,
as SC exists only when the magnetization is canceled by the applied magnetic field.

Figure 1.8 AC susceptibility (top) and resistivity
(bottom) of ErRh4B4. The system becomes super-
conductor at 8.8K and ferromagnet at 0.8K, which
destroys superconductivity. Both properties coexist
in a very narrow region close to TCurie. From [50].

In some others classes of rare-earth com-
pounds, superconductivity and ferromag-
netism are found together, but in a com-
petitive way. In these compounds, the
Curie temperature is smaller than the su-
perconducting temperature, and the super-
conductivity disappears rapidly in the ferro-
magnetic state, the coexistence region being
only close to TCurie, hence the term crypto-
ferromagnetism. The first compound discov-
ered were ErRh4B4 [50] and HoMo6S8 [92].
The figure 1.8 shows the destruction of super-
conductivity due to ferromagnetism. In this
kind of systems, (localized) ferromagnetism
and superconductivity are not carried by the
same electrons (rare-earth 4f electrons for the
FM and 4d electrons for the SC [96]), and in-
teract destructively.

Shortly afterwards, superconductivity was found in Y9Co7 (or Y4Co3) [110], with strong
magnetic correlations, which appear to be a mix of itinerant and localized ferromagnetism,
carried by Co atoms [236], with TCurie ≈4.5K and Tsc ≈2.5K. Contrary to the heavy fermion
superconducting ferromagnets, SC appears to be described by the conventional BCS theory
(mediated by phonons), and the PM and FM states are described by spin fluctuation theory.
Recent experiments seem confirm, after a long debate, that there would be a homogeneous
coexistence of both orders [111]. It would be the first case of coexistence of superconductivity
and itinerant ferromagnetism, and the only one for d-electron systems.

The high-Tc superconductor R1.5Ce0.5RuSr2Cu2O10 (R=Eu and Gd) shows coexistence
of ferromagnetism (TCurie ≈130K for R=Eu) and superconductivity Tsc ≈ 33K [48, 47]
with possible spontaneous vortex phase at zero field [198]. However, the superconductivity
emerges from the CuO2 whereas the ferromagnetism comes from the SrO layers [147]. A phase
separation is evoked, even if the magnetism in these compounds seems rather complicated
[104]. A large part of the lack of knowledge comes from the difficulty to grow good and large
single crystals.

Recently, coexistence of ferromagnetism and superconductivity has been found in the
iron-pnictide EuFe2(As1−xPx)2, where an ordered moment appears at 20K on the Eu site
[174]. The parent compound exhibits antiferromagnetism, and for x > 0.2, ferromagnetism
appears, accompanied by superconductivity (carried by Fe electrons) when 0.2 < x < 0.4,
with T max

sc ≈30K. The existence of the SC in the FM state is attributed to the large up-
per critical field in the non-magnetic parent compound (≈60T in BaFe2As2 [243]) compared
to the hyperfine field of the Eu atoms (≈28T [150]), and the 3d-electrons responsible for
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1.3. Superconducting Ferromagnets

Figure 1.9 Panel (a): (~k ↑, −~k ↓) pairing predicted by the BCS theory. Panel (b): FFLO pairing state

(~k ↑, −~k + ~q ↓) between two Fermi surfaces (spin ↑ band and spin ↓ band), resulting a non vanishing

momentum of the Cooper pairs. The Cooper pair (~k′ ↑, −~k′ + ~q ↓) cannot form, as the state is not at
the border of the Fermi surface.

superconductivity and for the RKKY interactions are different [29].
The coexistence of FM and SC has also been observed at the interface of ferromag-

netic/superconductor junctions, by proximity effects (induced superconductivity in the ferro-
magnet, see, e.g. [41]) and, very recently, in nanoparticles. Coexistence has been observed, for
example, in La2−xSrxCuO4 [242], in YBCO powders [59] and in Bi3Ni nanostructures [77]. In
the two former systems, superconductivity and ferromagnetism do not coexist homogeneously,
which means that FM is certainly not responsible for SC. In the latter system, SC survives
up to high fields and seems related to the magnetic ground state, but further experiments are
needed to conclude unambiguously.

All the examples cited here show that the coexistence of ferromagnetism and supercon-
ductivity has already been believed to be observed. It appears however that either there
is a phase separation, or that the magnetic state is more complicated than ferromagnetism,
and often SC and FM are competitive phenomena. The uniqueness of the HF-SC comes
from the fact that FM and SC are carried by the same electrons, which means that FM and
SC are cooperative properties instead of competitive (see the next section). Note that the
Jaccarino-Peter effect is not possible in the HF superconducting ferromagnets, as it occurs
in localized ferromagnets. Moreover, in these compounds, pairing could well be mediated by
ferromagnetic fluctuations.

The fact that true coexistence (both properties carried by the same electrons) is only shown
in rare cases can be explained theoretically: it is predicted that antiferromagnetic fluctuations
are more favorable to superconductivity than ferromagnetic fluctuations [143, 144]. The
number of candidates is reduced also by the fact that triplet equal spin pairing is induced
only by longitudinal fluctuations, the transverse ones being pair-breaking [46], so isotropic
3D ferromagnet may be unfavorable.

Fulde-Ferrel-Larkin-Ovchinnikov State

Another way to obtain SC-FM, without ESP pairing and ferromagnetic fluctuations, is given
by Fulde and Ferrel [58], and Larkin and Ovchinnikov [115] with the so-called FFLO state: in
a situation where the size of the Fermi sea is different for the up and down spin directions (due
to the polarization by a ferromagnetic instability and/or an externally applied magnetic field
(Zeeman splitting)), beyond a certain degree polarization, it is favorable to build the Cooper
pairs with a finite center of mass momentum, in order to partially compensate for the Fermi
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Chapter 1. Physical Background

Figure 1.10 Panel (a): (H-T) phase diagram of 2D superconductors. The point (T +, H+) represents
the tricritical point where the FFLO state occurs. The different shaded areas show different states due
to the increase of wave vectors ~q stabilizing the FFLO state [191]. Panel (b): (H-T) phase diagram in
the presence of orbital effects. From [130].

momentum mismatch4 (see figure 1.9). Because of the finite center of mass momenta of the
pairing state (~k ↑, −~k + ~q ↓), the superconducting order parameter has a spatial modulation
in the real space. The FFLO state is stabilized with anisotropic Fermi surfaces, with weak
orbital pair breaking [65] in very clean systems, as impurities destroy it [14, 211].

Under field, the FFLO state reduces the Pauli paramagnetic pair-breaking effect due to
the Zeeman splitting of the Fermi surfaces, which means that the FFLO state enhances HP

c2
,

the Pauli limited critical field. For superconductivity limited only by the Pauli limitation, this
induces an enhancement of the critical field below the temperature T + = 0.56Ts, as shown
on panel (a) of figure 1.10: HF F LO

c2
≈ 1.07HP

c2
for 3D systems, HF F LO

c2
≈ 1.42HP

c2
for 2D

systems and HF F LO
c2

diverges when T →0K for 1D systems (see [130] and references herein).
The panel (b) of figure 1.10 shows the phase diagram in presence of the orbital effect.

In the ferromagnetic superconductors, at first sight, in the case of singlet pairing, one can
expect the FFLO state to occur: the Fermi surfaces are naturally split by the ferromagnetism
and are believed to be anisotropic. However, they are 3D systems with an internal exchange
field possibly much larger than the possible enhancement of the paramagnetic limitation.
Indeed, UCoGe is a low density carrier (small Fermi surfaces), thus even the small magneti-
zation can lead to a large polarization. The finite wave vector q = |~q| of the modulation of
the FFLO state, which is typically limited to the inverse of the coherence length ξ (q > 1/ξ)
will not be sufficient to compensate the Fermi wave vector mismatch. There is however a lack
of theoretical considerations to conclude about the relevancy to describe that way the SC in
the FM-SC, and a lack of experimental data to evaluate the internal exchange field or the
∆kf of the polarized Fermi sea.

4For a review of FFLO state in heavy fermion systems, see [130]
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1.3. Superconducting Ferromagnets

1.3.2 Heavy-Fermion Superconducting Ferromagnets

General Properties

Figure 1.11 Crystallographic structure of UGe2,
URhGe and UCoGe. The arrows represent the di-
rection of the magnetic moments. From [8].

Up to now, four superconducting ferromag-
nets have been discovered: UGe2 in 2000
[182], URhGe in 2001 [10], UIr in 2004 [5]
and UCoGe in 2007 [87]. All of them display
a microscopic coexistence of superconductiv-
ity and (itinerant) ferromagnetism. The exis-
tence of the FM order in the SC state suggests
p-wave superconductivity with triplet pairing
[137].

The case of UIr is a bit different: it be-
comes superconducting under pressure at low
temperature, between 2.6GPa and 2.8GPa
with T max

sc =0.14K. The very low critical field
(Hc2

=25mT) and the fact that it is a non-
centrosymmetric crystal suggest that the su-
perconducting state is unfavorable [109]. Furthermore, the bulk existence of superconductivity
has not been proved yet. Its properties are very different from the three others systems, thus,
hereafter, the discussion will be only about UGe2, URhGe and UCoGe.

These three systems have very similar properties, the following will review some of them5.
They crystallize in an orthorhombic structure, with ZrGa2 for the former and TiNiSi for the
two latter. URhGe and UCoGe have the same crystallographic structure, Rh and Co atoms
occupying the same site. The crystal structures are shown figure 1.11, the magnetic moments
are carried by the U atoms and are along the a-axis for UGe2, and along the c-axis for the
two others. The ferromagnetic order occurs at TCurie=52K, 9K and 2.5K in UGe2, URhGe
and UCoGe respectively (at ambient pressure) and appears to be Ising type [172, 88].

The superconductivity appears under pressure in UGe2, between 1GPa and 1.5GPa, with
the maximum of the superconducting temperature at 1.2GPa with Tsc=0.8K. The great ad-
vantage of URhGe and UCoGe is that they are superconductors at ambient pressure, at
Tsc=0.25K and 0.7K respectively. The table 1.12 is an inventory of the main properties.

The small magnetic moment measured by magnetization, much lower than the one ex-
pected for free uranium ions or given by the Curie-Weiss law, suggests itinerant ferromag-
netism. Bulk superconductivity has been proved by specific heat [216, 10, 87], and microscopic
coexistence of FM and SC have been proved by NMR and µSR [112, 39, 152]. The large spe-
cific heat jump at the superconducting transition and neutron diffraction measurements have
shown that f -electrons are responsible for both orders. The situation of cryptoferromagnetism
discussed by Anderson [6] is not relevant here: the ferromagnetic domain size in UGe2 is typ-
ically of the order of 4.4µm [179], far larger than the estimated superconducting coherence
length (ξ ≈70nm). Moreover, superconductivity appears in the ferromagnetic state, not the
opposite, as ErRh4B4 for example.
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Chapter 1. Physical Background

Figure 1.12 Main properties of the three sys-
tems. dU−U is the shortest distance between two
U atoms. M0 is the magnetization and Hint is the
internal field due to the ferromagnetism. Pc is the
critical pressure associated with the disappearance
of ferromagnetism. Ha,b,c

c2
is the critical field for

H//a,b,c-axis (the values for Hc2
have been taken

at 1.2GPa for UGe2). From [8].

Figure 1.13 Critical fields of UGe2 [190], UCoGe [12] and URhGe [118] along one particular direc-
tion. From [11].

Field Induced Superconducting Phases

A re-entrant phase or the reinforcement of superconductivity in the ferromagnetic state ap-
pears in the three systems, showing an unusual interplay between both orders (figure 1.13). In
UGe2, the enhancement is linked to the metamagnetic transition, from the small moment FM1
phase to the large moment FM2 phase, and in URhGe, it happens during the re-orientation
of the magnetic moment along the b-axis, for a critical field HR ≈12T [118]. At HR, a
topological change of the Fermi surface via a Lifshitz transition could also occur [239], and
a maximum of the effective mass m∗ is observed, which could explain the re-entrant phase
[142]. In UCoGe, at the maximum of the reinforcement, a Lifshitz transition is suspected
to occur [127] with the enhancement of the effective mass [12], but it is not associated to

5For a more complete review, the reader can look into Aoki’s papers [8, 9]
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1.3. Superconducting Ferromagnets

Figure 1.14 (P-T) phase diagram of UGe2 [84], URhGe [68] and UCoGe [193, 72].

the re-orientation of the magnetization, which happens at much higher field (an anomaly is
seen in magnetization at 45T) [106]. The high upper critical fields support triplet pairing
[122, 84, 69, 12].

With the presence of the ferromagnetism in the superconducting state, it is natural to
think that the systems could be multigapped: the coupling strength can be different on the
Fermi sheets with opposite spin directions [140]. It is also possible that only one band becomes
superconducting, like the A1 phase of the superfluid 3He. Multigap superconductivity due to
the band structure is also considered [180].

Pressure Phase Diagram

So far, the properties of the three compounds were similar. A big difference lies in the
hydrostatic pressure dependence of the superconductivity, shown figure 1.14. In UGe2 and
UCoGe, the ferromagnetism is suppressed by the pressure, whereas the Curie temperature
increases in URhGe (the fact to go away from the magnetic instability leads to the suppression
of superconductivity). In UGe2 and URhGe, the superconducting state is observed only in the
ferromagnetic region, whereas in UCoGe, it extends in the paramagnetic region and the almost
pressure-independent Tsc suggests that the superconductivity is mediated by the longitudinal
ferromagnetic spin fluctuations [143, 233].

Case of UCoGe

Contrary to UGe2 and URhGe, where the superconductivity occurs deep inside the ferromag-
netic state (Tsc ≪ TCurie), the superconductivity in UCoGe appears close to the ferromagnetic
transition (Tsc ≈ TCurie/3). This last transition could be weakly first order [75, 152, 60], as
expected as the proximity of a ferromagnetic QCP [139, 212]. The fact that it is close to
ferromagnetic instabilities (known for a long time [220, 26, 28]), by applying pressure (figure
1.14) or by chemical substitution [85, 83] enables the study of the role of the QCP for the su-
perconductivity. UCoGe is suspected to be a metal with small Fermi sheets [87, 180, 13, 127]
with a strong hybridization between the f and the d-electrons [57, 149]. The interatomic
distance between the two nearest U atoms is dU−U=0.348nm [220, 180], at the border of the
localized/itinerant character of the f -electrons in term of Hill limit (dU−U=0.35nm) [80]. Pho-
toelectron spectroscopy suggests the duality character from room temperature measurements
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[180], and the f -electrons become essentially itinerant at 20K [57]. At the Curie tempera-
ture, the Fermi surface is expected to change drastically, going from an almost semi-metallic
behavior in the PM state to a metallic one in the FM state [180].

Magnetic fluctuations are present in this system far above TCurie and have been found
to be anisotropic [153, 88, 205]. In addition to the coexistence with the ferromagnetism, the
large upper critical field [12], Co-NQR [153] and Co-NMR [73] measurements strongly suggest
spin-triplet pairing, mediated through these longitudinal ferromagnetic fluctuations [74].

1.4 Goal of the Thesis

In this thesis, two systems have been studied by thermal conductivity: the superconducting
ferromagnet UCoGe and the weak antiferromagnet YbRh2Si2.

The initial goal of my thesis was to use thermal conductivity measurements to try answer-
ing to the following open questions in UCoGe:

• as the physical properties are very sensitive to the sample preparation, it is worthy to
wonder if the exotic behavior of the critical field seen by resistivity is intrinsic or if it is an
artifact (a wrong conclusion about superconductivity can be done with only resistivity
measurements), and to compare quantitatively the shape of the Hc2

as determined by
resistivity and bulk measurements.

• the form of superconducting gap is not known, and no experimental evidence has been
given about possible multigap superconductivity.

Naturally, as these measurements were the first thermal conductivity measurements performed
on UCoGe, some ”complications” have appeared, requiring a deeper study of the temperature
and field dependence in the normal state, leading to the new point of view on the magnetic
excitations in UCoGe. To be able to distinguish the intrinsic properties from the extrinsic
ones (caused from impurities or inhomogeneities in the sample for example), several samples
of different qualities (in term of residual resistivity ratio) have been measured.

The good results obtained on UCoGe have been a motivation to study the magnetic quan-
tum critical point in the other compound YbRh2Si2, which can be done ”easily” as it does
not display superconductivity. Contrary to UCoGe, thermal conductivity measurements have
already been done, and our goal was to verify the deviation of the Wiedemann-Franz law
close to the quantum critical point. Thermal conductivity of YbRh2Si2, easier to measure
than in UCoGe due to the better geometry of the sample, has been performed at very low
temperatures and under fields.
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Chapter 2

Experimental Methods

This chapter is dedicated to the description of the experimental techniques I used during my
thesis, as well as the experimental probes. The goal to this chapter is not to explain and
describe precisely the functioning of every tools, but to give the basic information necessary
for the understanding by a non specialist.

As almost all my experiments were done at very low temperatures, I first describe the
dilution fridges I used, with the special features and the work I have done to refurbish a
second fridge. Then I explain how to measure the resistivity and the thermal conductivity.
The second probe is explained more in details as it is experimentally difficult to perform this
experiment, because lots of sources of error are present. The last part of this chapter concerns
the XMCD experiments, performed in ESRF in Grenoble.

2.1 Dilution Fridges

Due to their low temperature transitions (Tc ∼1K), heavy fermions have often to be studied
in a dilution fridge. Two different ones were used during my thesis, equipped with supercon-
ducting magnets.

The first dilution fridge is a home made dilution fridge and has been used for more than
30 years ago. It can reach a temperature as low as 7mK in a magnetic field of 8.5T. The great
advantages of this cryostat are its very low temperatures, its low sensitivity to mechanical
noises (acoustic, vibrations...) and the good thermometry. This latter point is crucial for
thermal conductivity experiments. Another advantage is the fact that the superconducting
magnet is warmed up at each run (it is fixed on the vacuum chamber of the dilution fridge).
The first cooling occurs at strictly zero field, in the sense that no residual field is present in the
magnet. This enables to perform very low magnetic field measurements, further controlled by
a Hall probe for a precise determination of the magnetic field when it is small (H<0.1T). The
drawback is a rather long cooling or warm up time, of order of three days, however negligible
when the low temperature thermal conductivity measurements are performed under magnetic
field (usually some months).

Thermometry on this fridge relies on three thermometers, used for different temperature
ranges:

• a high temperature germanium thermometer (Ge22007) from 20K to 2K

• a low temperature germanium thermometer (Ge1) from 2K to 0.1K
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2.1. Dilution Fridges

• a carbon Matsushita thermometer (CMrouge) below 0.1K

These thermometers are in a zero field region, and are used as a reference to re-calibrate
the sample thermometers under field. They have been calibrated with fixed points, 768 and
747 from the NBS ranging from 15mK up to 7K. The two germanium thermometers are
highly stable and reproducible. The carbon thermometer has to be re-calibrated at each run,
using a paramagnetic salt (CMN). The CMN has a well-known susceptibility behavior with
temperature (a Curie-Weiss law):

χ = χ0 +
C

T − θ

θ is of the ordering temperature of the CMN, θ ≃0.75mK (constant between thermal cycles).
The susceptibility is measured with a mutual inductance bridge and the two parameters χ0 and
C have to be determined each time. In order to do so, the CMN susceptibility is measured
between 0.1K and 1K, with as reference the germanium thermometer. This allows to re-
calibrate the carbon thermometer. The CMN is an accurate way to measure the temperature,
but it is very sensitive to the magnetic field. The use of this method is possible only at zero
magnetic field and the CMN needs to be demagnetized at room temperature between each
experiment. Under field, only the above three thermometers are used as references.

Figure 2.1 Helium consumption of the 15T dilution (on the left) and the effect of the vibrations due
to the pulse-tube on a magnetoresistivity measurement at 30mK (on the right).

The second dilution fridge is also a homemade cryostat, but with a flow rate of ”only”
30µmoles/sec (instead of 100µmoles/sec for the previous one), and no discrete silver powder
heat exchangers. The initial performance was a temperature of 50mK with an 8T magnet.
During my thesis, a 15T magnet with a large diameter (φ=64mm) and a field cancellation
region has been installed. As the wiring of the dilution fridge was old and slightly damaged,
it was decided to redo it. The first step was to remove the old wires and to install proper
thermalisation on the 1K pot, the still and the mixing chamber. Seven Jaeger plugs were
installed, each one with 12 wires. The used wires are copper wires (φ=80µm) and supercon-
ducting NbTi wires (φ=50µm), with CuNi sheath:

• copper wires between the room temperature plugs and the 1K pot (∼1.5m and ∼ 3Ω
per wire)
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Chapter 2. Experimental Methods

Figure 2.2 The 15T magnet (on the left) during the preparation and the dilution fridge after the
wiring (on the right).

• superconducting NbTi wires between the 1K pot and the still (∼10cm and ∼ 20Ω per
wire at room temperature)

• superconducting NbTi wires between the still and the mixing chamber (∼60cm and
∼ 100Ω per wire at room temperature)

• copper wires from the mixing chamber to the sample holder (∼50cm)

At the mixing chamber, 4x12 wires are available for the measurements, and 6 supple-
mentary copper wires for the measurement of the thermo-electric power (Seebeck and Nernst
effects). The dilution fridge had previously only 20 wires available (and not very reliable
ones!), and it is now possible to measure more samples at the same times, which has also
been eased by the larger diameter of the new superconducting magnet (more place available).

To increase the cooling power, a turbo-molecular pump has been added on the dilution
circuit. With all this changes, the dilution fridge is now able to reach temperature as low as
20mK and the cooling power at 100mK is 10µW. The low temperature, the high field, the
large diameter and the number of wires available make this dilution a very interesting fridge.
The temperature is measured with a CarbonGlass thermometer from room temperature to 5K
and a large temperature range germanium thermometer below 5K to the lowest temperature.
Due to the high field magnet, the rod from the mixing chamber to the sample holder is not
made from massive copper or silver (to avoid long relaxation time due to the increase of the
specific heat hyperfine contribution and excessive heating by Eddy currents), and we have
used a fiberglass rod covered with silver sheets. The good thermalisation between the mixing
chamber and the sample holder has been verified at 30mK by putting here a thermometer:
both thermometers (from the mixing chamber and the sample holder) have the same time
response at zero field.
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In addition to the superconducting magnet, a helium recondensing system, based on a
pulse-tube, is installed directly in the cryostat. This system reduces the helium loss of the
experiment by recondensing the helium evaporating from the bath. The typical helium con-
sumption is displayed figure 2.1 on the left. The loss of helium was 10% (∼12l) in 9 days,
each step corresponding to a change of the magnetic field, giving an autonomy of about one
month.

The biggest problem with this recondensing system is the mechanical vibrations of the
pulse-tube, leading to an additional electric noise. The effect on resistivity measurements
at 30mK is shown on figure 2.1 on the right: a magnetoresistance measurement has been
performed on UCoGe at 30mK from 0T to 15T. The blue curve corresponds to the measure-
ment without pulse-tube and the red and the black are with the pulse-tube on (the black is
with a 50Hz notch filter on the lock-in detection). The pulse-tube increases the noise, but
it is constant with the magnetic field. In this case, it means that the additional noise is not
vibration noises that we have also detected on the thermal conductivity set-up. It has been
seen that the pulse-tube has negligible effects for temperatures above 100mK.

A picture of the 15T magnet before the installation (on the left) and the dilution after
the wiring are shown on figure 2.2.

2.2 Resistivity Measurements

The resistivity (ρ) measurement is a basic characterization of metallic systems. It is easy
to prepare and it is very rapid to have a complete curve (typically less than half a day to
have a resistivity curve from room temperature to 0.3K). It is a transport property, sensi-
tive to the electron density, the Fermi velocity and the mean free path. Additional measure-
ments are always needed to identify the transition (specific heat, susceptibility, magnetization,
neutrons. . .).

Resistivity measurement is also used to detect Fermi liquid behavior. Theoretically, the
finite lifetime of charged quasiparticles, which behave as (ǫ − ǫF )−2 close to the Fermi level,
translates into a resistivity law ρ = ρ0 + A.T 2, with ρ0 the residual resistivity at zero temper-
ature and A a coefficient proportional to the square of the effective mass of the quasiparticles.
In the case of a Fermi liquid, the measurement of the A coefficient with the variation of an
external parameter (magnetic field, pressure, chemical doping...) is a simple way to monitor
the evolution of the effective mass (A ∝ (m∗)2), which is indicative of correlation strength in
heavy fermion. In the same way, a strong deviation from a T 2 law at low temperature is the
signature of a non Fermi liquid behavior, so of some kind of instability of the Fermi sea. At
high temperature, other mechanisms can be responsible for the deviation (phonons, Kondo
effect...).

The resistivity is a directional measurement, which means that anisotropic effects may be
studied this way. It is a good probe to detect superconductivity, but it should be confirmed
by other measurements. Indeed, the resistivity measurement may be affected by surface
effects, and the superconducting transition (the fall to zero resistance) may be due to defaults
on the surface (inhomogeneities, constraint...) and if a path is becoming superconducting
in the compound, it will short-circuit the resistivity [134]. This effect has already induced
some famous mistakes: superconductivity has been claimed in ZrZn2 (which is theoretically
predicted for very pure samples) in 2001 [166], but it appeared that the superconductivity
was induced by cutting the sample by spark erosion, leading to a large density of zirconium
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at the surface [240].

Practically, the resistivity is measured with the standard four wires method: the AC current
is applied at each extrema of the sample and the voltage is measured with two other contacts
at the same frequency. The signal is increased with a room temperature low noise preamplifier
(gain of 104). In some cases, a low temperature transformer can be added for additional noise
reduction. This technique avoids measuring the resistances of the wires and of the contacts.
Good contacts are necessary to measure at low temperature, as it is possible to heat the
sample via the contacts due to Joule effect. In order to do that, 15µm diameter gold wires are
used and are spot-welded to the samples. The easy set-up for resistivity enables to measure
several samples at the same time during one experiment. The usual resistances measured are
in the order of magnitude of R ≈ 1mΩ, with contact resistances inferior to 1mΩ. The electrical
current used for the measurements is approximately 0.1mA (lower at low temperature), which
means a measured voltage in the order of magnitude of 1mV (with the pre-amplifier).

2.3 Thermal Conductivity Measurements

2.3.1 Theory

Principle

If electrical conductivity measures the efficiency of a compound to transport charge (only with
the electrons), thermal conductivity (κ) is the equivalent with the heat. As heat is energy,
thermal conductivity measures the efficiency of a material to transport an excess of energy
from a part to another. κ is sensitive to any excitations of the order of magnitude of kBT . This
is the most sensitive probe at low temperature to low energy excitations (∼ 1µeV for thermal
conductivity at 10mK, to be compared to ∼ 0.1meV for neutronic diffraction). Thus, in the
most general case, κ is directly linked with the spectrum of phonons and the density of states
of the electrons. In some systems, other excitations can be present: magnetic fluctuations or
magnons for magnetic material, excitons... Thermal conductivity can be viewed as realizing
a spectroscopy of the thermal excitations in the material, but with a resolution which is also
of the order of kBT .

Another closely related probe is the specific heat. It measures the capability of a material
to heat and it is a true thermodynamic quantity. However, at low temperature (typically
below 100mK in heavy fermions), the nuclei specific heat (the hyperfine contribution) is
becoming predominant and corrections are necessary. As the nuclei cannot carry heat, there
is no correction at low temperature to obtain κ. This makes it very useful for materials
with small critical temperatures (like the heavy fermions systems). Another advantage of
thermal conductivity compared to specific heat is that it is a directional probe, sensitive to
the anisotropy of the crystal.

Different Contributions and Wiedemann-Franz Law

All excitations will mix together in the total signal, so it is important to know the different
contributions to κ to be able to remove the unwanted signal to the interesting one. One
hypothesis done from now (and in this whole thesis) is we assume the addition of the different
contributions: each heat channel is in parallel, i.e. κtot = κel + κph + κmag + . . ., with κel the
electronic contribution, κph the contribution due to phonons, κmag the magnetic contribution.
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The electronic thermal conductivity is classically deduced from the resistivity through
the Wiedemann-Franz law (WFL) [54]: it has been shown that the ratio L = κρ

T does not
depend on the metal at low temperature and tends to the Lorenz number L −→

T →0K
L0=2.44

10−8W.K−2.m−1 (see e.g. [1]). In the following, the quantity L
L0

= κρ
L0T is called the Lorenz

ratio. The physical interpretation of this law is that the electrons carry heat and charges with
the same efficiency. The WFL is usually valid at low (when T →0K) and high temperatures
(T ≈200-300K). At intermediate temperatures, the deviation is due to the electronic inelastic
scattering and the contribution of the phonons. The phonons contribution (and any extra
contribution in general) will cause a positive deviation (L/L0 > 1) as it adds supplementary
contributions to the heat transport, but not to the charge transport. The electronic inelastic
scattering acts the opposite way, the electrons are ”less efficient” to carry heat than charge.
Indeed, a charge current is only suppressed by scattering processes with large wave vector
transfer. A heat current is affected by the same processes but also by scattering events reduc-
ing the excess heat of the carriers. Therefore, calculations of charge and thermal resistivities
distinguish ”horizontal” processes, affecting similarly both quantities and thus inducing no
deviation of the WFL, and ”vertical” processes (only change of energy), affecting only ther-
mal conductivity. A schematic representation of both processes is shown figure 2.3, panel
2). At low temperature, the WFL is obeyed again as the thermal conductivity is dominated
by elastic scattering on the impurities. In the case of an ideal metal, the Lorenz ratio could
decrease to 0 at zero temperature. The effect of the impurities on the WFL is displayed figure
2.3, panel 1).

The WFL is a robust law in the sense that it is difficult for a normal system to break it
down at zero temperature, except in the case of a superconductor. The violation is due to
the decoupling of charge carriers and heat carriers. Strong violation has also been found in
systems with spin-charge separation (spin excitations and charges propagate independently)
[232]. The proximity of a quantum critical point can also induce the violation, with the
divergence of the effective mass [101], but this point is still under debate.

The lattice thermal conductivity is more complex to determine in a large temperature
range, as the mechanisms which carry heat via phonons change with the temperature. At
high temperature, the lattice thermal conductivity is limited by Umklapp processes. At low
temperatures, the phonons are limited by phonon-phonon scattering on the crystal boundaries
in insulators, or by electron-phonon scattering in metals (κph ∼ T 2).

In our case, we will assume that the lattice thermal conductivity is limited only by electron-
phonon scattering, leading to κph = P.T 2, with P a field independent parameter. In principle,
for high enough purity samples (l > 1/qpg), the parameter P should be almost independent
of ρ0, the residual resistivity (but not to the crystallographic direction).

No general law exists for the magnetic contributions to the thermal conductivity, and
it changes from a system to another. A phenomenological model has been established for
our measurements that reproduces quite well the data. But due to the lack of theoretical
background and its large sensitivity of the choice of the parameters (difficult to estimate
precisely), it will be explained in details in the Appendix .1.

In a Superconductor

Concerning superconductivity, a naive consideration would be that if the electrical resistivity
goes to zero, as the ratio κρ

T should stay constant (through the WFL), κ/T will also diverge.
The actual case is almost the opposite: κ/T decreases more rapidly to zero in general (for
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Figure 2.3 Panel 1) Evolution of the Lorenz ratio with the number of impurities. The ratio ρimp/A
represents the number of impurities in the system (ρimp/A = 0 is for an ideal system), θD is the
Debye temperature. Panel 2) Representation of the horizontal (Panel 2 a)) and vertical (Panel 2 b))
processes of the electronic quasipaticle thermal conductivity. The solid and the dashed lines represent
the undisturbed and disturbed Fermi distribution respectively, by an electric field (Panel 2 a)) and a
thermal gradient (Panel 2 b)). An electric field shifts the entire distribution, whereas a temperature
gradient creates asymmetry in the distribution function. The large-angle scattering are the horizontal
processes and small-angle scattering are the vertical processes, with a change in the energy of the
electrons. Large angle processes can also induce a change of the energy of the electrons (like scattering
with phonons at high temperature), but affect the same way electronic and thermal conductivities, and
thus do not cause deviations of the WFL. From [219].
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Figure 2.4 Magnetic field dependence of the normalized residual thermal conductivity of some com-
pounds. Nb shows an exponential behavior whereas UPt3 is almost linear. MgB2 and PrOs4Sb12 are
multigap superconductors. From [188].

BCS superconductor for example), and superconductors behave like an insulator as regards
heat transport at low temperatures compared to Tsc. This happens because, in the super-
conducting state, heat and charges are carried by two different channels. The condensate of
Cooper pairs has no entropy, and so carries no heat, whereas it is responsible for the infinite
electrical conductivity. Only the electronic excitations carry heat, but they do not participate
to the electrical current. So this strong violation of the WFL by superconductors can be
simply understood in the framework of the ”two fluid model”, which implies different heat
(excitations) and charge (Cooper pairs) carriers.

Besides, thermal conductivity is a very interesting probe for superconductivity because
it makes a spectroscopy of the thermal excitations. κ is sensitive to the electronic density
of states (DOS) in the superconducting state and so to the superconducting gap. For exam-
ple, for a fully gapped superconductor (like the BCS superconductors), the electronic DOS
decreases exponentially with the temperature, so κ is expected to act the same way. In the
case of nodes of the superconducting gap, ”more” excitations are available at low temperature
and κ will decrease more slowly. The table 2.1 gives the expected behavior of κ in the super-
conducting state depending on the topology of the superconducting gap. As a consequence,
the interesting quantity is not the total thermal conductivity, but the contribution due to the
quasiparticles (the only one linked to the electronic DOS). This is the reason why a big effort
is made to try to separate the different contributions (electrons, phonons. . . ).

As the thermal conductivity is a directional probe, the temperature dependence of κ
depends on the direction of the heat current with respect to the nodes of the gap. Moreover,
in the case of line of nodes, the residual thermal conductivity ( κ

T |
T →0K

, named κ0

T hereafter),
when measured in the direction of the nodes, in the superconducting state should obey to a
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Gap shape Theoretical description of κ

Full gap e−1/T

Point nodes T 5

Line nodes T 3

Table 2.1 Theoretical laws for κ (when measured in the direction of the nodes) in the superconducting
state depending on the shape of the gap.

universal law, which does not depend on the purity of the crystal, in the clean limit [189]:

κ0

T
=

π2k2
B

3
NF v2

F

a~

2µ∆0
(2.1)

NF is the DOS at the Fermi energy, vF the Fermi velocity at the nodes, µ∆0 the slope of
the gap at the nodes and a a parameter close to unity. This universal limit is not valid for
point nodes, of course not for inhomogeneous samples (if some part of the compound remains
normal) or in case of multigap superconductors.

The magnetic field dependence of κ can also give information about the gap symmetry
(s-wave, p-wave. . . ) or the presence of additional small gaps (multigap superconductors). In
the case of gap nodes, the magnetic field creates a Doppler shift of the excitation spectrum,
resulting in a fast increase of κ(H) at low field for T →0K (see [229] and [3] for d-wave super-
conductors). For multigap superconductors, the field dependence of the thermal conductivity
at low temperature reveals the presence of field scales below Hc2

, due to the effective critical
field where the small gap is closed. Some examples are shown figure 2.4, which displays the
normalized residual thermal conductivity of Nb (BCS superconductor), UPt3 (believed to
have line nodes), MgB2 and PrOs4Sb12 (multigap superconductors). The angular dependence
of the thermal conductivity under field is a way to probe the gap symmetry [126, 230] (see
e.g. the case of UPt3 [123]).

2.3.2 In Practice

Principle

The principle of the measurements is very simple: a thermal gradient is applied in a material
and the difference of the temperature at each extremity is related to the thermal conductivity.

The story starts with the Fourier law, the heat flux density (~jQ) is proportional to the
temperature gradient, the constant of proportionality is the thermal conductivity:

~jQ = −κ.~∇T (2.2)

Experimentally, the samples are bar shaped and the heat flux propagates only in one direction
(say, ~x). So, ~jQ=jQ~x and ~∇T = dT

dx ~x. The thermal gradient is small (few percents of the
absolute temperature), the linear regime is a good approximation, which means that it is
possible to simplify : dT

dx = ∆T
l , with ∆T = Thot − Tcold the gradient in the sample and l the

distance between which the gradient is measured. To create the gradient, a constant power is
applied through the sample, so jQ = P

S , with P the power applying through the sample and
S its surface.

The thermal conductivity is so:

κ =
l

S
.

P

Thot − Tcold
(2.3)
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2.3. Thermal Conductivity Measurements

Figure 2.5 Typical measurements of thermal
conductivity with each step. The upper graph is
the value (in Ω) of the cold and hot thermometers,
in the middle the regulation temperature of the
fridge and at the bottom, the power of the heater.
The step (a) corresponds to the measurement of
the thermal gradient (with the heater on, P 6= 0).
Then, the heater is stopped (P = 0) and the fridge
regulates the temperature on the temperature of the
cold thermometer with power (step (b)). The ther-
mometers are measured the second time here. The
step (c) is the next point and the cycle starts again
for the new point (P 6= 0).

l
S is called the geometric factor. In practice, the heat power is produced with a resistance via
the Joule effect: P = R.i2, with R the resistance and i the current applied. It is necessary
to measure the thermal gradient without applying any power (∆T0 = T P =0

hot − T P =0
cold ) to avoid

errors from the calibration of the thermometers. The actual measured quantity is thus:

κ =
l

S
.

R.i2

(Thot − Tcold) − (T P =0
hot − T P =0

cold )
(2.4)

The resistance used to apply the gradient (called the heater) is a 10kΩ metallic film resis-
tance. The resistance has a very weak temperature dependence at low temperature (variations
lower than 0.5%) and its large value ensure that the power is dissipated mainly through the
resistance. To have a maximum of precision for the power, the voltage of the resistance is mea-
sured during the application of the gradient. Practically, the power is Pheater = Vheater.iheater.
Because the measurements are done under vacuum and below 10K, radiation and convection
losses can be completely neglected, and the most important is to avoid conduction losses on
the set-up (see below).

The resistivity can be measured on the same setup with the same contacts on the sample,
which enables to calculate directly the WFL without errors on the geometrical factor. The
current is sent through the contacts of the heater and the fridge (the ground) and the voltage
is measured through the contacts of the thermometers. It is also possible to measure the
thermo-electric power (Seebeck effect) with the same contacts.

The measurement is made in two steps. The fridge is regulated at a fixed temperature
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Chapter 2. Experimental Methods

(Tfridge) and a constant power is applied in the heater. When the steady state is obtained,
the temperatures at the cold part and at the hot part are measured. As the thermal contact
between the sample and the fridge is not perfect, a gradient is present, and Tfridge and Tcold

do not have the same value. The second step is the measurement of ∆T0, to correct the
calibration of the thermometers. No power is applied and the temperature of the fridge is
regulated on the cold temperature when the gradient was applied (T P =0

fridge = T P 6=0
cold ). The cold

and hot temperatures are measured, as well as the voltage of the heater (to verify that there
is no offset voltage) and the thermal conductivity is calculated using formula 2.4. All steps
are summarized figure 2.5. The resistivity is measured after the step (b) and before the step
(c).

For thermal conductivity, a high precision is required on the measurements of the ther-
mometers. Indeed, the important quantity is the gradient of the temperature, which is usually
∆T
T ∈ [0.1, 10]% of the absolute temperature. A small error in the absolute temperature will

be much more important in the gradient: if, e.g. we take a gradient ∆T
T = 1% and we have

an uncertainty of 0.1% of the absolute temperature, the precision of the gradient will be 10%.
And as two thermometers are needed to measure the gradient, the actual precision is 20%!
Thermal conductivity is directly linked to this error. This is the reason why a special effort
was done to calibrate precisely the thermometers of the fridge and the gradient was measured
during a long time with average and control of the drift (the average lasts approximately
5min at high temperature, 30min at the lowest temperature at zero field and up to 2h at
low temperature at 8T!). To minimize the thermometry errors, the measurements are done
with the larger possible gradient (as high as 10% below 30mK) and several measurements are
done with different values of the gradient to confirm that the thermal conductivity does not
depend on it.

Thermal Conductivity Setup

To measure κ, a regular two-thermometer one-heater setup is used with a four wires geometry:
one end of the sample is glued (with silver paint) on the fridge (the cold finger) and on the
other end is fixed the heater. The gradient is measured with two thermometers thermalized
with two gold wires on the sample: a picture and a sketch of the setup are shown on figure
2.6. The thermometers used to measure the gradient are carbon Matsushita thermometers.
We used these thermometers for their high sensitivity and their fast response at very low
temperature, instead of the usual RuO2, which have the advantage of higher reproducibility
and weaker magnetoresistance. So, calibration needs to be done at each magnetic field, which
is done with the measurement without power in the heater (step (b)). Down to the lowest
temperature (Tmin ≈10mK), no saturation is visible on the resistance of the thermometers,
which ensures that the sample is well thermalized. To reduce the equilibrium time at low
temperature, the size the thermometers has been reduced to decrease their specific heat.
To measure the resistance of the thermometers, Au/In layers have been deposited on each
end and the solders are made with indium. The thermometers and the heater are glued on
silver sheets with GE varnish (to avoid electrical contact), the thermal contact between the
thermometers and the sample is made through these sheets and superconducting wires are
soldered to these sheets to measure the resistivity. To ensure that the thermometers measure
only the temperature of the sample, and that the heat power of the heater goes only through
it, they are suspended on the sample holder with Kevlar wires. This choice is made as Kevlar
wires, in addition to be a good thermal insulators, have good mechanical properties (easy to
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2.3. Thermal Conductivity Measurements

manipulate and relatively solid).

Figure 2.6 On the left: the whole stage with the two goniometers, the rotator and the sample holder.
On the right, a zoom of the thermal conductivity setup: regular two-thermometer one-heater setup for
the thermal conductivity measurements (photo on the top and sketch on the bottom).

To ensure a good thermalisation between the mixing chamber and the sample holder,
the sample holder is made out of massive silver, which has a small hyperfine specific heat
(compared to copper). This is an advantage at low temperatures under field, when the
hyperfine contributions to the specific heat become dominant, and the equilibrium state is
taking longer and longer time. The fact that we used massive silver (instead of a rod recovered
with silver sheets) may be a problem for the field sweep measurements. During field sweep,
Eddy currents will heat the metal. However, for these experiments, we need to work at fixed
field, so the only constraint is a rather low field sweep rate (2-4 T/hour) during the field
changes.

The thermal conductivity frame has been installed on a piezo-rotator, which itself sus-
pended on two piezo goniometers. They enable to rotate the sample in-situ and to align
precisely one crystallographic direction with the magnetic field. They are visible on the left
picture of the figure 2.6. The rotator is used to rotate the sample of 90◦ and the goniome-
ters are used to align precisely the sample with the magnetic field, with an angle of ±3◦ in
two orthogonal directions. The goniometers and the rotator are working with piezo-actuator
positioners to enable very small angle steps at low temperature (0.02m◦ for the goniometers
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and 0.5m◦ for the rotator). They are also equipped with positioning resistances to determine
directly their relative angles.

A similar frame is used for the 15T dilution, except that the sample holder is not in
massive silver but in high performance polymer PEEK (polyether ether katone) covered with
silver sheets, due to the higher available field. The first tests in a dilution fridge were difficult,
but concluding. Some problems appear at low temperature because of the pulse-tube, but it
has been shown that it has only small effects above 100mK (and it is always possible to stop
the pulse-tube, notably for the lowest temperature measurements).

Errors Sources

The principle of the measurement is quite simple, but, experimentally, many sources of error
have to be taken into account. Three effects can carry heat: conduction (through a material
or several materials in contact), convection (through a fluid) and radiation (electromagnetic
heat transfer when there is a difference of temperature between two bodies).

The thermal radiation power is very small in our case. With the shield on the still, the
radiation power is between 0.7K (the still) and 10mK (the minimum temperature of the
sample), and, with the Stefan’s law, is estimated to be p=14nW.m−2. With a surface of the
sample of ∼1mm2, the total radiation power of roughly P=14 · 10−15W, negligible compared
to the power used to create the gradient (Pheater ≈0.1nW at the lowest temperature).

Similarly, the losses through convection are negligible: charcoals have been installed inside
the vacuum chamber. Charcoals act as a cryogenic pump at low temperature and prevent the
presence of exchange gas up to 10K, avoiding convection losses.

The last (but not the least!) practical source of error concerns the thermal insulation
of the sample, the thermometers and the heater from the rest of the world. Indeed, they
have to be in thermal contact only with the sample, and not directly with the fridge. As far
below the superconducting temperature, conventional superconductors are very good thermal
insulators (in addition to be perfect electrical conductors), bare superconducting wires have
been used (NbTi (Tsc ≈9K), φ=25µm, without CuNi matrix) to measure the resistance of the
thermometers and to apply a current in the heater. The thermometers and the heater are
suspended to the fridge with Kevlar wires, which guarantees at the same time a good thermal
insulation and a good mechanical resistance. 15µm diameter gold wires are used to connect
the sample to the thermometers, the heater and the fridge.

2.4 X-ray Magnetic Circular Dichroism

The principle of X-ray Magnetic Circular Dichroism (XMCD) mesurements is to probe the
magnetic state of an element of the crystal through electronic excitations reached with polar-
ized X-rays. The X-rays will be absorbed at a specific energy, corresponding to a well-known
transition between two electronic shells. This gives the X-ray Absorption Near Edge Structure
(XANES) signal. The excited state depends on the polarization of the X-rays (+ or -), and
the difference of the XANES signal measured with each polarization gives the XMCD signal.
A detailed explanation of the principle is given in the section 3.3.1. In the following, only the
experimental set-up is described.

The measurements have been done at the ESRF in Grenoble on the ID12 beamline. The
sample can be cooled down to 2K, with a pumped 4He fridge, and a magnetic field up to
17T can be applied. The probe and the fridge used are displayed figure 2.7. The energy
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2.4. X-ray Magnetic Circular Dichroism

Figure 2.7 Probe (left) and the fridge with the X-rays line (right) used at the ID12 line at ESRF.

U Co Ge

4d3/2,5/2 → 5f 3d3/2,5/2 → 5f 2p1/2,3/2 → 3d 1s → 4p 1s → 4p

N5 N4 M5 M4 L3 L2 K K

736.2 778.3 3552 3728 778.1 793.2 7709 11103

Table 2.2 Energy of the different edges, in eV, of the Uranium, the Cobalt and the Germanium.

range available of the X-rays is from 2keV to 15keV. The electronic transitions in UCoGe are
detailed table 2.2. With this energy range, only some electronic shells can be probed: the Co
L-edge (2p → 3d transition) and the U N -edges (4d3/2,5/2 → 5f) cannot be measured, as it
lies at approximately 0.8keV. This is not such a problem, as the energy of the U N4-edge and
of the Co L3-edge are very close to each other, which means that the signals will overlap, and
thus be very difficult to interpret quantitatively. Only the K-edge of the cobalt is available
(the 1s → 4p transition), but the signal is smaller, and is more difficult to interpret. The
figure 2.8 shows the measurable absorption edges on the ID12 line.

The experimental set-up of ID12 is shown figure 2.9. The XANES signal is measured in a
backscattering geometry with a grazing angle of about 15◦. The X-rays pass first through a
hybrid electromagnet/permanent magnet helical undulator (HELIOS II), which is also used
to flip the helicity of the beam (positive and negative circular polarization). The absorption
spectra was measured in the fluorescence yield mode, using Si photodiodes. The energy initial
beam is first roughly selected with the undulator (in one of the three of the ranges: 2-4.5keV,
5-9keV and 9-15keV), and then more precisely by the monochromator (in Si(111)). The
signal harmonics are removed with the vertical focusing mirror (VFM). The first step of the
experiment is to ”find” the sample with the beam, and then to find the best spot on its surface
(the signal with the maximum intensity). To avoid experimental artefacts, the measurements
were done at both positive and negative fields, and then averaged.

Because of optical effects, the circular polarization rate is reduced to 35% and 45% for
the U M5-edge and the U M4-edge respectively. This reduction of the signal is due to the
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Figure 2.8 Measurable absorption edges by XMCD at ID12 line.

Figure 2.9 ESRF beamline ID12.
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Figure 2.10 Polarization transfer by the monochromator at the U M -edges.

fact that at the energy of the U M -edges (≈ 3.6keV), the Bragg angle of the Si(111) crystal
monochromator is above the Brewster angle (see figure 2.10). For higher energies (the K-edges
of the cobalt and of the germanium), the circular polarization rate is about 90%. Corrections
are done to restore the full signal.

Figure 2.11 On the left: Penetration length of the X-rays in fonction of the energy, close to the U
M -edges. The penetretion length is strongly decreased at the M -edges. On the right: the effect of the
the self-absorption corrections of the signal.

The X-ray absorption spectra has been done assuming semi-infinite sample (no boarder
effects), the beam diameter needs to be much smaller than the size of the sample. For
our measurements, the diameter of the beam was ≈0.1mm, and the samples had square
surface with ∼1mm length, thus the last hypothesis was experimentally fulfilled. Hard X-rays
have a penetration length ≈1µm, thus it can be considered as a bulk probe. However, the
penetration length depends on the X-ray energy (see the left part of figure 2.11 for the U
M -edges), a strong decrease is present at the energy corresponding to the M -edges (called
”self-absorption”). Thus, corrections of the measured signal need to be done to take this effect
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into account, the difference of the signal without and with the self-absorption correction is
shown figure 2.11 on the right. Other corrections are done, which take into account the
fluorescence of the subshell, the angle incidence of the X-ray beam and the solid angle of the
detector.

Special care need to be taken during the sample preparation, in particular with the surface
contamination: samples have been cleaved at the last moment, before the measurements. It
has also been seen that the signal is reduced if we use polished surfaces instead of cleaved
surfaces, with in addition a change of the signal, which may be due the change of magnetic
properties resulting from the damages induced by the polishing. The size of the beam is quite
small (∼100µm), this enables to ”choose” a good spot on the sample.
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Chapter 3

First results on UCoGe

This chapter is about the results, other than thermal conductivity, on the superconducting
ferromagnet UCoGe. During my thesis, several samples of different qualities have been mea-
sured, which are described in the first part. The results are divided into several parts: the first
will be the determination of the critical field Hc2

of the superconductivity with the thermal
conductivity as a probe, followed by the XMCD measurements.

The thermal conductivity measurements are presented in the next chapter.

3.1 Measured Samples

Five samples of UCoGe have been measured by thermal conductivity during my thesis. All
of them have been grown by Czochralski technique1 in our laboratory. One difficulty in the
study of UCoGe is that its properties are very sensitive on the starting composition and
growth conditions [8, 168]: superconductivity without ferromagnetism has been observed in
bad quality samples. To ensure they are single crystals, Laue diffraction, resistivity and spe-
cific heat at low temperature are measured on each sample. Laue diffraction gives information
on the crystallinity of the sample. The Residual Resistivity Ratio (RRR), corresponding to
the ratio between the resistivity at room temperature and the resistivity extrapolated at zero
temperature (RRR=ρ300K/ρ0K), is related to the number of impurities and defaults in the
compound. The higher it is, the better the sample. Resistive and the specific heat transitions
reflect different aspects of the sample homogeneity: a homogeneous sample will have a sharp
resistive transition, which can be blurred by filamentary regions of higher superconducting
temperatures. Specific heat is a bulk property, and its width is controlled by the bulk homo-
geneity (a superconducting filament with higher superconducting temperature would have no
weight in the specific heat curve). A typical specific heat measurement in UCoGe is shown
on the left of the figure 3.1. The increase at low temperature corresponds to the hyperfine
nuclear contribution.

As seen in the introduction, UCoGe has strongly anisotropic and quality dependent prop-
erties. All samples measured are bar-shaped along one crystallographic direction. Hereafter,
the samples are named Si

x, with the superscript i the crystallographic direction of the bar,
which corresponds to the (electric and heat) current direction, and the subscript x is the
RRR. The table 3.1 shows the different details of samples : the name, the direction of the

1As I did not at all perform crystal growth during my thesis, no detail is given here, but the reader can
look in any materials book for information.

35



3.1. Measured Samples

12

10

8

6

4

2

0

r_

r0

543210
T (K)

UCoGe
0T

 S110
c

 S45
c

Figure 3.1 On the left: a typical specific heat measurement of UCoGe, with the ferromagnetic transi-
tion at 2.5K (the same as measured by resistivity) and the superconducting transition at 0.55K (smaller
than the one measured by resistivity). On the right: comparison at zero field of the normalized resis-
tivity ρ/ρ0 of samples Sc

47 and Sc
110. The anomaly at the ferromagnetic transition is clearer and the

superconducting transition is sharper in the sample Sc
47 despite its lower RRR. The arrows show the

Curie temperature.

Samples jQ RRR Size a × b × c (mm3) T ρ=0
sc [∆Tsc] T κ

sc

Sc
16 c 16 0.34 × 0.43 × 1.7 0.53K [0.22K] 0.49K

Sc
47 c 47 0.2 × 0.5 × 1.74 0.58K [0.14K] 0.5K

Sa
65 a 65 2 × 0.3 × 0.3 0.61K [0.27K] 0.48K

Sc
110 c 110 0.32 × 0.56 × 0.56 0.6K [0.26K] 0.45K

Sb
150 b 150 0.36 × 0.58 × 0.36 0.65K [0.26K] 0.5K

Table 3.1 Properties of the studied samples with the direction of the current jQ, the RRR, the size,
the superconducting transition temperature (Tsc) at zero field measured by resistivity, the width of the
transition in brackets and Tsc as measured by thermal conductivity.

heat current, the RRR, the size, the superconducting transition temperature at zero field
measured by resistivity (T ρ

sc), the width of the transition in brackets and the superconducting
transition temperature as measured by thermal conductivity (T κ

sc).

All samples have been annealed, but sample Sc
47 has been annealed at higher temperature

to improve its homogeneity [86, 221]. The effect of this high temperature annealing is visible
with the sharp resistive superconducting transition, and with the clear anomaly corresponding
to the Curie temperature and the superconducting transition by thermal conductivity. This
is an evidence that the RRR is not enough to described the quality of the crystal, and that
a big RRR does not necessary mean a high homogeneity sample. To illustrate this, the right
graph of figure 3.1 shows the normalized resistivity (ρ/ρ0) of samples Sc

47 and Sc
110 at zero

field. The ferromagnetic transition is clearer and the superconducting transition sharper in
the sample S47

c , despite its lower RRR.

However, probably due to the high temperature annealing, sample Sc
47 showed some prob-

lems: it was not possible to recover the S-shape of the critical field by thermal conductivity,
even with the help of the rotator. It appeared that the sample was intrinsically misaligned:
the figure 3.2 on the left shows the angular dependence at 1T and 2.5K of the Curie anomaly
by resistivity. Indeed, the figure on the right shows the resistivity at 1T with the field along
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Figure 3.2 Angular dependence (from c to b-axis) of the Curie temperature at 2.5K and 1T by
resistivity on the left and the resistivity measurements at 1T for H//b and H//c (on the right). The
angular dependence has been performed along the dotted line.

Figure 3.3 Pictures of the samples, the length of each sample is roughly 1mm.

the c-axis (in black) and along the b-axis (in red). The Curie anomaly is visible only when the
magnetic field is well aligned along the b-axis, which is marked by the increase of the resistiv-
ity in the angular dependence. This measurement shows that the main axis (supposed to be
the c-axis) is misaligned by 70◦ from this axis. Such a misalignment cannot be explained with
the X-ray photographs, which show a well-aligned single crystal. Neutron diffraction reveals
that this sample contains several grains with two big parts, one of which is misaligned. We
guess that the high temperature annealing induced this effect. So measurements performed
on this sample have to be taken in a qualitative view, no quantitative conclusion will be done.

The picture of the samples is seen figure 3.3. The gold wires for electrical and thermal
contacts are visible and the left side was glued to the fridge (with the silver paint), in addition
to spot-welded gold wires (masked by the silver paint).

37



3.2. Critical Fields

3.2 Critical Fields

The goal of this part is to confirm the S-shape and the upward curvature of the upper critical
fields seen by resistivity measurements, as displayed on figure 3.4.

Figure 3.4 Critical field of UCoGe along the three crystallographic directions [86, 12].

3.2.1 How to determine the critical temperature?

In this section, thermal conductivity is used as a bulk probe of the superconducting transi-
tion, the only difficulty being the way to determine a sound criterion to define the critical
temperature. In samples Sc

16 and Sc
47, the superconducting temperature was easy to find as

there was a clear anomaly in the measurements. For the others, the transition takes place in
the low temperature raise of κ/T , due to the suppression of inelastic scattering and it does
not necessary correspond to the maximum of κ/T . Naively, it is possible to think that at the
superconducting transition, as the electrons are condensing, less heat carriers are available
and thus the thermal conductivity should decrease. In practice, opposite behaviors can be
observed for κ/T at Tsc, depending on the temperature range, or on the sample quality. In
some superconductors, the transition is not visible (in UPt3 [20] and MgB2 [196] for example),
and if the quality of the sample is good enough, the thermal conductivity can even increase
first at Tsc: the inelastic electronic scattering is reduced, which leads to an increased electron
or phonon mean free path in the superconducting state. In CeCoIn5, κ/T increases at Tsc

and the value of κ/T at the lowest measured temperature (T/Tsc < 100) is larger than the
value at Tsc [214]!

To determine precisely the critical temperature, the next procedure has been followed:
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Figure 3.5 The Lorenz number of each sample at zero field. The arrows corresponds to the supercon-

ducting transition. Tsc is quite easy to determine, except for sample Sb
150 where a complete analysis is

needed.

• the resistivity has been extrapolated to 0K with the help of a power law: ρN = ρ0+AT n,
with ρ0, A and n determined in the normal phase.

• the Lorenz number is plotted with the extrapolated resistivity: L = κ.ρN /T

• in most cases, the Lorenz number in the normal phase can be extrapolated linearly
to L0, so Tsc is determined by the onset of the deviation from the extrapolated linear
behavior. For sample Sb

150, the Lorenz number cannot be extrapolated to L0 below Tsc.
To determine the superconducting temperature in this case, a complete analysis of the
normal phase is needed to estimate the thermal conductivity in the superconducting
phase, and the superconducting temperature corresponds to the deviation to L0 of the
quantity κ/κN , κN being the estimated thermal conductivity without superconductivity.
The details of the calculation of κN are given in the Appendix .1.

An example is shown figure 3.5, the Lorenz number L = κ.ρN /T is plotted for all samples
at 0T.

The critical field has been measured with H//b and H//c by thermal conductivity in
samples Sc

16 and Sb
150, and only by resistivity in sample Sc

47. I will first study the critical
field when the magnetic field is applied along the b-crystallographic axis (Hb

c2
), then with the

field along the c-crystallographic axis (Hc
c2
). The fourth part is the critical field measured by

resistivity in sample Sc
47.

3.2.2 H//b

As it was explained, the physical properties of UCoGe in the superconducting state along
the b-axis are strongly anisotropic with the magnetic field, so the use of piezo-rotator and
goniometers to align the sample in-situ with the field is necessary. The first step of the
measurements is the alignment. To do so, as the superconducting temperature in the S-shape
decreases rapidly with the misalignment along the other crystallographic axes, the resistivity
is measured in the superconducting transition. After rotation, if the resistivity decreases, it
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means that the superconducting temperature increases: we are going in the right way. The
procedure is repeated in the two directions until the resistivity reaches a minimum: the b-axis
of the sample is parallel to the magnetic field.

The figure 3.6 displays the thermal conductivity measurements of samples Sc
16 (on the

left) and Sb
150 (on the right) at low temperatures with H//b. In inset are the corresponding

resistivity measurements.
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Figure 3.6 Thermal conductivity and resistivity measurements (in inset) at low temperatures of sam-

ples Sc
16 (on the left) and Sb

150 (on the right).

The bare data of thermal conductivity show that T κ
sc varies only little with the field in both

samples compared to T ρ
sc. The critical field up to 8.5T is shown figure 3.7. T ρ

sc has been taken
as the middle point of the transition (ρ = 0.5ρN ). The hatched area corresponds to the width
of the transition, i.e. when at 90% and 10% of the resistivity without superconductivity
(ρ = 0.9ρN and ρ = 0.1ρN ). Even if the S-shape seen by Aoki et al. [12] is not seen
by resistivity (the magnetic field may be not high enough), the slope of the critical field
measured by thermal conductivity is almost vertical and the beginning of the increase of the
superconducting temperature is visible in both samples. We confirm here that the S-shape is
a bulk property of UCoGe.

Concerning T ρ
sc, several observations can be done: its width decreases with increasing field.

This is evidences that the superconductivity is not very homogeneous and that the magnetic
field suppresses ”weak” superconducting parts due to defaults or inhomogeneities for example.
The same conclusion can be done with T κ

sc: the superconducting transition becomes sharper
by thermal conductivity under field. However, other mechanisms (like Andreev scattering on
vortices) enhance the thermal conductivity anomaly under field, even in ideal superconductors.
Furthermore, in sample Sc

16, T ρ
sc is getting closer to T κ

sc with the field. At zero field, the
difference of both critical temperatures is large (T ρ

sc−T κ
sc ≈0.25K) whereas it is less than 50mK

at 8.5T! For sample Sb
150, T κ

sc appears at the level of the tail of the resistive transition: roughly
speaking, the resistive transition is more and more dominated by the bulk superconductivity.

There is no robust explanation of this difference between bulk and resistive transitions:
this is not a simple effect of the quality, as T ρ

sc increases faster with the RRR than T κ
sc

(see table 3.1). This behavior is not only seen on UCoGe: the first example is CeIrIn5, the
superconducting transition is at 1.2K by resistivity and at 0.4K by specific heat [162]. Another
example is the compound CeRhIn5: the antiferromagnetism (present at ambient pressure) is
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Figure 3.7 Critical field of samples Sc
16 (on the left) and Sb

150 (on the right) with H//b. In blue is
the critical field measured by thermal conductivity and in red by resistivity (taken in the middle of the
transition). The yellow hatched area corresponds to the width of the resistive transition (see text). The
dotted lines are guides to the eyes.

Figure 3.8 Phase diagram of CeRhIn5 under
pressure [108]. The round points (•) are the tran-
sition measured by specific heat, the triangles (△)
by susceptibility and the crosses (+) by resistivity.
In the magnetic phase, the superconducting tem-
perature differs according to the probe, whereas it
is similar in the non magnetic phase.

suppressed by applying pressure with coexistence of superconductivity in a pressure range [76]
(see figure 3.8). In the state where antiferromagnetism and superconductivity coexist, there is
a large difference between the resistive and the bulk transition [108]. This difference decreases
when the pressure increases and is almost zero in the paramagnetic state. As it is observed in
very high quality single crystals (RRR≈ 1000), structural defaults and inhomogeneities are
believed not to be responsible for this difference. This effect is believed to be due to intrinsic
inhomogeneities of the superconducting state [159] in the antiferromagnetic state, only visible
by resistivity and not by thermodynamic measurements. These intrinsic inhomogeneities no
longer exist in the paramagnetic phase, leading to the same critical temperature for both
probes.

As a Lifshitz transition is claimed to happen at 11T [127] in UCoGe when H//b, a similar
effect may be possible to explain the difference between T ρ

sc and T κ
sc. To verify this hypothesis,

it is necessary to perform the experiment at higher fields. This is planned to be done in the
15T dilution fridge.
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An interesting point is the difference of the slope of the critical field measured by thermal
conductivity and by resistivity. The initial slope of the critical field is proportional to the
critical temperature divided by the square of the Fermi velocity of the quasiparticles:

dHc2

dT

∣

∣

∣

T =Tsc

∝ Tsc

v2
F

(3.1)

If this relation is correct in the case of UCoGe, the Fermi velocity is overestimated with the
resistivity measurements. UCoGe has small amount of charge carriers, so it was expected to
have a small Fermi velocity, which explains the very large slope (almost vertical for the bulk
transition) of the critical field close to Tsc.

The very high value of Hc2
(0K) points out that in this field direction, H//b, as well as

when H//a, the critical field is dominated by the orbital limitation (Horb
c2

∝ 1/v2
F ), as the

Pauli limitation is estimated at HP ≈1T. This is consistent with the triplet pairing of the
Cooper pairs. The small Fermi velocity vF can explain the huge Hb

c2
(0) (compared to the

small Tsc), but not the S-shape.
This feature seems very similar to the re-entrant phase in the other ferromagnetic super-

conductor URhGe [118]: the alignment of the spins with the magnetic field (H//b) leads to a
field induced superconducting phase. Shubnikov-de Haas oscillations reveal that a topological
transition may happen at the re-entrant field Hc ≈10T [239]. Thermopower measurements
(Seebeck effect) showed that a topological transition could happen in UCoGe at the critical
field Hc ≈11T at the maximum of Tsc in the S-shape [127], but without the reorientation of
the spins with the field, which seems to happen only at very high fields (H ≈50T) [106].

The critical field along the a-axis has not been measured by thermal conductivity, but it
will be very interesting to do it. By resistivity, the slope of the critical field is the same near
Tsc with H//a and H//b [12]. An open question is to know if the bulk critical field has the
same slope, and if so, the critical field along the a-axis would show a very exotic behavior at
higher fields.

3.2.3 H//c

The much lower critical field (Hc
c2

(0) ≈1T) and the insensitivity of the physical properties to
a slight misalignment of the field with the crystallographic axis make it was easier to measure
Hc2

along c than along the b-axis. This means that it was not necessary to use the piezo-
rotator and the goniometers, the alignment at room temperature by eyes is enough. The goal
here was to probe the upward curvature of the critical field seen by resistivity [86].

The figure 3.9 displays the thermal conductivity measurements of samples Sc
16 (on the left)

and Sb
150 (on the right) at low temperature with H//c. The arrows show the superconducting

temperatures. In inset is the corresponding resistivity measurements. With the increase of
the magnetic field, the superconducting transition becomes more difficult to determine as it
happens at low temperature, especially for sample Sb

150.
The critical field is shown figure 3.10. The blue lines are the superconducting temperatures

measured by thermal conductivity and the red lines by resistivity. The yellow hatched area
is the width of the resistive transition, determined the same way as for H//b. The first
observation that can be done is the difference of Hc

c2
(0) for both sample: by resistivity and by

thermal conductivity, the critical field is higher in sample Sb
150. This is maybe an effect of the

quality. Such a change in the critical field has already been seen in URhGe: the critical field
and the superconducting temperature increase with the RRR [69]. But a striking difference
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Figure 3.9 Thermal conductivity and resistivity measurements (in inset) at low temperature of sam-
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16 (on the left) and Sb

150 (on the right) with H//c. The arrows show to the superconducting
temperature.
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Figure 3.10 Critical field of samples Sc
16 (on the left) and Sb

150 (on the right) with H//c. In blue
is the critical field measured by thermal conductivity and in red by resistivity (taken in the middle of
the transition). The yellow hatched area corresponds to the width of the resistive transition (see text).
The dotted lines are guides to the eyes.

in UCoGe is that Hc,κ
c2

(0) changes with the RRR, but not T κ
sc (observed at least at zero field

in the five samples)! In my measurements, only sample Sc
16 has this low critical field, the

others having similar ones (Hc,ρ
c2

(0) ≈1T).

The critical field has an upward curvature with both probes. The measurement of Hc,κ
c2

of sample Sb
150 is not precise enough to determine if it has an upward curvature or a linear

behavior. These measurements show that this second exotic feature of the critical field is an
intrinsic property. At low field, the difference between T ρ

sc and T κ
sc is large but it decreases

with the field. For fields above Hc,κ
c2

/5, the difference does not change anymore: this is the
signature of filamentary superconductivity which is easily suppressed under magnetic field.
This may have the same origin as for the configuration H//b, the effects of spread defaults
which can change locally the system (homogeneity, hydrostatic pressure...). The upward
curvature down to the lowest temperature is unusual: the critical field should saturate at low
temperature.

Contrary to URhGe, where completely ”broken symmetry” p-wave polar state could de-

43



3.2. Critical Fields

scribe, on early (dirty) samples, the critical field in the three crystallographic directions
(except the re-entrant phase) [184, 69], the critical field of UCoGe cannot be reproduced by
the same theory, as it does not predict an upward curvature down to 0K, nor the S-shape.
Different theories calculate the critical field along the a and the b-axis [138, 105], but always
fail to give a good description of Hc

c2
. The upward curvature of Ha

c2
and Hb

c2
at low field may

be described by a crossover between two phases in a multiband superconductor [140, 105].

Here is now an attempt to explain the upward curvature with the compromise between
pair-breaking effects due to the magnetic fluctuations and the regular Pauli and/or orbital
limitations. As it has been seen in UCoGe, anisotropic magnetic fluctuations, first revealed
by NMR [153, 152] then by neutron scattering [205], are present, predominantly along the
easy magnetization axis (c-axis), and appear below 80K, far above the Curie temperature.
The study of the thermal conductivity in the normal phase (section 4.2) has also shown that
the thermal conductivity is dominated by these fluctuations. The NMR studies have shown
that the fluctuations seem to be responsible for superconductivity [74], but some magnetic
fluctuations (by their wave vectors or their frequencies) can also be a mechanism for pair-
breaking effects in the superconducting state [135].

In UCoGe, the Ising character of the magnetic fluctuations has been proved, and it was
shown that when the magnetic field is applied along the c-axis, the intensity of magnetic
fluctuations is decreasing, while they are almost field independent when the field is applied
along the a or b direction [74]. It will be shown in section 4.2 that the intensity of the
magnetic fluctuations decreases with the field up to 4T before saturating, which means that
at H = Hc

c2
(0), pair-breaking effects are still decreasing. As a result, the increase of the

magnetic field reduces pair-breaking effects, so to an effective increase of Tsc. This effect,
in combination with the orbital limitation, can be responsible for the upward curvature. A
schematic sketch is shown figure 3.11: the upper critical field without pair-breaking effects is
represented by the black straight line. If pair-breaking effects are added, and if they are not
sensitive to the magnetic field, the upper critical field shifts to lower critical temperature and
field (black dashed line). If now, the pair-breaking effects are reduced with the increase of the
magnetic field, the upper critical field will get closer to the situation without pair-breaking
effects, and can thus lead to an upward critical field (red straight line).

However, this explanation does not take into account the fact that the magnetic field,
when H//c, seems to decrease the coupling constant of the Cooper pair [210]. This may be
responsible for the large difference between the slope of Ha

c2
and of Hc

c2
close to Tsc, but not

the upward curvature.

3.2.4 Critical Field of Sample Sc
47

This last subsection of this part concerns the measurements done on sample Sc
47. This sample

shows clear and sharp transitions (the ferromagnetic and the superconducting ones), and it
has been decided to perform accurate resistivity measurements in order to obtain a precise
critical field, and special efforts have been done at very low magnetic fields. The measurements
have been done with a zero field cooled magnet to avoid parasite residual field, and the value
of the field has been determined precisely with a Hall sensor.

The measurements with H//c are shown figure 3.12, with on the right, the measurements
at very low fields. TCurie increases with the field and the anomaly on the resistivity disappears
rapidly with the field (it becomes invisible above 0.2T). In inset is shown the superconducting
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Figure 3.11 Schematic sketch of the effect of the field dependent pair-breaking effects on the upper
critical field. The upper critical field without and with (constant) pair-breaking effects is represented
by the black straight line and the black dashed line respectively. The situation where the pair-breaking
effects are reduced with the field is shown through the red straight line.
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Figure 3.12 Resitivity measurements of sample Sc
47 with H//c. On the left, the measurements at

high fields. In inset: the field dependence at low temperature. The right figure shows the measurements
at very low fields. In inset, the superconducting transition at zero field with zero field cooled (ZFC)
magnet, i.e. the sample is not polarized and ferromagnetic domains are still present, and with a
polarized sample (field cooled (FC) magnet).

transition by field sweep at low temperature. The figure on the right shows the very low
magnetic field dependence of the resistivity. Up to 5mT, there is almost no change in the
superconducting temperature, and then, Tsc decreases faster with the field. This effect is
believed to be the alignment of the ferromagnetic domains with the magnetic field. At zero
field, the resistive transition has been measured twice: the first time with the zero field cooled
magnet, that is to say at strictly zero field with a non polarized sample, and at zero field
with a polarized sample. In this case, a sufficiently large magnetic field was applied to have
only one ferromagnetic domain, and the field of 0T has been obtained again with the help
of the Hall sensor (called field cooled (FC) measurements). The difference of the resistivity
between these two measurements at zero field is shown in the inset of figure 3.12: the resistive
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transition at zero field is independent of the polarization of the sample as both transitions
(the ZFC and FC measurements) match exactly.
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Figure 3.13 Critical field of sample Sc
47 measured by resistivity with H//c and H//b. In inset: zoom

of the very low field part. A small step is visible in the critical field at low field when H//c whereas it
is strictly linear when H//b. The dashed lines are guides to the eyes.

The figure 3.13 displays the critical field with H//c and H//b. The S-shape of Hb
c2

is not
visible here, but Hc

c2
exhibits the upward curvature. The new point here is the very low field

part, shown in the inset of the figure 3.13: Hc
c2

is first little sensitive to the magnetic field
up to 10mT. The slope close to Tsc is similar in Hc

c2
and in Hb

c2
. This very low field effect

is due to the re-orientation of the ferromagnetic domains with the magnetic field: first, the
magnetic field in the material is screened by the rearrangement of the domains. The Cooper
pairs do not see the magnetic field. Once the material becomes single domain, the electrons
see the magnetic field normally and the critical field decreases faster. This particular field
corresponds to the magnetic field induced by the spontaneous magnetization, which is found
to be approximately 8mT. This value is very close to 9.5mT, the value found by magnetization
measurements [40, 161]. The magnetic field penetrates through the sample at very low field
as it is suspected that UCoGe is in spontaneous vortex state at zero field (absence of Meissner
state) [40, 152, 161], or with very small Hc1

[161]. The vertical slope of Hc2
at very low fields

has already been seen in URhGe [69], where Hc
c2

has a vertical slope close to Tsc up to 50mT,
the higher field is due to its higher magnetization.

Some works have already been done on the very low fields part of Hc
c2

[227], which have
claimed that Tsc first increases with the magnetic field up to 2mT. They claimed that the zero
field state in UCoGe is governed by spin fluctuations and the ferromagnetism appears at 2mT.
In bad quality samples of UCoGe, it is easier to have superconductivity than ferromagnetism,
and the effect seen is certainly an artifact due to the fact that there is no clear signature of
ferromagnetism in their measurements.
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3.2.5 Conclusion

The measurement of the upper critical field by thermal conductivity has confirmed the intrinsic
character of the S-shape when the field is applied along the b-axis, and the upward curvature
when H//c. Indeed, the thermal conductivity is a bulk probe, and both effects have been
seen in two different samples with very different qualities (in term of RRR).

A large difference between the superconducting temperature measured by resistivity and
thermal conductivity has been observed in both field configurations, and is reduced with
the increase of the applied magnetic field. This indicates that the superconductivity seen
by resistivity is partly induced by inhomogeneities and defaults, which is therefore ”weak”,
and is easily suppressed by a magnetic field. This leads to a large difference in the slope of
the upper critical field close to Tsc, particularly when H//b. The slope of Hb

c2
(T → Tsc)

measured by thermal conductivity is almost vertical, indicating that the possible triplet-
pairing of the Cooper pairs, with Hb

c2
(T → Tsc) dominated by orbital limitations. Due to this

almost vertical slope when H//b, the measurements of Hc2
in the configuration H//a are

important, as Ha
c2

(T → Tsc) ≈ Hb
c2

(T → Tsc) when measured by resistivity.

At very low field (H<10mT), the upper critical field (measured by resistivity) displays
an almost vertical slope when H//c, and is believed to correspond to the alignment of the
ferromagnetic domains with the field, as it has already been observed in URhGe.

3.3 XMCD

X-ray Magnetic Circular Dichroism (XMCD) experiments have been performed in UCoGe
with the field along the b and the c-axis, at 3K and up to 17T. We have studied extensively
the configuration H//c compared to the other configuration. The reason is that it is the
simplest configuration for the first study, and the easiest one to extract information on the
ordered moment by extrapolation to zero field. We also wanted to check the existence of a
ferrimagnetic transition, claimed to occur at 9T [170, 202]. XMCD experiment is the perfect
tool to detect this kind of transition.

The first part of this section describes the principle of the measurements, with the defini-
tion of the sum rules to enable to obtain the spin and orbital moments. The next part shows
the results, first in the case H//c then H//b.

3.3.1 Principle

XMCD technique enables to do a microscopic study of the magnetism of a material by using
X-rays. The principle has been approached for the first time in 1926 by W. Kartschagin and
E. Tschetwerikowa [100] and the first calculations came in 1975 [45]. The first experimental
evidence was given in 1987 by G. Schutz et al. [187].

The principle of XMCD measurements is to excite the magnetic states of a compound by
the absorption of circularly polarized X-rays. The states do not have the same absorption
rate according to the helicity (parallel or antiparallel) of the X-rays compared to the sample
magnetization. The measured quantity is so:

∆µ = µ+ − µ− (3.2)
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Figure 3.14 Sketch of the principle of XMCD measurements for the L-edge (corresponding to the
d-electrons). (a) The excitation of the level (top) gives the X-ray absorption near edge structure
(XANES) (on the bottom). (b) With the use of circularly polarized X-rays, two XANES are obtained,
depending on the unoccupied states of each spin (up/down) and the difference of the spectrum is the
XMCD signal (on the bottom). Sum rules with the areas A and B give the spin moment and the orbital
moment (see text). From [203].

with µ+/− the absorption cross-sections for the circularly polarized X-rays with helicity paral-
lel (+) and antiparallel (-) to the sample magnetization. As a result, it probes the empty states
with spin up/down and if the energy of the X-rays is tunable, it is possible to selectively probe
the state of each atom and each shell in the material by choosing the energy corresponding to
an absorption edge of this element. The great advantage of this technique is the possibility
to measure the spin moment and the orbital moment on a precise element of the crystal. A
sketch of the principle and the expected signals for L-edge absorption (corresponding to the
transition between the 2p state to 3d state) are shown figure 3.14. Each polarization gives
the X-ray absorption near edge structure (XANES) signal of the unoccupied state, and the
difference between the two spectra is the XMCD signal.

To calculate the spin moment and the orbital moment of each atomic shell, sum rules
have been established [217, 30]. The areas of XANES and XMCD signals are needed, IL2,3

is
the area of the XANES signal corresponding to the L2,3 edges. The L2-edge corresponds to
the transition 2p1/2 → 3d3/2, the L3-edge to 2p3/2 → 3d5/2. We define ∆IL2,3

= I+
L2,3

− I−
L2,3

(∆IL3
≡ A and ∆IL3

≡ B, A and B the areas shown figure 3.14). The angular moment
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(µL = − < Lz > µB) and the spin moment (µs = −2 < Sz > µB) are given by:

< Lz >=
4

3
nh

(∆IL3
+ ∆IL2

)

IL3
+ IL2

(3.3)

2 < Sz > +7 < Tz >= 2nh
(∆IL3

− 2∆IL2
)

IL3
+ IL2

(3.4)

nh is the number of holes in the 3d shell and < Tz > is the intra-atomic magnetic dipole
moment, which measures the anisotropy of the spin distribution due to crystal field interaction
or/and spin-orbit coupling. Its value cannot be determined directly, but for L-edge absorption
in the 3d transition metals, it is commonly admitted that < Tz >≪< Sz >.

The M4 (M5) edge corresponds to a transition from 3d3/2 (3d5/2) states to 5f -states. The
M4 absorption signal is proportional to the number of the 5f5/2 holes whereas the M5 one
depends mainly on the number of the 5f7/2 holes. Thus, a change in the ratio between the
M4 and the M5 signal (characterized with the branching ratio, see below) indicates a change
of the population within the 5f -states, and can be interpreted as a shift of the Fermi energy.

As for L-edge, the areas of the XANES and XMCD of the M -edges are needed to extract
the orbital and spin moments and are defined the same way. For M -edge absorption, the sum
rules are:

< Lz >= 2nh
∆IM5

+ ∆IM4

IM5
+ IM4

(3.5)

2 < Seff
z >= 2 < Sz > +6 < Tz >= nh

2∆IM5
− 3∆IM4

IM5
+ IM4

(3.6)

nh is the number of holes in the 5f shell, IM4,5
is the integral of the XANES signal and ∆IM4,5

the integral of the XMCD signal at the M4,5-edge. Contrary to the L-edge, the < Tz > term
is not negligible compared to < Sz >. It is however possible to estimate < Tz > with the
combination of several experiments, but it is usually estimated from theoretical considerations.
For free U3+ and U4+ ions, calculations of the < Lz >, < Sz > and < Tz > terms are given in
table 3.2 [226] for different coupling schemes (CS) (LS coupling, Intermediate Coupling (IC)
or jj coupling).

The coupling schemes are theoretical treatment of atomic spectroscopy, depending on the
strength of the spin-orbit coupling compared to the electronic Coulomb repulsion: in the case
of a weak spin-orbit interactions (compared to the Coulomb repulsion), the L-S coupling (or
Russell-Saunders coupling, the easiest case) is valid. In this case, the sum of the electronic
spin s gives the total spin S. Similarly, the total orbital momentum L comes from the sum of
the orbital momentum l of the electrons, and the angular momentum is J=L+S. For a strong
spin-orbit interaction (jj coupling), the angular momentum is j=l+s and the total angular
momentum J is the sum of the electronic angular momentum j. The Intermediate Coupling
is between these two limit cases (see e.g. [67]).

The orbital moment is given by µL = − < Lz > µB, the spin moment by µS = −2 < Sz >
µB and the magnetic dipole moment by µmd = −6 < Tz > µB.

The branching ratio corresponds to the relative intensity of the M5-edge, and is experi-
mentally determined as:

B =
IM5

IM5
+ IM4

(3.7)
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CS n5f
e < Lz > < Sz > < Tz > µmd/µS

LS
2 (U4+) -4.8 0.8 0.462 1.73
3 (U3+) -5.72 1.227 0.172 0.42

IC
2 (U4+) -4.698 0.698 0.809 3.48
3 (U3+) -5.571 1.070 0.659 1.85

jj
2 (U4+) -4.53 0.5714 0.9143 4.80
3 (U3+) -5.16 0.6428 1.0286 4.80

Table 3.2 Calculations of < Lz >, < Sz > and < Tz > for free uranium ion, depending on the
coupling schemes, from [226].

CS n5f
e < W 110 > <W 110>

nh
B

LS
2 (U4+) -2 -1/6 0.667
3 (U3+) -7/3 -0.2121 0.685

IC
2 (U4+) -2.588 -0.2157 0.686
3 (U3+) -3.562 -0.3238 0.729

jj
2 (U4+) -8/3 -0.2222 0.689
3 (U3+) -4 -0.3636 0.745

Table 3.3 Calculations of the spin-orbit expectation value < W 110 >, < W 110 > /nh and the branch-
ing ration B depending on the number of f -electrons and the coupling scheme.

It measures the spin-orbit coupling, through the relative occupation of the f5/2 and f7/2

states. As there is a connection between the spin-orbit expectation value and the degree of
localization of the 5f -electrons, its comparison with the theoretical values gives information
about the range of 5f occupation number, in case this number is not precisely known.

The expection value of the angular part of the spin-orbit interaction is given by [225]:

< l.s >=
3

2
< W 110 > (3.8)

2 < l.s >

3nh
= −5

2
(B − 3

5
) − ∆ (3.9)

with < W 110 > the expectation value for the angular part of the 5f spin-orbit electron
operator, nh the number of holes in the 5f shell and ∆ a quantity depending on the electron
configuration (expected to be small for M4,5-edges [237]). Calculations in the intermediate
coupling (IC) scheme gives the theoretical values of ∆ = −0.014 and ∆ = −0.010 for the
5f3(U3+) and 5f2(U4+) configurations respectively [225].

The spin-orbit expectation value can be expressed in the number of electrons of the 5f5/2

level (n5/2) and of the 5f7/2 level (n7/2):

< W 110 >= n7/2 − 4

3
n5/2 (3.10)

with n = n5/2 + n7/2 the number of 5f electrons.

The values of < W 110 > and of the branching ratio B have been calculated for different
coupling schemes for the 5f3(U3+) and 5f2(U4+) configurations and are shown table 3.3.
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Chapter 3. First results on UCoGe

3.3.2 Results

H//c

XMCD measurements have been performed on the U M -edges (transition from the 3d →
5f states) and on the K-edges (transition from the 1s → 4p states) of the cobalt and the
germanium. The most interesting edge for the cobalt would have been the L-edges (2p → 3d),
but not accessible as it is outside the energy range available at ID12. To avoid artifacts, each
signal is measured at positive and negative fields.

XANES and XMCD signals corresponding to the U M4- and M5-edges of UCoGe in the
field configuration H//c at 3K are shown figure 3.15. As a reminder, the XANES signal
corresponds to the measured signal and the XMCD is the difference of the XANES signal
with the two different polarizations of the X-ray. The shape of the XMCD signal is without
apparent structure. The M5 signal is known to be sensitive to subtle change in the electronic
structure and therefore hybridization effects, crystal field, exchange interaction and/or on-
site Coulomb interactions can result in change of the M5 dichroic shape. The M5-edge has a
positive as well as a negative lobe and the M4-edge is a negative peak.
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Figure 3.15 XANES and XMCD of the U M4- and M5-edges at 3K and 17T with H//c.

The XANES and XMCD signals of the K-edge of the cobalt and the germanium at 3K,
17T are shown figure 3.16. The XMCD signal is very difficult to interpret quantitavely for two
reasons. The first is that a large part of the signal is caused by the large spin-orbit coupling
with the uranium atom (the large positive and negative peaks at 7710eV for the cobalt and
the negative peak at 11110eV for the germanium). Note that the positive peak is absent in
hcp Co. This indicates that the spin-orbit interaction of uranium plays a significant role in the
shape of the dichroic signal at the Co K-edge. The other reason is that above approximately
7720eV for the Co and 11140eV for the Ge, the signal is not anymore XMCD but magnetic
EXAFS (Extended X-ray Absorption Fine Structure, related to the local surrounding of the
Co/Ge atoms), which explains why the XMCD signal is not flat above the maximum peak.
Furthermore, the XMCD signal of the K-edge measures only the orbital moment of the 4p

51



3.3. XMCD

electrons.

7700 7720 7740 7760 7780
0.0

0.2

0.4

0.6

0.8

1.0

1.2

-0.004

-0.002

0.000

0.002

0.004

Co K

17T

H//c-axis

3.1K

UCoGe

 

x
a

n
e

s
 (

a
.u

.)

Photon energy (eV)

X
M

C
D

11100 11120 11140 11160
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

0.020

Ge K

17T

H//c-axis

3.1K

UCoGe

 

x
a

n
e

s
 (

a
.u

.)

Photon energy (eV)

X
M

C
D

Figure 3.16 XANES and XMCD of the K-edges of the cobalt (left panel) and of the germanium (right
panel) at 3K and 17T with H//c.

With XMCD measurements, the magnetization of each edge is available, by measuring the
amplitude of the maximum of the signal as function of the applied field. The figure 3.17 shows
the XMCD intensity of the U M4-edge as a function of the magnetic field. The macroscopic
magnetization, from [106], is also plotted (right axis). The zoom at low field is shown in inset.
The comparison with the macroscopic magnetization enables to determine the temperature
of the sample, which is estimated to be around 3K. The similar shape with the macroscopic
measurements indicates that the macroscopic magnetization and the 5f uranium moment
have the same field dependence.
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Figure 3.17 XMCD of the U M4-edge at 3K between 0T and 17T, H//c, with the comparison with the
macroscopic magnetization (right axis). In inset is shown the low field measurements, which enables
to determine the temperature of the sample.

The magnetization of the cobalt and of the germanium are seen figure 3.18, where it is
compared with the magnetization of the U M4-edge.
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Figure 3.18 Magnetization of the K-edge of the cobalt (left panel) and the germanium (right panel)
at 3K between 0T and 17T, H//c, with the comparison with the U M4 magnetization (right axis). In
inset is shown the low field magnetization of the cobalt.

Whereas the moment on the cobalt seems induced by the moment of the uranium, and is
part of the total magnetization (due to the similar shape), the magnetization of the germanium
is different. At low field, the magnetization on the germanium site is the same as on the
uranium site, but at higher field, it is linear. This indicates that the induced moment on the
germanium site is not due to the magnetization of the uranium above 2T, but only to the
regular Zeeman effect, leading to a linear polarization. The coupling between germanium and
uranium atoms may be responsible only for the low field part, and is weak at higher fields, and
the anomalous mechanism responsible for the curvature of the magnetization does not affect
the germanium magnetization. The fact that this effect is seen on the Ge magnetization,
but not on the Co one may come from the stronger hybridization between U 5f and Co 3d
electrons than between U 5f and Ge 4p electrons.

The comparison of the XMCD measurements measured at 1T and at 17T are shown figure
3.19. For both edges, the XMCD signal at 17T has been increased by a factor 5.2 (see insets),
which is just an effect of the increase of the magnetization with the field.

The XANES signal is the same at 1T and 17T for the U M4-edge and the U M5-edge.
The little mismatch in the U M5-edge between 1T and 17T is due the fact that the position
of the beam changes a little bit with the magnetic field, which means that we are not looking
exactly at the same spot on the sample when the field is changing. This has been confirmed
by further experiments having the opposite effect.

H//b

The XANES and XMCD signals of the U M4- and M5-edges in the configuration H//b are
shown on the left panel of figure 3.20. The signal has a similar shape as the one measured
with the configuration H//c.

The maximum of the XMCD signal of the U M4-edge is shown in the right side of the
figure 3.20. In that case too, the moment carried by the uranium can explain, at least
partly, the macroscopic magnetization (from [106]). Contrary to the configuration H//c, the
magnetization has the regular linear behavior with the field, only polarization effect occurs
due to the anisotropy of the magnetization axis in UCoGe (the b-axis is a hard axis).

The XMCD signal increases regularly with the magnetic field, without any anomalies. At
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Figure 3.19 Comparison of XANES and XMCD of the uranium between 1T and 17T for the M4-edge
(left panel) and the M5-edge (right panel) with H//c. By multiplying the XMCD at 1T by a factor
5.2, the signal matches completely the signal at 17T (in inset).

11T, the superconducting temperature displays a maximum in the critical field [12], with a
possible Lifshitz transition [127]. The absence of any anomalies may be caused by the high
temperature measurements, or a small misalignment between the field and the b-axis (it is
not possible to align precisely the b-axis to the magnetic field).
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Figure 3.20 Left panel: the XANES and XMCD measurements of the U M -edges at 3K, 17T, with
H//b. Right panel: magnetization of the U M4-edge at 3K between 0T and 17T, with the comparison
with the macroscopic magnetization (right axis).

3.3.3 Discussion

Comparison Between the 1T and 17T Measurements, H//c

The table 3.4 shows the branching ratio (parameter B) with the population of the 7/2 and
the 5/2 levels depending on the the uranium configuration (U4+ or U3+). Its value, B =
0.700 ± 0.002 at 17T //c, is in-between those calculated for U4+ and U3+ in the IC scheme
(respectively 0.686 and 0.729, see table 3.3). XMCD measurements confirm that U atoms are
rather in U3+ configuration than in U4+ configuration, as the latter leads to a negative value
of n7/2, which is not physical. This is in agreement with core-level photoemission spectroscopy
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Chapter 3. First results on UCoGe

B 2
3

<l.s>

n5f

h

− ∆ n5f
e ∆ n5/2 n7/2±0.002

0.700 -0.25
2 (U4+) -0.014 2.21 -0.21
3 (U3+) -0.010 2.51 0.49

Table 3.4 Number of electrons in the 5/2 and 7/2 levels depending on the configuration of the uranium
(U4+ or U3+) with the branching ratio and other parameters.

CS n5f
e

µU
L (5f) µU

S (5f) µU
tot(5f) µU

L
(5f)

µU
S

(5f)(µB/atom) (µB/atom) (µB/atom)

LS
2 (U4+) 0.749 -0.334 0.415 -2.24
3 (U3+) 0.685 -0.588 0.097 -1.16

IC
2 (U4+) 0.749 -0.203 0.545 -3.68
3 (U3+) 0.685 -0.293 0.392 -2.34

jj
2 (U4+) 0.749 -0.157 0.592 -4.77
3 (U3+) 0.685 -0.144 0.541 -4.76

Table 3.5 Values of the orbital and spin moments depending on the coupling schemes (CS) and the
number of f -electrons at 17T with H//c. The yellow line shows the configuration choosen. Note that
µU

L (5f) does not depend on the CS, and is better estimated than µU
S (5f).

measurements [57], which suggest that n5f
e is close but lower than 3, and by band structure

calculations (n5f
e = 2.84) [180].

To evaluate the spin component < Sz >, the term < Tz > is needed. As this is not
possible to measure directly this term, calculations are needed to estimate it. The different
values of the ratio RT = µmd/µS are shown in table 3.2.

The value of the orbital moment and the spin moment calculated at 17T with H//c,
depending on the coupling schemes and the number of f -electrons is shown table 3.5. In
yellow is shown the chosen configuration. The IC scheme gives the best agreement with the
macroscopic measurements2. The total moment calculated with XMCD, µU

tot = 0.392µB, is
lower to the one measured by magnetization, mtot = 0.44µB [106]. The missing moment
comes from the fact that the paramagnetism of the cobalt and the conduction electrons are
not included. The paramagnetism of the cobalt is not taken into account (it is expected that
the magnetization of the germanium is very small), and, as the measurements are done in the
K-edge, it is difficult to extract the magnetization on this site. Concerning the conduction
electrons, the main contribution should come from the 6d-band of uranium, and they have
been measured to be approximated by 10% of the total magnetization3, and opposite to it
(mcond ≈ −0.1mtot), and can thus only ”increase” the missing moment.

The ratio µU
L/µU

S = −2.34 is slightly below that for the free U3+ ions value (µU
L/µU

S =
−2.6), but deviates strongly from U4+ ions value (µU

L/µU
S = −3.36). The smaller value is

caused by the reduction of the orbital moment due to the hybridization with the other atoms.

The values at 1T are given in the table 3.6, with the IC coupling and in the U3+ con-
figuration. As for the 17T measurements, the total moment, µU

5f = 0.075µB, is a bit lower

than the macroscopic one, mtot = 0.08µB [106]. The ratio µU
L/µU

S = −2.29 is very close to

2This is consistent with the fact that, usually, the IC scheme describes the best actinide-based systems.
3Experimental estimation, coming from the comparison between the macroscopic moment and the moment

measured by neutronic diffraction or by combination between Compton effect and XMCD measurements.
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CS n5f
e

µU
L (5f) µU

S (5f) µU
tot(5f) µU

L
(5f)

µU
S

(5f)(µB/atom) (µB/atom) (µB/atom)

IC 3 (U3+) 0.133 -0.058 0.075 -2.29

Table 3.6 Value of the orbital and spin moments at 1T with H//c.

the value at 17T, indicating the magnetic field acts proportionally on both orbital and spin
moments in the configuration H//c.

The values of µU
L/µU

S are in disagreement with the neutron experiments [170], where
the ratio µU

L/µU
S is −3.6 at 3T and −2.88 at 12T. However, in their calculations, even by

taking into account the magnetization of the cobalt (only the spin part), a large part of the
magnetization is missing to reproduce the macroscopic one. They have µint = µtot − µU

tot −
µCo

S = 0.08µB at 3T and µint = 0.30µB at 12T. From a theoretical point of view, the different
band calculations done [38, 42, 180] predict an almost cancellation of the spin and orbital
moment of the U site and large moment on the cobalt site. However, their calculations cannot
reproduce the small moment in UCoGe, thus it is not possible to make any comparisons with
our results.

Comparison with Resistivity Measurements

The results obtained by XMCD can be compared with the resistivity measurements performed
up to 15T and in the temperature range T ∈ [50mK; 5K].

The first point to check is that no anomaly is seen in the XMCD curve of the cobalt,
indicating that no magnetic transitions are detected in the whole field range. This is in con-
tradiction with resistivity experiments, where the ferro-to-ferrimagnetic transition is claimed
to occur at 9T, H//c (figure 3.21) [202]. To avoid the possibility that the absence of transition
is due to the ”high” temperature XMCD measurements (3K) compared to the ”low” tempera-
ture resistive measurements (40mK), magnetoresistivity measurements have been performed
up to 5K, 15T.

In the literature, magnetoresistivity measurements have already been done and have re-
ported several anomalies in the configuration H//c, as shown figure 3.21. The first goal
of the measurements is to study the temperature dependence of the 9T anomaly. If this
anomaly emerges from a ferro-to-ferrimagnetic transition (thus a magnetic transition) and is
still detectable by resistivity at 3K, it means that it should be detectable by XMCD.

The magnetoresistance have been performed on a sample with jQ//a and RRR=37, and
is shown figure 3.22.

The magnetoresistivity is positive at low temperature and becomes negative by increasing
temperature. Several regimes are present. At low fields, low temperatures, there is the
superconductivity, and there is a first anomaly at 6T (called T1), where the magnetoresistivity
goes from positive to slightly negative (almost flat). At 9T, a second anomaly is visible (called
T2), where the magnetoresistivity becomes positive. The low field anomaly goes to smaller
fields with the increase of the temperature and becomes more a more difficult to detect
whereas the high field anomaly is visible in the whole temperature range. With a zoom on
the resistivity measurements, shown on the right panel of figure 3.23, another anomaly is
visible just below T1, and there is a deep minimum at low field (the anomalies are shown by
the black arrows). The number of anomalies and regimes in the range 0T-15T and 0K-5K is
an evidence to the very complicated physics that takes place in UCoGe, and measurements
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Chapter 3. First results on UCoGe

Figure 3.21 Magnetorestivity of UCoGe measured by Aoki et al. [13] (left panel) and by Steven et
al. [202] (right panel) at 40mK with jQ//c, θ = 0◦ corresponds to H//c and θ = 90◦ corresponds to
H in the (a, b) plane. Several anomalies are visible below 35T, and the left panel is the angular study
of the one at 9T.
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Figure 3.22 Magnetorestivity of UCoGe below 1K (left panel) and above (right panel) in the config-
uration H//c and jQ//a.

with other probes are needed to determine the nature of the anomalies.

The left panel of figure 3.23 shows the temperature and field dependence of both anomalies,
with the superconducting transition as a reference. At low temperature, T1 is almost field
independent below 1K and then goes rapidly to 0. T2 increases slightly with the magnetic
field and seems to decrease above 4K.

If the anomaly detected at 9T (T2) has the same origin that the one measured by Steven
et al. [202], it is possible to detect it up to 5K. The absence of anomaly on the magnetization
curve of the cobalt measured by XMCD indicates that the anomaly seen by resistivity cannot
be a ferro-to-ferrimagnetic transition.

The magnetoresistivity of UCoGe is very complex, with several anomalies and regimes
between 0T and 15T. This can be explained by the unusual big change of the number of
5f -electrons with the magnetic field, which could induce Fermi surface change: this seems to
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Figure 3.23 Left panel: temperature and field dependence of the resistive anomalies. The supercon-
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at 50mK (in black), 1K (in red) and 2K (in green). The arrows show the different anomales visible.

CS n5f
e

µU
L (5f) µU

S (5f) µU
tot(5f) µU

L
(5f)

µU
S

(5f)(µB/atom) (µB/atom) (µB/atom)

IC 3 (U3+) 0.163 -0.079 0.084 -2.06

Table 3.7 Value of the orbital and spin moments at 17T with H//b.

be observed by Shubnikov-de-Haas measurements, where the frequencies of the oscillations
(corresponding to one Fermi sheet) change with the magnetic fields [17].

Comparison Between the Configurations H//b and H//c

The moment at 17T with the field applied along the b-axis is shown table 3.7. The total
moment measured on the uranium site, µU

tot = 0.084µB is smaller than the macroscopic
moment, mtot = 0.13µB. The ratio µU

L/µU
S = −2.06 is significantly smaller than in the other

configuration. The field does not affect the same way the orbital and the spin moments as
for H//c, the spin moment is more sensitive to the field than the orbital moment. This is an
effect of the anisotropy of the magnetization.

The comparison of the XMCD signal of the uranium (M4- and M5-edges) between the
configurations H//b and H//c is shown figure 3.24. The XMCD signal when H//b is smaller
than in the other configuration, as the XMCD signal measures the magnetization. When
H//b, the magnetization increases more slowly than in the configuration H//c, when it is
applied along the easy axis. With a multiplicative factor, the XMCD signal of the M4-edge
with H//b matches perfectly with the signal with H//c. However, for the M5-edge, the
signals H//b and H//c are proportional, but the shapes are different. The consequence is a
large change in the ratio µU

L/µU
S .

Comparison with XMCD on the Co L-edges

Recently, XMCD measurements in UCoGe have been done by another group at lower energy
[27] to measure the L2,3-edges of the cobalt. The data, shown figure 3.25 at 1.5K, are difficult
to interpret because the U N4-edge (4d3/2 → 5f transition, at 778.1eV) is very close to the Co
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Figure 3.24 Comparison of XANES and XMCD of the uranium at 3K, 17T between the configurations
H//b and H//c for the M4-edge (left panel) and the M5-edge (right panel). A multiplying factor has
been applied on the XMCD signal when H//b.

L3-edge (778.3eV). Another difficulty is that the soft X-rays have a smaller penetration depth
(≈ 10nm), and, as a the result, are more sensitive to the surface state than hard X-rays.

It is nevertheless possible to get qualitative information. The XMCD of the L3-edge is
negative whereas it is positive for the L2-edge, but much smaller. As a consequence, from
the first sum rule for the L-edge, we deduce that the < Lz > term is negative. Thus, the
orbital moment of the cobalt is parallel to the applied magnetic field (µL = − < Lz > µB).
If we assume that the < Tz > term is negligible, from the second sum rule it is possible to
deduce that the < Sz > term of the cobalt is negative, leading again to the conclusion that
the spin moment is parallel to the applied field (µS = −2 < Sz > µB). The small XMCD
signal (multiplied by 20 figure 3.25) at 1.5K and 6T indicates that the magnetization carried
by the Co is small.

Let us try to estimate the cobalt moment anyway. The figure 3.19 shows that the XMCD
intensity at 17T with H//c at 5.2 times larger than the XMCD intensity at 1T. This factor
is partly due to the increase of the magnetization with the field. The macroscopic moment
increases by a factor 5.5 between 1T and 17T (0.08µB and 0.44µB respectively).

The total moment is: µtotal = µU + µCo + µGe, with µU = µU
5f + µcond, where µcond is the

moment carried by the conduction electrons, usually estimated as 10% of the total moment.
This contribution is caused by the polarization with the spin moment of the uranium, and
has thus a negative value. In the following, it is assumed that the germanium moment is
negligible (µGe ≪ 0.01µB).

At 3K and 17T, with H//c, µtotal = 0.44µB (measured by magnetization measurements
[106]), so µcond = −0.044µB, and the XMCD measurements have given µU

5f = 0.392µB, giving

µCo = 0.09µB. Similarly, at 1T, H//c, µtotal = 0.08µB [106] and µU
5f = 0.075µB (by XMCD),

leading to µcond = −0.008µB and, as a result µCo = 0.013µB.

These calculations give |µCo/µU
5f | ≈ 0.17 at 1T and |µCo/µU

5f | ≈ 0.22 at 17T. The ratio,
which should stay constant with the field when H//c, has the same order of magnitude in
our measurements, which means that the cobalt moment calculated has the good order of
magnitude. The small difference can come from the error on the estimation of the < Tz >
term, leading to an error on µ5f

S .
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Figure 3.25 XMCD measurements at low energy. The L3-edge and the L2-edge of the cobalt has been
measured, but the proximity of the N4-edge of the uranium to the L3 edge makes the results difficult to
interpret.

As expected, the cobalt moment is positive (parallel to the field), which is in disagree-
ment with the polarized neutron results [170]. Another point at variance with the neutron
experiments is that they showed that the ratio |µCo/µU

5f | varies from 0.3 to 0.84 (or from
0 to 0.38, depending on the model) between 3T and 12T, whereas the field dependence of
the XMCD intensities at the U M4- and at the Co K-edges is similar and is proportional
to to macroscopic magnetization (left panel of figure 3.18). This means that the magnetic
moments of both sites have the same magnetic dependence, and this leads to a constant ratio
|µCo/µU

5f | with the field. The same behavior has been found in the compound UCoAl in the
paramagnetic state [213], confirming the induced nature of the cobalt moment.

3.3.4 Conclusion

Figure 3.26 Schematic sketch of the
direction of the Co and U moments in
UCoGe, similar to UCoAl [213]. The ar-
rows are not in scale.

As a conclusion, in UCoGe, similarly to UCoAl mea-
sured recently [213], the orbital moment of the ura-
nium, as well as the spin and orbital moments of the
cobalt are aligned in parallel to the magnetic field,
whereas the spin moment of the uranium is antiparal-
lel. This is in disagreement with the neutron scatter-
ing experiments, with an antiparallel induced moment
on the cobalt [170]. A sketch is shown figure 3.26.

A Lifshitz transition has been proposed to occur at
11T,H//b [127], at the maximum of the enhancement
of the superconducting temperature [12]. No anomaly
on the XMCD intensity of the U M4-edge has been
detected between 0T up to 17T, in agreement with the
macroscopic magnetization measurements [106]. This
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absence of anomaly may be caused by a small misalignment between the b-axis and the
magnetic field, as it has been seen that some properties are anisotropic with a strong angular
dependence (very peaked along the b-axis) [12]. It could also be that magnetization is not
the most sensitive quantity to detect such an anomaly.
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Chapter 4

Thermal Conductivity
Measurements

This chapter gets to the heart of the matter: the thermal conductivity measurements. The
first section is a study of the effect of the quality of the samples in the thermal conductivity,
to be able to distinguish ”extrinsic” from ”intrinsic” effects. Then comes a large section on
the study of the thermal conductivity in the normal phase of UCoGe, as it appears more
complicated than initially believed. The last part is the study of the thermal conductivity in
the superconducting phase.

4.1 Effect of the Quality (H=0T)

The comparison between different samples is done, among which three are with the heat
current along the c-axis. They have first been measured to be able to compare them and to
determine how the quality affects the thermal conductivity measurements. Once it has been
done, two different samples with the current along the two other crystallographic directions
have been measured. It will be seen that the main difference in the normal phase can be
explained by the difference of the RRR.

The figure 4.1 shows the thermal conductivity divided by the temperature at zero field
of the five samples up to 7K. At the Curie temperature, the thermal conductivity shows a
kink more or less pronounced depending on the sample homogeneity. At the superconducting
transition, there is another kink for sample Sc

16, but it is much more difficult to distinguish on
the other samples because it happens in the strong raise of κ/T due to the increased electronic
contribution on cooling (suppression of inelastic scattering). In section 4.3, it will be shown
that this (bulk) superconducting transition happens approximately at the same temperature
(Tsc ≈ 0.5K) whereas the Curie temperature of sample Sc

110 (TCurie ≈ 3K) is higher than
in the other ones (TCurie ≈ 2.5K). We observed that for samples of high RRR, the onset of
the resistive transition could be as high as 0.9K, but with a very large width (between 0.2
and 0.3K). For example, the highest Curie temperature of the sample Sc

110 is associated with
a resistive superconducting transition 0.3K wide, and is certainly due to inhomogeneities in
this sample, despite its high purity in term of RRR.

For each sample, the thermal conductivity in the paramagnetic (PM) state (above 3K)
varies very little and it increases strongly in the ferromagnetic (FM) state (except for sample
Sc

16). This observation is consistent with the resistivity measurements which shows that the
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Figure 4.1 Resitivity (on the left) and thermal conductivity divided by the temperature (on the right)
at zero field. Despite the difference of the resistivity in the paramagnetic state between each sample, the
thermal conductivity is very similar. In the ferromagnetic state, κ/T increases (except for sample Sc

16)
and the higher the RRR, the stronger the increase. In inset : Zoom of the low temperature part. The
extrapolation at 0K (dashed lines) leads to different values depending on the sample, i.e. the quality.
Three different values with jQ//c mean the regime of the universal limit is not reached.

mean free path of the electrons is increased in the FM state and on cooling. The large increase
of the thermal conductivity has already been seen in classic systems, as in silver for example
[235]: a maximum of κ appears at ≈ 15K and is only due to the increase of the electronic
contribution. Even if the origin is different in UCoGe, the consequence is similar. Contrary
to the thermal conductivity, the electrical resistivity is strongly suppressed in the PM state
with the increase of the RRR. This indicates that the thermal conductivity is not dominated
by electronic contribution but by others, less sensitive to the quality (like phonons).

With thermal conductivity has been measured the resistivity, to be able to verify the
Wiedemann-Franz law. The figure 4.2 displayed the Lorenz ratio (L/L0 = κρ/(L0T )) for each
sample at 0T. The Lorenz ratio is much larger in sample Sc

16 at high temperature than in the
other samples, confirming the thermal conductivity is not dominated only by the electronic
contribution, but also by other contributions. High temperature thermal conductivity in a
sample similar to Sc

16 (in terms of RRR) shows also high value of the Lorenz number, with
a maximum at 25K [221]. Due to the SC transition, the Lorenz ratio is not known at low
temperature, but can be extrapolated more or less linearly to 1 at 0K, except for sample Sb

150

where superconductivity happens during the increase of the Lorenz ratio. To confirm the
validity of the measurements, one has performed measurements at 2T, H//c (above Hc2

(0)).
The Lorenz ratio can be extrapolated to 1, corroborating our measurements.

For samples Sc
110 and Sa

65, the Lorenz ratio falls below 1, indicating the importance of
inelastic electronic scattering. At 1K, except for the sample Sb

150, the Lorenz ratio decreases
with improved RRR. As it will be seen in the next section, an extra heat channel appears
below 2K, and its contribution to the total thermal conductivity is quite small, except in the
sample Sb

150, where it contributes to approximately 25% of the total signal at 0.5K (≤ 10%
in the other samples) and is responsible for the increase of the Lorenz ratio. For the analysis
of the thermal conductivity, it will be important to take into account inelastic scattering to
estimate the electronic quasiparticle thermal conductivity.

Concerning the superconducting state, it is important to notice that, for a given current
direction (jQ//c), κ/T (linearly) extrapolated at zero temperature of each sample is different
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Figure 4.2 The Lorenz ratio calculated for each sample with a zoom of the low temperature in inset.
The dotted lines are the extrapolation at zero temperature, either linearly (for samples Sc

16 and Sa
65),

or with the measurements at 2T with H//c (no superconducting phase).

(see the inset of the figure 4.1): the experiments give κ
T

∣

∣

T →0K
= 0.147, 0.123 and 0.048

WK−2m−1 for samples Sc
110, Sc

47 and Sc
16 respectively, no universal limit is observed in the

superconducting state in the measured samples. This may be due either to the fact that the
samples are not homogeneous enough, or to the fact that the universal limit does not exist
in UCoGe, which is possible if there are no line nodes in the superconducting gap in the
c-direction or if it is a multigap superconductor [189].
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Figure 4.3 Normalized residual thermal conductivity versus the RRR. The ratio
κ0,sc

κ0,N
decreases roughly

linearly with the RRR without saturation yet.

If we look at the normalized residual thermal conductivity in the superconducting state
(

κ0,N

T = L0

ρ0
), the ratio

κ0,sc

κ0,N
is roughly linear with the RRR, as shown figure 4.3. This shows

that no ”intrinsic” residual term is observed up to now, as would have been expected for an

65



4.2. Analysis of the Normal Phase

analog of the A1 phase of superfluid 3He, where only part of the Fermi surface is gapped. It
shows also that slightly higher RRR are needed to be able to conclude with certainty about the
superconducting gap: the residual term is small in sample Sb

150, but probably still too large.
Indeed, ”small” residual terms can lead to a wrong conclusion for the superconducting gap.
In UPt3, the first thermal conductivity measurements gave an isotropic and linear thermal
conductivity (κ/T ) in the superconducting state [20] and much better quality samples were
required to observed the ”intrinsic” T 2-behavior [121]. For UCoGe, we can hope that we are
not far from reaching this intrinsic regime, but not yet there.

4.2 Analysis of the Normal Phase

This section will only focus on the normal phase of UCoGe, and is split into three subsections:
first I will describe the bare measurements, without further analysis. Then, assuming the
additivity of the different mechanisms to κ, I will decompose the total thermal conductivity
into two contributions: the regular electronic quasiparticle thermal conductivity on the basis
of the WFL, and ”other” contributions (composed of phonons, magnetic fluctuations. . . ).
In the next part, the results are compared with existing theories. In the Appendix .1, a
phenomenological model is given to try to decompose these other contributions to the thermal
conductivity, based on a kinetic model, to get a more quantitative point of view.

A number of figures will be shown. On each one, there is a label with the name of the
sample studied (Si

x), keeping in mind that the exponent is the current direction (jQ//i), and
x the RRR. For clarity reasons, only the measurements at 0T, 2T and 6T will be shown. The
sample Sa

65 has been measured only at zero field and 2T (H//c), the others having a complete
study with H//c. Only samples Sc

16 and Sb
150 have been studied with H//b.

4.2.1 Bare Results

In this subsection, I will just do some observations of the results obtained under magnetic field,
when applied along the b and the c-axis. This section starts with the case H//c, followed by
the case H//b. The electronic quasiparticle thermal conductivity is named κqp, and the other
contributions to the thermal conductivity (due to phonons, magnons. . . ) is called κother.

H//c

The left figure 4.4 shows the thermal conductivity and the resistivity (in inset) on the sample
Sc

16 in the configuration H//c. The arrows highlight the behavior with the magnetic field. At
zero field, an anomaly is visible at TCurie ≈2.5K on both thermal conductivity and electrical
resistivity. The superconductivity is marked by a clear kink in the thermal conductivity at
T κ

sc=0.5K. As Hc
c2
<1T, the other curves do not exhibit superconductivity. Contrary to the

resistivity, the thermal conductivity has a non monotonic behavior with the temperature and
the field: at low field, κ/T increases with the increase of the temperature in the whole tem-
perature range, and for fields above 6T, a maximum appears at low temperature. This is the
first indication that the electronic quasiparticle contribution cannot explain alone the ther-
mal conductivity behavior. This is seen quantitatively on figure 4.4, right panel, which shows
that the Lorenz ratio reaches values above 10 at 7K at zero field: the electronic quasiparticle
contribution is then at most 10% of the total. Concerning the field behavior, κ/T increases
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Figure 4.4 On the left, the thermal conductivity and the resistivity (in inset) of sample Sc
16 with the

field along the c-axis. On the right is displayed the WFL with a zoom of the low temperature part in
inset. The arrows highlight the behavior of the corresponding quantity with the magnetic field.

with the field at low temperature (T.2K) whereas it decreases with field at high temper-
ature (T>2K). This is in contradiction with the negative magnetoresistivity (the resistivity
decreases with the magnetic field) observed in the whole temperature range (0<T67K). But
it shows again the importance of the other contributions above 2K. Below this temperature,
the other contributions may still be present, but the thermal conductivity appears governed
by the electronic thermal conductivity, and recovers a ”normal” behavior with the magnetic
field. The Lorenz ratio decreases strongly with the magnetic field in this whole temperature
range. This decrease of L/L0 with field arises partly from the negative magnetoresistance,
which implies an increased quasiparticle contribution to the thermal conductivity under field.
However, above 2K, the left panel of figure 4.4 shows that κ/T decreases with field instead!
Therefore, simultaneously, it is expected that the other contributions are strongly suppressed
by the field, so as to overcompensate the increased electronic quasiparticle contribution. As
regards the Lorenz ratio, if the direct additivity of the contributions is assumed to be correct1,
i.e. κ = κqp + κother, the Lorenz ratio can be written as:

L

L0
=

κ.ρ

L0T
=

κqp.ρ

L0T
+

κother.ρ

L0T
(4.1)

=
Lqp

L0
+

Lother

L0
(4.2)

The first term corresponds to the electronic quasiparticle contribution and tends to 1 when
T→0K. This term is equal to 1 in the absence of inelastic electronic scattering, otherwise is
inferior to 1 (see figure 2.3 in the chapter 2), but cannot be superior to 1. The positive
deviation of the Lorenz ratio comes from the second term, named Lother/L0. It contributes
positively and goes to 0 at zero temperature. So the decrease of the Lorenz ratio with the
field corresponds to the reduction of this term, due both to a decreasing ρ and κother with
field. Still with the additivity of the mechanisms, the other contributions can be decomposed
into a (regular) phononic part and extra contributions (which can be magnetic, excitonic. . .):
κother = κph + κextra. The lattice contribution to the thermal conductivity is usually very

1This is not necessary the case, as it has been shown for the additivity of electron-electron and electron-
impurity scattering in the electronic term [22].
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Figure 4.5 On the left, the thermal conductivity and the resistivity (in inset) of sample Sc
47 with the

field along the c-axis. On the right is displayed the Lorenz number with a zoom of the low temperature
part in inset.
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Figure 4.6 On the left, the thermal conductivity and the resistivity (in inset) of sample Sc
110 with the

field along the c-axis. On the right is displayed the Lorenz ratio with a zoom of the low temperature
part in inset.

little dependent to the magnetic field, which means that the field dependence of the Lorenz
ratio mainly comes from the third term κextra, and from ρ.

All these observations lead to the conclusion that some non-negligible extra contributions
(besides the electronic one) to the thermal conductivity are present at low temperatures and
that they are at least partly due to magnetic excitations in order to explain its field suppression
(for H//c).

This study has been done with the other samples, and the same conclusions can be obtained.
They are less striking in the other samples as their better qualities diminish the weight of the
extra contribution with respect to the larger electronic quasiparticle contribution. Indeed, it
is reasonable to assume that these other contributions have the same order of magnitude in all
samples, but not the electronic quasiparticle contribution (directly linked to the resistivity).

The figure 4.5 shows (on the left) the thermal conductivity and the resistivity (in inset)
of sample Sc

47 with H//c. The Lorenz ratio is plotted on the right side. At 0T, the thermal
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Figure 4.7 On the left, the thermal conductivity and the resistivity (in inset) of sample Sb
150 with the

field along the c-axis. On the right is displayed the WFL with a zoom of the low temperature part in
inset.

conductivity has well defined ferromagnetic and superconducting transitions at 2.5K and
0.5K respectively, highlighting the high homogeneity of the sample. The magnetoresistivity
is negative at high temperature and becomes positive at low temperature. In that case again,
the thermal conductivity is in agreement with the magnetoresistance at low temperature, but
not at high temperature (both thermal conductivity and resistivity decrease with the field),
and the Lorenz ratio is suppressed with the magnetic field. The maximum of κ/T at low
temperature is visible at 2T, contrasting with the behavior of ρ. It points to a small field
dependent extra contribution even at this low temperatures. This may explain also why L/L0

remains always above 1 in this sample down to low temperature (see the inset of the right
part of the figure 4.5): by decreasing the temperature, the Lorenz ratio decreases but seems
to saturates at 1K with a slight bump before decreasing again below 0.5K.

The results of sample Sc
110 with H//c are displayed figure 4.6. The thermal conductivity

(on the left) and the resistivity (in the inset) are quite similar to those of the sample Sc
47:

the thermal conductivity increases in the ferromagnetic phase and the magnetoresistance is
positive at low temperature and negative at high temperature. In that case, the disagreement
between the behavior of κ and ρ under field is not so obvious, the electronic thermal con-
ductivity is dominant in this sample. This is confirmed by the Lorenz ratio (on the right of
the figure 4.6): the Lorenz ratio falls under 1 due to the inelastic electronic scattering. Once
more, at high temperature, the Lorenz ratio decreases with the field whereas it is almost field
independent at low temperature.

The figure 4.7 displays the results of sample Sb
150 with H//c. At first sight, the ther-

mal conductivity (on the left side) looks like the one of sample Sc
47: a strong increase in the

ferromagnetic state, a maximum at low temperature under field, a non monotonic magnetore-
sistance with the temperature and the disagreement with the resistivity under field at high
temperature. One big difference is that the thermal conductivity seems a lot more sensitive
to the field in that case at low temperature: the thermal conductivity has decreased by more
than a factor 3 between 0T and 6T at 0.5K, against a decrease of 15% in sample Sc

47! The
behavior of the Lorenz ratio is also very interesting: as before, the Lorenz ratio decreases
under field at high temperature, and, as the RRR is the highest, a strong drop below 1 was
expected at low temperature. But the opposite happens: by decreasing the temperature, the
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Figure 4.8 On the left, the thermal conductivity and the resistivity (in inset) of sample Sa
65 with the

field along the c-axis. On the right is displayed the Lorenz ratio with a zoom of the low temperature
part in inset.

Lorenz ratio shows a minimum between 1K and 1.5K but remains above 1, before increasing
again with a maximum at 0.5K to extrapolate to 1 when T→0K. The low temperature part
is shown in the inset and is field dependent. This feature confirms the idea of a low tempera-
ture contribution mentioned in the previous paragraph: this increase could be caused by the
appearance of a new thermal excitation or by a change of its dispersion, much more intense
along the b-axis than in the c-direction. As it is field dependent, it is believed to have also a
magnetic origin.

The sample Sa
65 has been studied only at zero field and at 2T below 1K (H//c). The

results are shown figure 4.8. It is not possible to make extensive conclusions on this sample,
but we can give some basic arguments: the thermal conductivity seems to behave like that
of the sample Sb

150: it decreases rapidly with the field. Concerning the Lorenz ratio, it goes
below 1 at zero field and it seems that there is a small bump at 2T, which put this sample
between the sample Sc

47 and Sc
110. This seems normal, as its RRR (65) is between the RRR

of these two samples. An extra contribution to the thermal conductivity may be present at
low temperature, but, in that case, its intensity is very small.

Before going to the case H//b, here is a summary of the observations done during this
analysis:

• κ/T cannot be explained by the magnetoresistivity in the whole temperature range
(T∈[10mK, 7K])

• L/L0 decreases rapidly with the field at high temperature

• an extra contribution to κ appears at low temperature and is very intense when jQ//b

This leads to the following preliminary conclusions:

• κ is dominated at high temperature by non-electronic contributions, partly magnetic

• these contributions are strongly field sensitive when H//c

• another extra contribution appears at low temperature and seems also to be magnetic
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• this low temperature contribution is highly anisotropic, as it is barely visible when jQ//a
and jQ//c and is very intense when jQ//b

H//b

It is time now to study the case H//b, measured only on samples Sb
150 and Sc

16. Here again,
I will start with the observations of sample Sc

16 before going to the other one.
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Figure 4.9 On the left, the thermal conductivity and the resistivity (in inset) of sample Sc
16 with the

field along the b-axis. On the right is displayed the Lorenz ratio with a zoom of the low temperature
part in inset.

The figure 4.9 shows the results obtained in sample Sc
16 with H//b. These measurements

have been made during two different cooling: first at low temperatures (T<1K) with a well
aligned sample with the field (the superconducting transition is still here at 8T and the
beginning of the S-shape is visible) and then another experiment has been performed to
measure the high temperature part (above 1K). During this experiment, the alignment of the
sample with the field was not very good, which explains why the Curie temperature is not
visible at high field (by thermal conductivity and resistivity). Nevertheless, in that case, the
behavior of the thermal conductivity (on the left) can be explained by the magnetoresistance
in the whole temperature range: κ/T decreases with the field and the resistivity (in inset)
increases. The positive magnetoresistivity is only due to the transverse configuration (jQ ⊥H).
The consequence of the magnetic field is far less dramatic on κ/T compared to the previous
field direction (H//c): κ/T is only shifted to lower values. Another impressive difference
with the previous case is the Lorenz ratio under field: in this configuration, the Lorenz ratio
is field independent in the paramagnetic state and L/L0 increases little in the ferromagnetic
state. This feature proves that the magnetic field has little effects on the electronic inelastic
scattering (see resistivity) and on the extra contributions.

The thermal conductivity and the resistivity of sample Sb
150 with H//b are shown figure

4.10 on the left. κ/T and ρ are almost field independent in the paramagnetic state, and
the ferromagnetic state is described by a positive magnetoresitivity, accordingly a decreasing
thermal conductivity with field. The anomaly at 2.5K at high fields ensures the good align-
ment of the b-axis with the field. As in the previous case, the Lorenz ratio (on the right)
is field independent in the paramagnetic phase. In this sample, L/L0 increases again below
1.5K in zero field. This increase of L/L0 below 1.5K is present at all fields, but it becomes
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Figure 4.10 On the left, the thermal conductivity and the resistivity (in inset) of sample Sb
150 with

the field along the b-axis. On the right is displayed the Lorenz ratio with a zoom of the low temperature
part in inset.

less and less pronounced: the low temperature extra contribution seems to spread out with
the field in this configuration.

The study with the field along the a-axis is missing to conclude unambiguously, but the
following preliminary conclusion can be done: κ/T in UCoGe is dominated by low temperature
extra contributions, which are believed to be partly magnetic. It appears that two different
excitations are present: one above 1K, which spread up to high temperature and one at low
temperature (below 2K), and this one shows a strong anisotropy between the b-axis (very
intense) and the a- and c-axis (barely detectable). Furthermore, the high temperature extra
contribution shows a strong sensitivity to the direction of the magnetic field: the configuration
H//c suppresses it rapidly, whereas it is field insensitive when H//b. This feature is less
obvious for the low temperature contribution.

It is known that the magnetic fluctuations have a great importance in the properties of
UCoGe, as they are believed to be responsible for the superconductivity [74]. They have
been observed at high temperature by NMR [88] (from 80K, approximately the coherence
temperature of the Kondo lattice [221]) and neutron scattering [205], and they are strongly
suppressed when H//c and field insensitive when H⊥c. They may be responsible for the high
temperature extra contribution. The low temperature contribution may be a consequence of
the ferromagnetism, and thus could be a new excitation, or just a result of the modification
of the excitation spectrum below TCurie, due to the predicted drastic change of the Fermi
surface at the ferromagnetic transition [180].

Now that the interpretation of the bare data has given several preliminary conclusions,
the next section will present a more quantitative analysis with the decomposition of κ into
the electronic quasiparticle part and the other contributions.

4.2.2 Analysis of the Normal Phase

The first hypothesis done, and mentioned before, is that the heat channels are supposed to
be in parallel and it is thus possible to add them: κtot = κqp + κphonon + κextra.

To deduce the electronic quasiparticle thermal conductivity, we take the WFL as a basis:
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150 at 2T with H//c. The red line is the total thermal
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the other contribution κother
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= κtot

T
− κqp

T
. In inset is shown the Lorenz ratio at 0T, 2T and 6T in the

configuration H//c.

κqp

T = L0

ρ . As in some samples, the quantity L/L0 falls below 1, the effect of the electronic
inelastic scattering needs to be taken into account. Indeed, the direct use of the WFL would
give κqp > κtot. In order to do that, we use what we call a modified Wiedemann-Franz law
(named mWFL thereafter) [231]:

κqp

T
=

L0

ρ0 + α(ρ − ρ0)
(4.3)

ρ0 is the residual resistivity and α = 1 + Wvert/Whor, where Wvert and Whor are respectively
the scattering rates due to inelastic vertical and horizontal processes, assuming that Math-
iessen’s rule holds. α is a sample dependent coefficient, larger than 1, and this model has
been used in the study of the heavy fermions UPt3 [121] or CeRhIn5 [156]. This formula is a
phenomenological, but convenient, estimation of the electronic thermal conductivity. This α
term is supposed to be temperature and field independent. This crude simplification can be
valid for temperatures much smaller than the typical energy of the fluctuations responsible
for the inelastic scattering (for temperature smaller than the minimum of the expected Lorenz
ratio, see figure 2.3 in the section 2.3.1). The use of this simple model is motivated by the
lack of theories on thermal conductivity on Ising ferromagnets. For each field, the resistivity
has been extrapolated to the lowest temperature (in the superconducting state) by using the
formula:

ρ = ρ0 + A.T n (4.4)

The coefficients ρ0, A and n are found by fitting the normal part. Thereafter, κqp/T is
calculated using the previous formula in the superconducting state, so it is plotted in the
whole temperature range.

The figure 4.11 shows the thermal conductivity of sample Sb
150 at 2T with H//c. The

black dashed lines correspond to κqp/T with α = 1 and α = 2. The green straight line is the
the extra contribution κother

T = κtot

T − κqp

T , with α = 1.36, which can be considered as a lower
bound of this contribution: larger values of α would enhance κother. This figure shows that
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the low temperature maximum of κ/T is little dependent on the value of α, whereas the high
temperature part is much more.

In order to find the α coefficient, two assumptions have been done: the first one is that the
Curie anomaly is purely electronic and that the extra contribution should have no anomaly
at TCurie. This assumption is not very restrictive as it happens that in UCoGe, large value of
α (superior to 3) is necessary to see the anomaly at TCurie on κother. The second limitation
comes from the fact that α is assumed to be field independent (i.e. the same when H//b and
H//c). κother should also stay positive for every fields measured, which would mean otherwise
that the electronic quasiparticle contribution is overestimated.

As this convenient way to determine κqp is phenomenological, it works only for ”classical”
behavior of the resistivity. The lack of theoretical background prevents to use the mWFL to
estimate κqp in sample Sb

150 when H>4T, H//c, due to the orbital effects (see inset of figure
4.7). The electronic quasiparticle thermal conductivity in sample Sb

150 at 6T and 8T, H//c,
will not be determined precisely and thus κother will be just a rough guess.

The figure 4.12 shows the decomposition of κtot/T of each sample at H=0T. The low
temperature part of κother/T is missing due to the superconductivity. If the assumptions are
correct, κ/T is dominated at high temperature by κother/T , which corresponds to approxi-
mately 90% of the total signal!

The figure 4.13 shows the extra contribution at zero field for each sample (the phonon
thermal conductivity has been removed), with the value of the α coefficient. The value of
the phonon contribution is calculated in the Appendix .1. An interesting feature is that
κextra/T is very similar for each sample in the paramagnetic state. It decreases to zero at low
temperature when jQ//a and jQ//c and the increase is obvious below 1.5K in sample Sb

150.

The evolution of this extra contribution of samples Sc
16 and Sb

150 under magnetic field, in
both field configurations, is displayed on figure 4.14. This confirms one of the preliminary
conclusions of the previous section: the decrease of the Lorenz ratio with H at high temper-
ature is for the most part due to the reduction of κother/T . The low temperature part is also
field sensitive, especially in sample Sb

150, the low temperature contribution strongly decreases
with the field and seems also to spread out.

When H//b, there is almost no change in the paramagnetic state (the small effect in
sample Sc

16 may be due to a small misalignment). In the ferromagnetic state, there is here
only small changes, the low temperature extra contribution seems to be reduced and spread,
even if this is difficult to conclude precisely because of superconductivity.

The evolution of the extra contribution, H//c, of samples Sc
47 and Sc

110 is shown 4.15.
The same qualitative conclusion as for sample Sc

16 can be done: the Lorenz ratio decreases
with the field in the whole temperature range, even if it is less obvious below 1K.

An attempt to decompose the non electronic thermal conductivity is given in the Appendix
.1, which takes into account the contribution of the phonons, and both magnetic contributions
seen on the bare data. This model confirms the conclusions done before. The table 4.1 shows
the amplitude of the low temperature contribution (MLT ) and the gap of this contribution
(the initial increase, ǫLT

min), which shows that the amplitude is large when jQ//b and small
when jQ//a. The gap of the fluctuations does not vary a lot between each sample. These
coefficients are deduced from the formula 14 given in the Appendix .1.
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Sample α P MLT ǫLT
min

(W.K−3.m−1) (W.K−2.m−1) (K)

Sc
16 1.14 0.017 0.018 1.24

Sc
47 2.29 0.009 0.022 0.5

Sa
65 2.4 0.006 0.003 0.5

Sc
110 2.5 0.01 0.054 1

Sb
150 1.36 0.01 0.45 0.5

Table 4.1 α term, amplitudes of the phonon contribution P , of the low temperature contribution MLT

and of its gap ǫLT
min. The coefficients are deduced from the formula 14, given in the Appendix .1
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4.2.3 Discussion

The preliminary conclusions have been confirmed by the previous study: the existence of an
anisotropic extra contribution in UCoGe at low temperature. This extra contribution shows
a highly anisotropic magnetic field dependence, the field applied parallel to the magnetization
suppresses strongly these excitations, whereas perpendicular to the moments, it has almost
no effect (we can guess it is true when H//a).

These features of κextra/T are very close to what has been observed by NMR [88, 74]: the
magnetic fluctuations are detected at high temperature, from 80K (far above TCurie), and are
sensitive to the magnetic field only when applied along the c-axis, as shown figure 4.16. By
measuring 1/T1 and the Knight shift for the three directions of the field, it was also proved
that the magnetic fluctuations are purely longitudinal, which is coherent with the strong
Ising anisotropy. So it seems reasonable to identify the extra contribution detected by heat
transport, to the longitudinal magnetic fluctuations detected by NMR. The new information
is that these modes can carry heat, so are not just incoherent local moment fluctuations but
propagating modes. Moreover, we find that between 3K and 7K, this contribution depends
little of the crystallographic orientation, contrary to the additional low temperature contribu-
tion dominant below 1K, which is much stronger along the b-axis than along the c or a-axis.
Therefore, the nature of these magnetic fluctuations seems to change when the ferromagnetic
order develops.

A most striking feature of our results is the strong anisotropy of the extra contribution
appearing below TCurie. Such a strong anisotropy has been also seen on the thermal expansion
measurements [60]: at TCurie, there is a large change along the b-axis, a smaller along the
c-axis and almost no change along the a-axis, similarly to our measurements. Both effects
could be due to the predicted strong change of the Fermi surface below TCurie [180], and its
expected feedback on the magnetic excitation spectrum in an itinerant ferromagnet.
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Figure 4.16 Panel (a): Evolution of 1/T1 by NMR measurements. At 2T, the ratio 1/T1 does
not depend on the field direction when applied along the a and the b-axis, but is strongly suppressed
when applied along the c-axis, indicating the longitudinal character of the magnetic fluctuations. The
suppression starts has high temperatures, approximately 80K. Panel (b): Angle dependence of the
relaxation rate of the magnetic fluctuations at several temperatures. At 20K (in red), the angle evolution
is regular, as seen by the expected sinusoidal behavior (dashed line). At lower temperatures, a sharp
maximum lies when H is close to the b-axis, indicating that the fluctuations are suppressed by the
component along the c-axis of the magnetic field. From [74].

To go further in the study of the extra contribution, theoretical help is needed. The ef-
fect of the spin fluctuations in the thermal conductivity of a nearly ferromagnet or a weak
ferromagnet has already been calculated [98, 224, 97], but the calculations take only into
account the effect on the scattering rate of the conduction electrons (leading to a negative
deviation of the WFL), and not a new heat channel as measured here (positive deviation of
the WFL). These effects on κ/T are certainly present in UCoGe, but the large resistivity of
our samples makes these spin fluctuation contributions masked by the extra contributions.
In other weak (or nearly) magnetic systems, better quality samples are available and the
opposite happens: the possible extra contributions are hidden by the large value of κqp/T . A
nice example is ZrZn2 [194], a weak ferromagnet (TCurie=28K, m = 0.17µB): the electrical
resistivity is 10µΩ.cm at 50K, for 40µΩ.cm at 7K in our best sample. This allows to neglect
completely the non-electronic contributions and to observe the T 5/3-law by electrical resistiv-
ity and the additional linear term by thermal resistivity predicted by Ueda and Moriya [224].
This kind of scattering rate on the conduction electrons has also be measured in the heavy
fermion antiferromagnet CeRhIn5 [156]. A maximum in the thermal conductivity is foreseen
in weak itinerant ferromagnet, close to a ferromagnetic instability, with the presence of spin-
fluctuations and disorders [157]. However, this effect goes with a minimum in resistivity and
is an electronic feature (as it leads to the reduction of the Lorenz ratio, with L/L0 < 1),
and so cannot explain our observations. In all the cited theories before, the ferromagnetism
comes from the partly filled d-bands, which are responsible for the spin fluctuations, and the
conduction electrons from the s-band. The conduction electrons are scattered due to the spin
fluctuations via the s-d exchange interaction. Moreover, theory is developped for isotropic 3D
systems. In UCoGe, the ferromagnetism arises from the 5f -electrons, which are characterized
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by their duality localized-itinerant. In the case of hybridization between the f -band and oth-
ers bands, Moriya and Takimoto [145] have calculated that the effects of the spin fluctuations
are similar as for d-electron systems. In the case of delocalized f -electrons, a naive picture
is that these electrons will only add a new electronic channel, which is included in the WFL.
Due to the duality itinerant/localized of the f -electrons in UCoGe, both features can happen
at the same time. However, the Ising anisotropy is not treated yet by theories.

In magnetic insulators, it is common that a new heat channel appears at the ordering
temperature, or that magnetic fluctuations contribute to the heat transport (see e.g. [195,
78, 119]): the local moment can have a long-range coherence length above the transition
temperature. In UCoGe, despite the itinerant character of the ferromagnetism, the same
scenario seems to happen. As the previous systems are insulators, the study of the magnetic
contribution in the thermal conductivity is easier than in a metal. To our knowledge, it is
the first time that spin fluctuations are seen to contribute to thermal conductivity via a new
heat channel in a metallic system above TCurie.

In the ordered state, the extra contribution can come from magnons instead of magnetic
fluctuations. In Yttrium Iron Garnet systems [158], a ferrimagnetic insulator, it is believed
that the phonons and ferromagnetic magnons contributes to the thermal conductivity (κ =
κph+κm). A theoretical difficulty with the thermal conductivity of the ferromagnetic magnons
that their dispersion relations (~ωk = Dk2) can change at low temperature [155]. In metals,
the magnons can also be responsible for another heat channel. These have been seen in
the permalloys Fe-Ni [241], in the rare-earth antiferromagnet dodecaborides [141] and in the
ferromagnetic gadolinium [94]. Note that in that former case, the magnetic contribution
represents 3% of the total contribution at 4K. In the latter case, the magnetic contribution
appears below TCurie and slowly increases before reaching the maximum in the temperature
range 100K-200K (depending on the model for the lattice contribution), and is approximately
10% of the total contribution. The low temperature extra contribution in UCoGe seems
similar to this one, with a magnitude of 10 − 25% at Tsc and 0T, according to the sample and
the current direction (see figure 4.12). It is clear under field (figure 4.14) that the maximum
of this contribution is at around 0.5T at 2T, far below TCurie. If the magnetic contribution
has the same shape as the one found in Ga [94], the slow increase from TCurie can explain why
no anomaly is detected on UCoGe in κextra/T . More recently, some extra contributions have
been observed in the weak antiferromagnet YbRh2Si2 [164] in the antiferromagnetic state
(TNeel=70mK) at very low temperature (T<30mK) and are assumed to be magnons. Even
if the authors do not point out this fact, this contribution seems to survive at fields higher
than the critical field. This feature has been confirmed by our measurements (see chapter 5).

Some statistical calculations have been done to determine the thermal conductivity of
magnetic systems. Bayrakci et al. [19] have calculated the magnetic contribution with four
magnons scattering processes without adjusting parameters in the Heisenberg antiferromagnet
Rb2MnF4. The magnetic contribution increases slowly in the antiferromagnetic state and
the maximum is at Tmax = TN /4. The calculations for 2-D Ising ferromagnet have also
been performed [70, 4] with a second-order phase transition. It appears that the thermal
conductivity due to the ferromagnetism is maximum at TCurie, which cannot explain our
results. The reasons for this discrepancy may come from the fact that the calculations are
done for a second-order transition, in a two-dimension system with localized spins.
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4.2.4 Conclusion

In conclusion, thermal transport in UCoGe reveals the presence of magnetic fluctuations,
identified to the longitudinal fluctuations seen by NMR, with isotropic spectrum above TCurie,
and propagation mainly along the b-axis at lower temperatures. It supports an itinerant
limit for the magnetism of this compound, despite the strong Ising anisotropy of its magnetic
properties, a key feature for the understanding of its superconducting properties. The strong
anisotropy of the contributions of these fluctuations to thermal transport below TCurie may
emerge from the possible dramatic change of the Fermi surface across the ferromagnetic
transition [180]. It seems to be the first time that such a contribution is identified in metallic
systems, and urges for theoretical investigations of direct heat transport by spin fluctuations
in metallic weak ferro- or antiferromagnets.

4.3 Analysis of the Superconducting Phase

4.3.1 Introduction

With the study of the normal state, it is now possible to focus on the superconductivity. The
interesting quantity to probe the superconducting state is the electronic quasiparticle thermal
conductivity, as the temperature dependence of κqp can give an idea of the order parameter.

The electronic quasiparticle thermal conductivity in the normal state, κqp,N , below 1K
is deduced by extrapolating the resistivity at zero temperature, supposing a Fermi liquid
behavior (ρ = ρ0 + AT 2) with the previous model (expression 4.3). In the superconducting
state (below 0.5K), κqp,N deduced this way depends only little of the value of the α coefficient,
even for sample Sb

150, which has the largest extra contribution.
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Figure 4.17 Normalized electronic thermal conductivity of sample Sb
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In the previous section, it has be seen that the thermal conductivity in UCoGe is composed
of an extra contribution in addition to the electronic one, which is supposed not to be elec-
tronic. The phenomenological model showed in the Appendix .1 should allow to extrapolate
what should be this extra contribution in the superconducting state. However, the extrapo-
lation of the extra contribution in the superconducting state is not very accurate, as it can
change in the superconducting state while reproducing the normal state thermal conductivity.
Therefore, the electronic quasiparticle thermal conductivity in the superconducting state is
approximated as κqp,sc ≡ κtot,sc. As it will be seen in the next paragraph, this assumption
can be considered to be valid in all samples, except for sample Sb

150. In this sample, this
assumption is true ”by chance” only for the study of the normalized thermal conductivity, as
it is seen figure 4.17. The quantity κqp,sc/κqp,N , the interesting one, has been corrected with
the removal of the extra contribution in the superconducting state using the model used in the
Appendix .1, supposing that the extra contribution does not change in the superconducting
state, i.e. κqp,sc = κtot,sc − κextra. The other quantity, κtot,sc/κtot,N , the estimated one, has
not been corrected.

Both ratios are very similar, which means that the corrections do not affect drastically
the normalized ratio in the superconducting state. The fact that they are similar is explained
by the fact that the quantities κextra/κqp,N and κextra/κtot,N are very close. Furthermore,
the extra contribution is maximum at zero field and decreases rapidly under field, which
means that the corrections in the normalized thermal conductivity are even smaller in the
measurements under fields.

As a consequence the approximation κqp,sc/κqp,N ≈ κtot,sc/κtot,N is supposed to be valid,
even for sample Sb

150. In the following of this section, the next notation will be used: κqp,sc ≡
κsc and κqp,N ≡ κN .

In this section, I will first compare the samples at zero field to see the effect of the quality
and the anisotropy of the superconducting gap. I will then discuss the results when the field
is applied along the c-axis and, at the end, the results when H//b.

4.3.2 Anisotropy at 0T

Figure 4.18 on the left shows the normalized electronic thermal conductivity versus normalized
temperature at zero field for the three samples with jQ//c. The behavior of the normalized
thermal conductivity is similar in the three cases: a small decrease below Tsc followed by a
faster decrease a lower temperature. The normalized residual term decreases with the increase
of the RRR.

Figure 4.18 also shows, as a comparison, the normalized non-electronic thermal conduc-
tivity, i.e. κextra/κqp,N . Except for sample Sc

16, the non-electronic thermal conductivity rep-
resents less than 15% of the total signal at the superconducting temperature and is rapidly
decreasing when the temperature is lowered. This means that the estimation of the electronic
thermal conductivity in the superconducting state is sensitive to the previous model only close
to the superconducting transition, the corrections being negligible at lower temperature when
jQ//c.

Figure 4.18 on the right shows κqp,sc/κqp,N for the current applied in the three directions.
It also shows the normalized non-electronic thermal conductivity. As before, the correction
is small for samples Sa

65 and Sc
110.

Two regimes are present: a slow decrease below Tsc then a faster decrease. As seen
previously, the normalized residual thermal conductivity is lower when the RRR is higher. It
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Figure 4.18 Normalized electronic thermal conductivity (κqp,sc/κqp,N ) versus normalized tempera-
ture at zero field for the three samples with jQ // c (on the left) and the comparison with the three
different directions for jQ. The dashed lines are the normalized non-electronic thermal conductivity
(κextra/κqp,N ).

is thus not possible to conclude if this is due to gap anisotropy or just the effect of the RRR.

Astonishingly, the figure 4.18 shows also that the normalized thermal conductivity in the
superconducting state is rather isotropic, which was not predicted in UCoGe. There may be
three explanations: the just mentioned influence of the impurities and defects which dominate
the thermal conductivity at low temperature, a hybrid gap, as UPt3 [71] or multigap effects.
Further studies on better samples are needed to discriminate between these scenarios.

4.3.3 H//c

In this field direction, three samples have been measured at low fields: Sc
16, Sc

47 and Sb
150.

Samples Sc
47 and Sb

150 have been measured at very low field to explore multigap superconduc-
tivity. The low critical field in this crystallographic direction (Hc2

≈1T) allows the complete
study of the superconducting state.

Temperature Dependence

The figure 4.19 displays the temperature dependence of κ/T of samples Sc
16 (on the left) and

Sc
47 (on the right) with H//c. The normal phase is fully recovered at 0.5T for sample Sc

16

and at 1T in the other sample. In the superconducting state, the zero field curve seems to
show two regimes: between Tsc and 0.15K, κ/T decreases slowly with the decrease of the
temperature, and below 0.15K, the decrease is more pronounced and is linear. This change
of regime disappears very fast for small applied field: for fields higher than 0.2T, the thermal
conductivity decreases linearly from Tsc down to the lowest measured temperature. The linear
dependence of the thermal conductivity is confirmed in the bottom line of the figure 4.19: at
finite field, κsc/κN versus T/Tsc shows more or less the same slope for each measured field
for sample Sc

16.

Field Dependence

The figure 4.20 shows the field dependence of κ/T . In sample Sc
16, in the normal phase, κ/T

is almost constant and displays a quadratic behavior in the superconducting state (see inset
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Figure 4.19 On the top, the temperature dependence of κ/T of samples Sc
16 (on the left) and Sc

47 (on
the left) with H//c. On the bottom, κsc/κN in function of the normalized temperature T/Tsc.

with κ/T vs. H2). In the two other samples, κ/T has a maximum in the normal phase
(measurement at 0.6K and 0.5K respectively). In sample Sc

47, except at low fields, κ/T is
linear with the field up to the critical field. In samples Sc

47 and Sb
150, the low field regime

evolves rapidly with the temperature at low temperatures: κ/T raises rapidly when the field
increases below 0.1T, evoking the Doppler shift effect, or the closure of a small gap. The effect
of the Doppler shift have been calculated in the case of lines of nodes in the superconducting
gap for a d-wave superconductor: at zero field or very low temperatures (with respect to
Tsc), κ is governed by excitations close to the gap nodes and the Doppler shift leads to an
increased density of state, so to an increase (∼

√
H) of κ. At finite temperature, diffusion on

the vortices or the energy dependence of the scattering time lead to a decrease of κ with field
[228, 113].

At higher temperature, this feature disappears, and the field dependence of κ/T in sample
Sb

150 displays even a minimum at 0.1T. At low temperature, κ/T is almost constant with H
in the latter sample.

The evolution of κsc/κN with the normalized field H/Hc2
(figure 4.21) displays two dif-

ferent behaviors between zero temperature and finite temperatures: except for sample Sc
47,

κsc/κN extrapolated at 0T exhibits a plateau from H≈ 0.1Hc2
to H≈ 0.6Hc2

=0.3T, at 60%
and 40% of the value in the normal state in samples Sc

16 and Sb
150 respectively. The difference

of behavior in sample Sc
47 may be due to the intrinsic misalignment of the sample discussed in

the first part of the previous chapter (section 3.1). The three samples show the rapid increase
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Figure 4.20 Field dependence of κ/T of samples Sc
16 (on the left) and Sc

47 (on the right) and Sb
150

(on the bottom) with H//c. In inset is shown the H2 dependence of κ/T in the superconducting state
of sample Sc

16.

at low field when T→0K, and at finite temperature, κsc/κN first decreases with the field then
increases again. This behavior is seen also in conventional superconductors, like niobium
[120], vanadium [31], or in the heavy fermion UPt3 [20]. It is attributed to the scattering
of the heat carrier by vortices. At low field, vortices have small interactions due to their
large distance and provide an additional scattering mechanism. At higher field, the lattice is
formed, and, as a result, the vortices do not contribute anymore to the scattering.

4.3.4 H//b

Temperature Dependence

The figure 4.22 shows the temperature dependence of the thermal conductivity of samples
Sc

16 (on the left) and Sb
150 (on the right) with the field along the b-axis. In the first sample,

the superconducting transition is clear at all magnetic fields. Except at low field, κ/T seems
to shift to lower value with the field, even in the superconducting state. At low field, with the
increase of the field, κ/T goes from negative curvature (at 0T) to positive one (from 0.1T):
this is may be the effect of the Doppler shift [229] or the closure of a small gap.

The figure 4.23 shows κsc/κN versus T/Tsc of sample Sb
150. In the superconducting state,

there is no clear change of the behavior with the field.
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Figure 4.22 Thermal conductivity in the superconducting state of samples Sc
16 (on the left) and Sb

150

(on the right) when H//b.
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Figure 4.23 κsc/κN versus T/Tsc of sample Sb
150 when H//b.

The figure 4.24 shows κsc/κN versus T/Tsc (on the left) and versus (T/Tsc)
2 (on the right).

Below 0.5T, κsc/κN seems linear whereas it is more quadratic above 1T, indicating a possible
change of the superconducting gap under field, as the closing of a small gap.

Field Dependence

The figure 4.25 shows the field dependence of the thermal conductivity of sample Sb
150. The

bare thermal conductivity (on the left) shows that at low temperatures, κ/T is almost constant
for H>1T and decreases with the field at higher temperatures. Below 1T, another regime
seems to occur. This is more obvious with the normalized thermal conductivity (on the
right): κsc/κN shows a slight linear increase above 1T at every temperatures but decreases
when the field decreases below 1T. Between 0K and 0.1K, a minimum at around 0.2T appears.
This is the same feature as seen when H//c (figure 4.21, heat channel created by the vortices).

The increase of κsc/κN at low field when T→0K may be due to the closure of a small
gap (in case of multigap superconductivity) or to the Doppler shift. The residual normalized
thermal conductivity (figure 4.24) shows the same behavior as the other sample: a first rapid
increase up to 1T followed by a saturation up to 8.5T. The same feature, seen on two samples
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Figure 4.24 κsc/κN versus T/Tsc (on the left) and versus (T/Tsc)2 (in the middle) and versus H (on
the right) of sample Sc

16 when H//b.
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Figure 4.25 Field dependence of κ/T (on the left) and of κsc/κN (on the right) of sample Sb
150 when

H//b.

of very different qualities, confirms the intrinsic character of this increase and this plateau,
and acts in favor of multigap superconductivity. The fact that the heat current was along
two different axis suggests also an isotropic superconducting gap.

The next step is the measurement of the thermal conductivity above 8T to observe the
anomaly (if there is one) at the maximum of the S-shape (H≈11T)

4.3.5 Discussion

The three samples, with different qualities and current directions, display the same properties
in the superconducting state. This allows to conclude on their intrinsic characters. The
comparison of the normalized residual thermal conductivity between UCoGe extrapolated
and other compounds is shown figure 4.26. In this graph, the bulk critical field along the b-
axis has been taken at Hb

c2
=50T (the extrapolation to 0K of the slope of the critical field close

to Tsc). For both field directions, two regimes are visible: first a rapid increase at low field
(up to H≈ 0.05Hc2

) then a plateau. A second step is found at H/Hc2 ≈ 0.8 when H//c. An
interesting point, in the caseH//b is that the superconducting temperature varies barely with
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Figure 4.26 The normalized thermal conductivity versus normalized field extrapolated at zero tem-

perature, when the field is applied along the b and the c-axis of sample Sb
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the c-axis is Hc
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c2=50T. The figure displays also
the thermal conductivity of Nb, PrOs4Sb12 and MgB2, with H//c.

the field whereas the thermal conductivity increases very rapidly at low fields. This two step
behavior is typical of multigap superconductors. By comparison, the thermal conductivity of a
one band superconductor Nb [120] and two band superconductors MgB2 [196] and PrOs4Sb12

[188] is also reported on figure 4.26. This strong resemblance supports that superconductivity
is not dominated by the Doppler shift, and tends to confirm the multigap behavior in UCoGe.

4.3.6 Conclusion

Thermal conductivity measurements is the superconducting phase on several samples of dif-
ferent qualities have shown that the regime of universal limit is not reached in UCoGe, which
is consistent with multigap superconductivity, as indicated by the measurements. Similarly,
the residual normalized thermal conductivity decreases with the increase of the RRR, mean-
ing that there are no intrinsic ”unpaired” Fermi sheets, corresponding of the minority and
majority spins.

Astonishingly, the first transport measurements act in favor of an isotropic superconduct-
ing gap. But the residual term is still large, and we know that this feature could be completely
change once pure enough samples will be probed. Multigap superconductivity is also con-
firmed in UCoGe, in the configurations H//c and H//b. The theoretical question is now to
determine if the gaps come from the polarized Fermi sheets (due to ferromagnetism), or are
caused by band effects (bands with 5f character having stronger coupling and so larger gaps
than those with little 5f character). The next step is to probe the re-entrant superconducting
phase at higher fields, and with the field along the hard magnetization axis, the a-axis.
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Chapter 5

YbRh2Si2

This last chapter concerns the measurements on the compound YbRh2Si2, where the ground
state lies close to a quantum critical point (QCP), and the absence of superconductivity
facilates its study. Contrary to UCoGe, this compound has been intensively studied by very
different techniques, and the purpose of ours was first to check the claim, by Steglich’s groups,
that the Wiedemann-Franz law (WFL) would be violated at the field driving the compound
to the QCP [164]. To do so, very low temperature measurements have been done in a large
range of fields to compare its effect in the antiferromagnetic phase, close to the QCP, and in
the paramagnetic phase, and compare the effects in both phases.

In this chapter, the first section gives general information about YbRh2Si2, followed by
the debate about the violation (or not) of the Wiedemann-Franz law at the quantum critical
point. This debate was the motivation to study this system by thermal conductivity at very
low temperatures. The third section is the technical description of the measurements. The
fourth part is directly the results about the very low temperature measurements, with the
discussion about the validity of the WFL, and the last parts are about the results in the
whole temperature range, with the estimation of each different contribution to the thermal
conductivity.

5.1 Scientific Background

Presentation of the System

YbRh2Si2, crystallizing in a tetragonal ThCr2Si2-structure has been first synthesized and
studied down to very low temperatures as a candidate for a system very close to a QCP in
1999 [201, 222] (panel a) of figure 5.1). It becomes antiferromagnetic (AF) at low tempera-
ture, TN ≈70mK (TN is the Néel temperature) [223], with strong deviations from the Fermi
liquid behaviors: non-Fermi liquid behavior (NFL) has been seen by transport (ρ ∼ T ) and
thermodynamic measurements. At very low temperature (typically below 30mK), in the AF

state, Fermi liquid behavior is recovered. A field of H
//c
c =0.6T (H//c) or H⊥c

c =60mT (H⊥c)
is enough to drive the system back to the paramagnetic phase, leading to a field induced QCP
[61]. By applying pressure [108] or by chemical doping [36, 49, 116], a complex phase dia-
gram appears, where paramagnetism, antiferromagnetism and ferromagnetism can be found,
indicating a complex competition between the different orders. Below TN , YbRh2Si2 exhibits
weak antiferromagnetism with small moment µord ≈ 2 · 10−3µB (compared to µeff ≈ 1.4µB
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Figure 5.1 Panel a) the tetragonal structure of YbRh2Si2 (from [238]). Panel b) the low field phase
diagram of YbRh2Si2, with H⊥c. AF is the antiferromagnetic phase and LFL the paramagnetic phase
with a Fermi liquid behavior. T ∗ is a crossover between the two regimes corresponding to the nature of
the QCP (Kondo breakdown or Lifshitz transition), TK is the coherence temperature and a topological
transition is suspected to occur at H0 [169]. Note that in the configuration H//c, a similar phase
diagram is found. From [63].

found via the Curie-Weiss law) [89, 37, 90].

In addition to the confirmation of the NFL behavior, Hall effect and thermodynamic
measurements have shown the existence of a characteristic temperature T ∗ from the QCP,
independent of the Fermi liquid regime [151] and is attributed to the crossover between the
low field (H < Hc) and high field (H > Hc) regime [56]. The phase diagram is displayed
on panel b) of figure 5.1. TK represents the coherence temperature, and a Fermi surface
reconstruction is suspected to occur at H0 [169, 163].

One open question in YbRh2Si2 is the nature of the QCP: several mechanisms can be
responsible for a QCP, as magnetic fluctuations, Kondo breakdown or valence fluctuations (see
e.g. [62]). NMR measurements have shown the existence of large ferromagnetic fluctuations
in competition with antiferromagnetic fluctuations [91], which are easily suppressed with the
magnetic field. At the QCP, the compound shows NFL behavior with an increase of the
effective mass, due to critical magnetic fluctuations [90]. It coincides with a change of the
Fermi surface (seen with Hall effect). At least two scenarios can explain this: a Kondo
breakdown QCP, leading to a change of the Fermi surface volume [160], or a simultaneous
antiferromagnetic and topological transition [234]. Numbers of experimental observations can
be interpreted with either scenarios, so that the debate about the nature of the QCP remains
open [55, 66]. Theoretically, the calculation of the Lorenz ratio should discriminate between
these two scenarios, with the violation (or not) of the WFL at the QCP [102].
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Figure 5.2 Panel a) magnetization measurements at very low temperature of YbRh2Si2 with H⊥c,
highlighting the additional transitions. The transition to the A phase (TA ≈2mK) is marked by a
clear peak (as the AF order at TN ) and the B phase by the onset of the hysteresis (the blue line
was the measurements with an increase temperature and the red line with its decrease). Panel b)
low temperature phase diagram. The B-phase is certainly antiferromagnetic and the A-phase is not
determined yet [186].

Wiedemann-Franz law and Quantum Critical Point

However, there is here another debate, more general, to know if, at a quantum critical point,
the WFL will be violated in bulk systems: indeed, some ”extreme” scenarios predict that at a
QCP, quasiparticles should ”desintegrate”. This leads to a finite lifetime of these quasiparticles
down to T=0K, and so to a possible violation of the WFL at T→0K, due to the decreased ther-
mal transport compared to the electrical transport. Despite its simple assumptions, the WFL
is very robust and it is very difficult to violate at zero temperature. Several QCP have been
probed by thermal conductivity, and the validity of the WFL has been observed in CeNi2Ge2,
which is close to a QCP [99], and through the QCP of the strontium ruthenate Sr3Ru2O7

[175]. On the other hand, some violations have already been reported experimentally. To my
knowledge, the first case reported was in the copper-oxides (Pr,Ce)2CuO4 [81], and later in
(Bi,Sr)2CuO6, close to a metal/insulator transition [21, 171]. In CeCoIn5, anisotropic viola-
tion of the WFL has been claimed (depending on the direction of the heat current) near the
QCP [215], which points to an anisotropic destruction of the Fermi surface. Recently, the
violation of the WFL has been reported in YbAgGe [43], but the very complex phase diagram
and the not-so-low measurement temperatures (T>40mK) can give the erroneous conclusions.
Note that none of these claims have been checked by independent measurements. A strong
violation is possible when a spin-charge separation occurs [232], but this situation is closer to
violation due to superconductivity (separation of charge and heat carriers) than to QCP.

Furthermore, erroneous violations have been reported due to extrinsic effects (like bad
contacts on the sample): the first measurements of the thermal conductivity in MgB2 reported
strong deviation of the WFL at low temperature [196], and other measurements on different
samples validated the law [197]. These examples show that only few compounds exhibit
violation of the WFL, confirming its robustness. An experimental limitation, responsible
for the lack of experimental data on the violation (or not) of the WFL at the QCP, is that
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it often lies inside a superconducting dome (the extrapolation at zero temperature may be
thus not enough accurate to conclude on its violation), and the number of systems without
superconductivity at the QCP is rather limited. In YbRh2Si2, the validity of the WFL is not
clear, and measurements by other groups have opposite conclusions about its violation [164] or
not [124, 173]. An additional difficulty in this system is the presence of very low temperature
phase transitions below TN detected by magnetization measurements (see panel a) of figure
5.2) [185, 186]: a transition occurs at 12mK, which seems to be also an antiferromagnetic
order, and disappears for H>5mT. Another one lies at 2mK (not determined yet), which is
less sensitive to the field (see panel b) of figure 5.2). These transitions can produce additional
magnetic fluctuations, and influence the inelastic scattering of the thermal conductivity at
unusually low temperatures. With this in mind, measurements on YbRh2Si2 at very low
temperature have been done at several fields, below the critical field and at several fields
above.

Note also that new physics happens at higher field in YbRh2Si2: at 9.5T, the system seems
to lose its heavy fermion character [218] with a strong decrease of the effective mass, and with
another possible Lifshitz transition [169, 163], with a strong increase of the magnetization.
Our measurements, however, were confined to fields below 4T.

5.2 Description of the Debate

Before arguing on the violation or the validity of the WFL at the QCP, let us first review
where the debate comes from.

The figure 5.3 shows the thermal and electrical resistivity (wth = L0T/κ), measured by
Pfau et al. [164], for H < Hc at 0T (panel a), close to the QCP at 60mT (panel b) and
above the critical field (0.3T (panel c) and 1T (panel d)). At 0T, a kink is visible at 70mK,
corresponding to the Néel temperature. The Lorenz ratios at 0T and 60mT are displayed
panel e, and at 0.3T and 1T panel f. At 0T and 60mT, the Lorenz ratios are very similar,
indicating that the magnetic field has an effect mainly on the elastic electronic scattering
(same effect on the electrical and thermal resistivities). However, below 30mK, the Lorenz
ratios increase to become superior to 1, indicating the existence of an extra heat channel.
This is very unusual at such low temperatures, where only the electrons usually contribute
to the thermal resistivity. The appearance of this new channel can be attributed to magnons
due to the low Néel temperature, or due to fluctuations caused by the lower temperature
transitions (see figure 5.2), or maybe both. Anyway, in Pfau’s paper, it is supposed that the
WFL is expected to be verified at zero field when T→0K, and the thermal resistivity should
increase again at lower temperature, and reach the value of the electrical resistivity.

The measurements at 60mT, very close to the QCP, show the same behavior at low
temperature. In that case, deviations is attributed to the overdamped magnons. At 0.3T and
1T, such deviations are not seen, maybe due to the not low enough temperature measurements
(T>60mK at 0.3T and 1T).

This low temperature feature is the reason why the violation of the WFL (or not) in
YbRh2Si2 is still under debate: it appears at very low temperature (below 30mK), and the
measurements done in the literature do not go at such low temperature at every fields mea-
sured [164, 124, 173]. The whole point is to know how one should subtract the extra contri-
bution, in order to extrapolate the electronic quasiparticle thermal conductivity κel/T down
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Figure 5.3 Thermal (wth) and electrical (ρ) resistivities, measured by Pfau et al. [164], below Hc at
0T (panel a), close to the QCP at 60mT (panel b) and above Hc (0.3T (panel c) and 1T (panel d)).
The Lorenz ratios at 0T and 60mT are displayed panel e, and at 0.3T and 1T panel f.

to 0K, and compare it to charge transport.

In our study, we endeavored to extend the measurements to temperatures as low as pos-
sible, and, by making analysis similar to those made in UCoGe, we intended to check of the
measurements were compatible or not with the WFL.

5.3 Technical Description

The measured sample was grown by indium flux, the good quality single crystal is confirmed by
the high RRR, RRR≈ 65. It is bared shape along the [110] direction (perpendicular to the c-
axis) and its large length, 1.5*0.14*0.14 mm3, give the opportunity to have a large geometrical
factor (l/S≈555cm−1), facilitating the measurements. The magnetic field was applied parallel
to the current (longitudinal configuration: H//jQ//[110]), up to 4T. The low field regimes
were measured with a Hall sensor, to know precisely the value of the magnetic field applied.
The experimental setup was the one used for UCoGe. Thermal conductivity was checked
to be independent of the heat gradient applied, which was in the range ∆T/T ∈ [0.5, 20%].
Pictures of the sample on the thermal conductivity stage are shown figure 5.4.
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Figure 5.4 Sample of YbRh2Si2 on the thermal conductivity set-up.

A special effort has been done to perform the measurements at the lowest temperatures.
Except at 3T and 4T, the thermal conductivity (with the electrical resistivity) has been
measured down to 10mK, and the resistivity at 0T down to 7mK. To be able to distinguish
the non electronic contribution, κ has been measured up to 7K at each field.

5.4 Results of the Very Low Temperature Measurements

Before showing the complete analysis of YbRh2Si2 under field, this subsection will only focus
on the very low temperature measurements.

Comparison between H=0T and H=Hc

The figure 5.5 shows the thermal and electrical resistivities (wth = L0T/κ) at 0T (in red) and
close to the QCP at 70mT (in blue), with a zoom in the low temperature part (upper inset)
and the Lorenz ratio (lower inset). At 0T, a nice kink is visible at 70mK by electrical and
thermal resistivity, corresponding to the Néel temperature. The results of our measurements
are similar to those obtained by Pfau et al.. Thermal and electrical resistivities are very
similar at 0T and 70mT above 1K. However, the Lorenz ratios are identical down to 70mK.
Below 3K, the thermal resistivity is higher than electrical resistivity (so with a Lorenz ratio
inferior to 1), indicating the electrical quasiparticle thermal conductivity is dominated by
inelastic scattering. However, below 25mK, the Lorenz ratios increase to become superior to
1, in agreement with previous results [164].

Below 0.1K, the magnetic field affects the thermal resistivity only in the neighborhood of
TN=70mK, whereas the influence of the field is more prononced on the electrical resistivity.
Furthermore, between 0T and 70mT, the Lorenz ratio is almost field independent, despite
strong critical fluctuations around TN , leading to marked anomalies on ρ and wth in zero field.
This may indicate that these critical fluctuations are mainly horizontal processes (dominated
by large q0), and therefore affect similarly ρ and wth, or that the excess of vertical processes
at TN is compensated by the additional channel of the spin fluctuations. Below 50mK, the
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Figure 5.5 Thermal (wth) and electrical (ρ) resistivities at zero field (in red) and 70mT (in blue).
The upper inset shows the zoom in the low temperature part. The lower inset displays the Lorenz ratio.

thermal resistivities are identical, but not the electrical resistivities: a simple explanation is
that the thermal resistivity is no longer dominated by the electronic quasiparticle contribution
but by another one, almost field independent below 70mT. The fact that this effect appears
below the Néel temperature reveals the possible magnetic nature of this new contribution.
In any case, no phonon contribution is expected in this temperature range. Furthermore,
the insensitivity to the field between 0T (in the antiferromagnetic state) and 70mT (in the
paramagnetic state) seems to indicate that the contribution is not induced by magnons (which
should be absent at 70mT), but more likely by magnetic fluctuations, and that they have the
same nature at 0T and 70mT.

Field Dependence

The field dependence of the thermal conductivity of this very low temperature feature is
shown figure 5.6, up to 0.1T. In inset is shown the corresponding electrical resistivity. With
the increase of the field, (and the decrease of the Néel temperature), κ/T increases, except
at very low temperatures (below 25mK), whereas the electrical resistivity is field dependent
in the whole temperature range (except at low temperature in the AF state). This result is
the same as the one displayed figure 5.5: the thermal conductivity is barely affected by the
magnetic field at low temperature, even in the paramagnetic state.

The stronger increase of κ/T by decreasing the temperature below 20mK is better seen of
the Lorenz ratio, figure 5.7 up to 0.5T, with the thermal conductivity in inset. Note that the
Lorenz ratio does not extrapolate to 1, but to 0.97 (L(T→0K)≈ 0.97L0), the extrapolated
value for fields higher than 0.5T (see also figures 5.12). This feature is robust as it happens at
each field, this may be intrinsic or due to a small experimental error. Nevertheless, the fact
that this value does not change with the field means that it cannot be seen as a violation of
the WFL at the QCP. In the following, particularly to deduce the electronic contribution, the
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Figure 5.6 Thermal conductivity and electrical resistivity (in inset) of YbRh2Si2 below 0.1K and
below 0.1T. The vertical dashed lines represent the Néel temperature at zero field.

Lorenz number taken is the value found for T→0K, and is called L0 = 0.97L0. Back in figure
5.7, the horizontal dashed line represents L = L0 = 0.97L0. The deviation of the Lorenz
ratio at very low temperatures occurs at least up to 0.5T, much higher than the critical field
Hc=0.06T.

The fact that the deviations occur for fields much higher than Hc (up to 1T in our
measurements) confirms that magnons cannot be responsible for the extra contribution, as it
occurs in the paramagnetic state. By increasing the magnetic field, the deviation of the WFL
is getting smaller, which means that the effect responsible for this disappears.

Study of the Low Temperature Extra Contribution

This situation is similar to what has been observed in UCoGe: an extra contribution, maybe
due to magnetic fluctuations, appears at low temperatures. To be able to estimate the low tem-
perature extra contribution, a study similar to UCoGe is performed: the thermal conductivity
at very low temperatures was supposed being composed of only the electronic quasiparticle
contribution and this extra contribution, i.e. κ = κel + κLT

extra. To estimate κel, we used the
same formula used to study UCoGe (expression 4.3 of the section 4.2.2):

κel

T
=

L0

ρ0 + α(ρ − ρ0)
(5.1)

The α term (superior to 1) represents the effect of the inelastic scattering on κ. At these very
low temperatures (below 0.1K), it is reasonable to suppose that this hypothesis is correct.

The figure 5.8 shows the thermal conductivity at very low temperatures (T<0.1K) at zero
field, at 70mT (close to Hc) and at 0.27T (far above Hc). For the three fields, the best value
of α is the same, with α = 2.2. The determination of κel this way seems correct only at very
low temperature at 0T and 70mT, and in a larger temperature range at 0.27T.
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Figure 5.9 Estimation of the very low temperature extra contribution to the thermal conductivity at

0T, 70mT and 0.27T. No significant changes are seen between 0T and 70mT, indicating that κLT
extra

has certainly the same origin at both fields. κLT
extra exists for field higher than Hc, but the signal is

smaller.

With this approximation, it is possible to estimate the extra contribution at very low
temperatures, κLT

extra = κ − κel. The comparison of κLT
extra/T at 0T, 70T and 0.27T is shown

figure 5.9. No significant change of κLT
extra/T is visible between 0T and 70mT, indicating

the possible same origin at both fields. For fields higher than Hc, the extra contribution is
still detectable, but with a smaller signal. This conclusion does not depend on the way to
determine κel, a different model gives the same results (see the next section for the description
of the model from the measurements for T>40mK, the results obtained on the determination
of κLT

extra/T are shown in the Appendix .3).

As a conclusion of this part, the extra contribution is seen at fields below and above the
critical field Hc with no peculiar evolution except for a gradual decrease with the applied mag-
netic field. This has been deduced with an hypothesis for electronic quasiparticle contribution
which also has no peculiar evolution accross Hc (α=2.2=constant).

Concerning the WFL, it is not possible to conclude by direct measurements its violation or
not: measurements should be extended at lower temperatures, down to the mK temperature
range (see figure 5.2). Note however that our data, which are perfectly compatible with those
by Pfau et al., can be analysed supposing a valid WFL.
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5.5 General Results

The previous paragraph was dedicated only to the very low temperature measurements under
fields. Nevertheless, the measurements were performed up to 7K and 4T. The following is the
description and the discussion of these results at higher temperatures.

5.5.1 Description

For visibility reasons, the results below 1T and above 1T are shown in separated figures.

The measurements are displayed on figures 5.10 (the resistivity) and 5.11 (the thermal
conductivity). At low temperatures (below 1K), the magnetic field drives the system toward
a Fermi liquid behavior (the resistivity goes from a linear to a quadratic temperature depen-
dence). Above 0.1T, the upward curvature of ρ is more and more pronounced in the whole
temperature range with the increase of the field: the inelastic term of the resistivity decreases
strongly with the increase of the magnetic field (decrease of the A coefficient of the resistivity
law, in the case of a Fermi liquid behavior: ρ = ρ0 + AT 2). The temperature at which the
Fermi liquid behavior is recovered increases with the magnetic field, as the system is driven
away from the magnetic instability.

At the same time of the appearance of the Fermi liquid behavior, the thermal conductivity
stops ”diverging” at low temperature but saturates instead. From 2T, a maximum appears
in κ/T at low temperatures (≈0.2K), and the value of the maximum and the temperature
where it appears seem to increase with the magnetic field.

In insets are shown the measurements up to 7K. Above 1K, the resistivity decreases
with the magnetic field (inset of figure 5.10), but the thermal conductivity has a much less
pronounced field dependence (inset of figure 5.11). This seems to indicate that the thermal
conductivity is dominated at high temperature (above 1K) by extra contributions in addition
to the electronic quasiparticle one.
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Figure 5.10 Electrical resistivity of YbRh2Si2 below 1K and 1T (left panel) and above 1T (right
panel). In insets are shown the same quantities in the whole temperature range.

The Lorenz ratio is displayed figure 5.12, with the low field measurements (H<1T) on the
left and the high field one (up to 4T) on the right.

At low field (up to 0.1T), between 0.1K and 0.5K, the Lorenz ratio is below 1, and
almost constant down to 0.1K, with L/L0 ≈ 0.87. Below 0.1K, L/L0 increases rapidly when
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displayed the Lorenz ratios in the whole temperature range.

the temperature decreases and goes above 1. The field range were the Lorenz ratio shows
the plateau is approximately the same where the Seebeck coefficient (S/T ) measured by
thermoelectric power is constant [125] (by rescaling with the critical field, as the measurements
have been performed in the configuration H//c). With the increase of the field, the Lorenz
ratio increases at low temperature. Below 1T, the very low temperature violation of the WFL
is visible at each field.

Above 1T, similarly to thermal conductivity, the Lorenz ratio displays a maximum at low
temperature before reaching its zero temperature value L0. This unusual behavior may be the
signature of the appearance of a new heat channel at low temperature under field or a change
of the electronic quasiparticle contribution, and will be discussed in the next section. Above
2K, the Lorenz ratio decreases with the magnetic field (see the inset of the right panel of figure
5.12). This cannot be the effect of the reduction of a magnetic contribution to the thermal
conductivity (as in UCoGe), indeed κ/T is almost field insensitive above 2K, whatever the
magnetic field (see insets of figures 5.11).
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Field sweep measurements have been performed up to 4T, below the Néel temperature
(45mK), just above (0.1K) and far above (0.5K). The magnetic field dependence of the ther-
mal conductivity and the resistivity of YbRh2Si2 are displayed figure 5.13. In insets are shown
the low field part (below 0.5T). The dashed lines are guides to the eyes to distinguish the
different behaviors, the vertical dotted line represents the critical field at 0K, Hc=60mT. κ/T
and ρ have almost the same behavior, as respect from the WFL, I will thus only discuss the
thermal conductivity results. At 45mK, κ/T is almost constant below 50mT, and then in-
creases rapidly before reaching a maximum at 0.2T. Above this field, the thermal conductivity
decreases linearly with the field. A similar behavior is seen at 100mK, with a maximum at
0.5T, and at 0.5K with a much broader maximum at 2T. The field at which the step-like in-
crease begins is raising up with the temperature, and this increase becomes broader at higher
temperatures.
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Figure 5.13 Left panel: thermal conductivity in function of the field below the Néel temperature
(45mK), just above (0.1K) and far above (0.5K). Right panel: corresponding resistivity. In insets are
shown the low field part (below 0.5T). The dashed lines are guides to the eyes to highlight the changes
of regimes, and the vertical dotted line represents the critical field at zero temperature (Hc=60mT) as
a reference.

The Lorenz ratio is shown figure 5.14 in the whole temperature range (left panel) and
below 1T (right panel). As for the thermal conductivity and the resistivity, dashed lines have
been added as guides to the eyes to distinguish different regimes. At 45mK and 0.1K, two
regimes are visible: below approximately 0.2T, the Lorenz ratio varies rapidly, and then much
less above this field. Above 0.2T, at 45mK, the Lorenz ratio decreases slowly with the field,
and at 0.1K, it is almost constant up to 4T, with L/L0 ≈ 0.97. At 0.5K, a minimum appears
at 0.45T, as reported in previous studies [164, 163, 124], which is believed to be related to
T ∗, the crossover between the low field and high field regime (see the phase diagram figure
5.1). By looking at the low field part at 45mK and 0.1K, the Lorenz ratio is almost constant
below 60mT and 0.12T respectively, followed by a step-like increase. At 45mK, the step-like
increase seems to start at 60mT, the critical field, but the noise in the measurements prevents
to determine precisely the onset. The constant Lorenz ratio at low field does not seem related
to the Néel temperature, as it is visible at 0.1K up to 0.1T. This plateau is maybe also linked
to the constant Seebeck coefficient measured at low field [125].
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5.5.2 Analysis

Resistivity

The study of the resistivity gives the A coefficient and the residual resistivity ρ0, when the
Fermi liquid behavior is expected: ρ = ρ0 + AT 2. The values found, shown figure 5.15, are
in agreement with the results reported in the literature: the A coefficient decreases strongly
above the critical field, and the residual resistivity is constant in the antiferromagnetic state,
decreases abruptly at the critical field and then increases linearly. The A coefficient is found to
follow the law A ∼ H−1 close to Hc (but above), then A ∼ H−0.5 state above 0.4T, similar to
what has found Knebel et al. [108], but in disagreement with the measurements of Gegenwart
et al. [61]. Note that below 0.1T, the A coefficient is poorly defined: the fits are done below
40mK.

Study of κ at High Temperatures

The next step is an attempt to decompose the thermal conductivity into the different contri-
butions. Like for UCoGe, the heat channels are assumed to be additive: κ = κel +κph +κextra.
Only the electron-phonon scattering is assumed to limit the phonon contribution, leading to
κph = PT 2, with P a temperature and field independent parameter.

The very low temperature part (below 30mK) has been discussed in the previous section
and thus will not be discussed here. As L/L0 < 1 in a large range of temperatures, and
the deviation above 1 at high temperature (T>3K) is moderate (L/L0 is always below 2 at
7K), we will first assume that only the electrons and the phonons contribute to the thermal
conductivity, i.e. κextra = 0.

In YbRh2Si2, it has been seen by NMR and neutron scattering that magnetic fluctuations
are present [91, 204]. At zero field, by lowering the temperature, the magnetic fluctuations go
from commensurate (similar to a ferromagnet above the Curie temperature) to incommensu-
rate fluctuations (in the (a,b) plane). By applying a magnetic field, ferromagnetic fluctuations
are also detected [204]. These ferromagnetic fluctuations are even dominant in the paramag-
netic state down to 0.2K. This is in line with the proximity of ferromagnetic order by applying
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pressure and chemical doping [108, 116]. That is why, except at low temperatures/low fields,
YbRh2Si2 is seen as a ferromagnet above its Curie temperature.

The effect of ferromagnetic spin fluctuations on electrical and thermal resistivities (ρ and
wth respectively) have been predicted by Ueda and Moriya1 [224]. When T≫ TCurie:

ρ = ρ0 + aT (5.2)

wth = w1 + w2 (5.3)

= BT + ρ (5.4)

In the case T≫ TCurie, Ueda’s theory predicts a linear behavior of the resistivity, which
is true in a large range of temperature for each field measured here (see figure 5.10), but
not at low temperature. As a consequence, the equation 5.4 is a justification of the model
used to determined the electronic quasiparticle thermal conductivity in UCoGe, by taking
into account the inelastic scattering with an α term (equation 4.3), with α independent of
the temperature.

In the following, I will not try to decompose the electrical resistivity, and the next expres-
sion is used for the electronic thermal conductivity:

κel

T
=

L0

wth
=

L0

ρ + BT
(5.5)

Such a type of electronic thermal conductivity has already been used in non-Fermi liquid
regime, like in the weak ferromagnet ZrZn2 [194].

1For the thermal resistivity, Ueda used the definition wUeda
th = 1/κ in his paper, whereas I used here the

same one as used previously, that is to say wth =
L0T

κ
= wUeda

th T.L0.
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By now, we have the formula for the thermal conductivity:

κ

T
=

κel

T
+

κph

T
(5.6)

=
L0

ρ + BT
+ PT (5.7)

The expression 5.7 is very simple, as ρ is determined experimentally and the parameter
P is field independent. Only the parameter B can vary with the field.

At low field, in the antiferromagnetic state and at the proximity of the QCP, the system
is dominated by antiferromagnetic fluctuations, and thus the expression 5.7 is no longer valid.
At high field (above 1T), the thermal conductivity shows a maximum at around 0.1-0.2K,
certainly due to the appearance of a new heat channel, and is not incorporated in expression
5.7. Both features will be treated later on. As a consequence, the first analysis are done at
high temperatures (basically above 1K), where the system is supposed to be dominated by
ferromagnetic fluctuations.

The figure 5.16 shows the best fit of the thermal conductivity at high temperatures using
formula 5.7. To see the deviation, the fit is extended to the lowest temperatures. At high tem-
peratures, the expression 5.7 reproduces rather well the measurements. At low temperatures,
two regimes are present: at low field, the fit (in black) overestimates the thermal conductivity
(in red) whereas at higher field (above 0.5T), the fit underestimates the thermal conductivity.

At low field, the deviation might come from the appearance of the antiferromagnetic
fluctuations [204]: YbRh2Si2 cannot be seen anymore as a ferromagnet above the Curie
temperature at low temperatures. Above 0.2T, the estimated thermal conductivity does not
overestimate anymore the total thermal conductivity: the antiferromagnetic fluctuations may
have been totally suppressed by the magnetic field, and the simple model used could be valid in
the whole temperature range. However, an additional deviation appears above 0.5T and keeps
growing and spreading at higher temperatures with the magnetic field. This could be due
either to an additional contribution, or to a change of the electronic thermal conductivity. As
L/L0 remains below 1, our measurements cannot discriminate between these two possibilities.

With this study, the parameter P describing the phonon thermal conductivity has been
found to be equal to P = 0.022 W.K−3.m−1, close to 0.017 W.K−3.m−1, found by Pfau et
al. [164]. The coefficient B increases linearly with the magnetic field, as shown figure 5.17.
One suggestion to explain the increase is that in Ueda and Moriya’s theory, the coefficient
B is inversely proportional to the density of state of the electrons responsible for the ferro-
magnetic fluctuations (the d-electrons in their theory, the f ones in our case). Specific heat
measurements have shown that the Sommerfeld coefficient decreases with the magnetic field
[63], which is proportional to the electronic density of state. Thus, the decrease of the elec-
tronic density of state with the field might explain the increase of the B coefficient, which
remains counter-intuitive: in UCoGe, ferromagnetic fluctuations were instead suppressed by
an applied field, in which case, a decrease of B is expected, not the inverse.

Due to the good agreement between the fits and the measurements, the formula 5.7 is
keeped for the following studies. This formula will be completed to reproduce the thermal
conductivity in the whole temperature range.

Study of κ above 0.5T

Above 0.5T, the total thermal conductivity is inferior to our first estimation, with the maxi-
mum of deviation between 0.1K and 0.4K. I assume that this results from a new contribution
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Figure 5.16 Thermal conductivity (in red) and the fit using formula 5.7 (in black) at each field. At
low fields, the thermal conductivity is overestimated whereas it is underestimated at high fields.
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Figure 5.17 Evolution of the B coefficient with the magnetic field. The dashed line is a linear fit.

to the thermal conductivity, and which is not an electronic quasiparticle contribution, as the
Lorenz ratio goes through a maximum. I will thus add a term κextra to the expression 5.7.

The figure 5.18 shows the quantity κextra = κ−κel −κph. This extra contribution increases
with the magnetic field, indicating most likely a magnetic origin, or that the magnetic field
drives the system closer to the transition responsible for this extra contribution (or at the
opposite, the system is getting further the transition which ”blocks” the fluctuations). The
slope at low temperature is the same for each field, but the maximum intensity increases with
the magnetic field and the bandwidth spreads out. The straight lines are a fit using a model
described in the Appendix .2.

The figure 5.19 shows the field dependence of the maximum of κextra/T and the temper-
ature at which the maximum occurs, called Tmax. Both quantities appears at around 0.2T,
with first a strong increase with the field. The maximum seems to saturate above 2T whereas
Tmax increases linearly.

A more refined treatment of the study κextra/T is given in the Appendix .2, with a model
with the initial increase, the maximum and the decrease as parameters, and similar behaviors
has been observed. This model gives the straight lines of figure 5.18.

It seems that the extra contribution is linked to the QCP. One possible explanation is that
with the magnetic field, antiferromagnetic fluctuations disappear in favor of ferromagnetic
fluctuations. Their coherence length is very small, ξ ≈ 6Å, but larger than 4f -site [204].
This means that they are slightly delocalized and can thus be a medium to transport heat,
the same way as UCoGe. If ferromagnetic fluctuations are strengthened with the field, this
explains why the extra contribution is getting more and more important with the field.

Another possible origin is the presence of a transition at 3.5T and 9.5T [169, 163], at-
tributed to band structure effects, which can induce additional fluctuations in the system. In
this case, the origin of this extra contribution is not magnetic, and its increase in amplitude
with H is due to the fact that the transition is getting closer by increasing the field, and thus
the amplitude of the fluctuations increases.
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Figure 5.18 Extra contribution to the thermal conductivity, defined as κextra = κ − κel − κph, for
fields above 0.5T. This extra contribution increases and spreads in temperature with the magnetic field.
The straight lines are its estimations using formula 15 (see Appendix .2).

To discriminate between these two hypothesis, measurements at higher field are necessary.

Study of κ below 0.5T

Below 0.3T, where the electronic specific heat shows a logarithmic dependence, C/T ∼ log(T ),
the simple formula 5.7 overestimates the thermal conductivity below 1K. The explanation
given is that at low fields, low temperatures, the system is dominated by antiferromagnetic
fluctuations instead of ferromagnetic ones.

As the thermal conductivity is smaller than the electronic one deduced simply with the
Lorenz ratio, the mechanism responsible for this deviation is expected to be electronic (due
to inelastic scattering, electron-phonon scattering. . . ). In order to estimate the electronic
contribution, an expression similar to the formula 5.5 is taken, but the additional term to the
electronic thermal resistivity is supposed to be a power law, leading to:

κel

T
=

L0

wth
=

L0

ρ + B′T m

where the power law m is fixed for all fields. By fitting all the data altogether, the better
fits have been found for m = 0.5. To my knowledge, there is no theory which predicts this
exponent. Nevertheless, for temperatures and fields below 1K and 0.2T respectively, the
following expression has been used for the thermal conductivity:

κ

T
=

κel

T
+

κph

T
(5.8)

=
L0

ρ + B′
√

T
+ PT (5.9)

The P coefficient is the one found previously, P=0.022 W.K−3.m−1. The evolution of the
B′ parameter is shown figure 5.20. It slightly decreases with the magnetic field. The figure
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5.21 shows the thermal conductivity and the estimated one using formula 5.9 at low field and
below 1K. It has to be noted that the disappearance of the square root law does not coincide
with the appearance of the new contribution studied in the previous paragraph: the square
root law disappears above 0.26T, whereas the new contribution is visible from 0.17T.

The formula 5.9 reproduces again rather well the measurements between 30mK and 1K, as
it is shown figure 5.21. In my model, the additional term to the electronic thermal resistivity
goes suddenly from a linear behavior above 1K to a square root below 1K. The linear coefficient
would rather decrease with the appearance of the incommensurate fluctuations and the square
root one would increase on the opposite way.
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Figure 5.21 Thermal conductivity (in red) and the estimate one using formula 5.9 (in black) at each
field. This simple model reproduces very well the bare data except at very low temperature.
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5.6 Conclusion

The thermal conductivity measurements of YbRh2Si2 at very low temperatures cannot con-
clude convincingly for the violation (or the validity) of the WFL at the QCP. However, our
results can be interpreted without its violation.

Interestingly, the thermal conductivity measurements agree with the neutron scattering
measurements, that is to say YbRh2Si2 is dominated by ferromagnetic fluctuations at high
temperature and under field, and it has been possible to use Ueda and Moriya’s theory
(effect of the spin fluctuations on the thermal resistivity in the weak ferromagnet) where the
ferromagnetic fluctuations are expected.

From 0.3T, an additional deviation appears. Neutron scattering experiments have seen
that the magnetic structure is complicated at high field, and have observed a resonance energy
that grows with the magnetic field. The deviation seen by thermal conductivity may be related
to this resonance, or from the transitions seen at 3.5T and 9.5T, which are believed to be
topological transitions. Further experiments at higher fields are necessary to go further in the
study of this deviation. Moreover, the measurements in a sample with a lower RRR would
decrease the electronic quasiparticle thermal conductivity, and the study of this new regime
would be easier if it comes from the appearance of an additional contribution.
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Conclusion

Transport studies in the superconducting ferromagnet UCoGe have shown the importance of
the magnetic fluctuations at low temperatures. Thermal conductivity decreases strongly with
the magnetic field when it is applied along the easy magnetization axis (the c-axis), which
cannot be explained only by the magnetoresistivity and so reveals an additional channel of heat
transport due to spin fluctuations. The results are consistent with the NMR measurements,
which have shown that the longitudinal magnetic fluctuations are strongly suppressed when
H//c and barely affected when H⊥c. This similarity suggests that the longitudinal magnetic
fluctuations detected by NMR are responsible for a heat channel, which is measured by
thermal conductivity. This extra contribution above the Curie temperature has the same
order of magnitude in all the samples measured (RRR from 16 to 150) and its dispersion
is rather isotropic (very similar for the heat current applied along the three crystallographic
directions).

For temperatures below the Curie temperature (T.2.5K), the extra contribution changes,
and a strong anisotropy appears between the three crystallographic directions. The signal
is very small (barely detectable) when the heat current jQ is applied along the a-axis (the
hard axis), small when jQ//c and strongly increases below 1K when jQ//b. This strong
anisotropy between the different axis at the Curie temperature has already been seen by
thermal expansion. This ”new” low-temperature contribution can emerge from two effects:
the first is that it originates from ferromagnetic magnons (below TCurie) instead of magnetic
fluctuations. The other explanation is that a drastic change of the Fermi surface is predicted to
occur at the ferromagnetic transition, which can induce a change in the excitation spectrum.
This seems more likely, owing to the strong Ising anisotropy of UCoGe.

XMCD measurements have also been performed in the normal phase of UCoGe, at 3K,
again in the configurations H//c and H//b up to 17T. When H//c, a ferro-to-ferrimagnetic
transition is expected at 9T, and a Lifshitz transition at 11T when H//b. Both transitions
have not been detected by XMCD measurements, maybe due to the too high measurement
temperature. However, the presence of a ferrimagnetic state seems unlikely in UCoGe as we
have found that the magnetic moment carried by the cobalt is parallel to the magnetic field
and thus to the total moment of carried by the uranium.

Thermal conductivity has also been used to study the superconducting state, first at zero
field to study the anisotropy and then under field in the configurations H//c and H//b. The
thermal conductivity measured with the heat current along the three directions (jQ//a, jQ//b
and jQ//c) did not show strong anisotropy and the temperature dependence of κ/T is similar
at 0T. However, the presence of inhomogeneities and defaults in the measured samples can
prevent a definitive conclusion, and measurements in samples with better RRR are needed to
conclude unambiguously.
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A robust result is that multigap superconductivity has been detected in UCoGe, both by
the temperature and the field dependence of κ/T , as it could be expected for ferromagnetic
superconductors. An open question is to know if the multigap superconductivity comes from
the polarization of the Fermi surfaces due to the ferromagnetism (superconductivity of major-
ity and minority spins), or if it has the same origin as for the other multigap superconductors,
that is to say the superconductivity of bands of different effective masses.

The other studied compound was YbRh2Si2, by transport measurements. Very low temper-
ature thermal conductivity measurements (down to 9mK) have been performed under field,
close to the magnetic quantum critical point. As reported in previous measurements, κ/T
increases at very low temperatures. However, this increase of the thermal conductivity exists
for fields above and below the critical field, which indicates that the effect responsible for this
is not specific to the critical field. This prevents to conclude unambiguously on the validity
of the Wiedemann-Franz law. However, our results can be interpreted entirely by supposing
that the Wiedemann-Franz law is obeyed.
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Perspectives

To complete the studies performed in this thesis, several additional experiments on UCoGe
are needed. The easiest is to complete the upper critical field up to 15T, and with the field
along the a-axis. At the view of the bulk Hb

c2
, it seems unlikely that slope of the bulk Ha

c2
is

the same, as measured by resistivity measurements.
The other important point to complete is the measurements the anisotropy of the ex-

tra contributions at low temperature. If, above 2K, the extra contributions have for origin
the longitudinal ferromagnatic fluctuations detected by NMR, they should be almost field
independent when H//a, similarly to the case H//b. This has to be verified.

Preliminary results seems to indicate that this extra contribution below 2K is almost zero
when jQ//a, but this has to be confirmed. Moreover, it could interesting to study the very low
temperature extra contribution in the configuration jQ//b in a sample with a lower electronic
contribution (lower RRR). This very low temperature extra contribution, in that case, should
be easier to extract and thus to study.

Concerning YbRh2Si2, it is not possible, from my point of view, to go further in the study
of the violation of the Wiedemann-Franz law, as it should imply measurements at too low
temperatures, and the transition at 2mK could anyway prevent any unquestionable conclusion.
What could be done however is the study of the very low temperature thermal conductivity
on a different sample, to see the effects of the quality on this strong deviation.

The second interesting point in YbRh2Si2 is the study of the extra contribution that
appears from 1T at around 0.5K. Its origin is not known, and measurements at higher fields
or/and with the current in the other direction (jQ//c), in samples with lower RRR, can help
in its study and discriminate some scenarios.
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Conclusion en Français

Les mesures de transport dans le supraconducteur ferromagnétique UCoGe ont montré l’im-
portance des fluctuations magnétiques à basses températures. La conductivité thermique
diminue fortement avec le champ magnétique lorsque celui-ci est appliqué selon l’axe de facile
aimantation (l’axe c), ce qui ne peut pas s’expliquer en prenant uniquement en compte la
magnétorésistivité. Cela révèle l’existence d’un cannal de chaleur additionnel causé par les
fluctuations de spin. Les résultats sont cohérents avec les mesures de RMN, qui ont montré
que les fluctuations magnétiques longitudinales sont fortement diminuées lorsque H//c et
faiblement affectuées lorsque H⊥c. Cette similarité suggère que les fluctuations magnétiques
longitudinales détectées par RMN sont responsables du canal de chaleur vue par conductivité
thermique. L’amplitude de cette contribution supplémentaire au dessus de la température de
Curie a le même ordre de grandeur dans tous les échantillons mesurés (avec un RRR allant de
16 jusqu’à 150) avec une dispersion plutôt isotrope (très similaires pour le courant de chaleur
appliqué selon les trois directions cristallographiques).

Pour des températures inférieures à la température de Curie (T.2.5K), la contribution
supplémentaire change, et une forte anisotropie apparâıt entre les trois directions cristallo-
graphiques. Le signal est très faible (à peine détectable) lorsque le courant de chaleur jQ est
selon l’axe a (de difficile aimantation), petit lorsque jQ//c et augmente fortement sous 1K
lorsque jQ//b. Cette forte anisotropie entre les différents axes à la température de Curie a
déjà été observée par expansion thermique. Cette ”nouvelle” contribution ”basse” température
peut avoir deux causes: la première est qu’elle est causée par des magnons ferromagnétiques
(sous TCurie) au lieu des fluctuations magnétiques. La seconde explication est qu’un change-
ment radical de la surface de Fermi est prédis lors de la transition ferromagnétique, ce qui peut
induire un changement dans le spectre d’excitation. Cette explication semble plus vraisem-
blable, étant donné le caractère fortement Ising de UCoGe.

Des mesures de XMCD ont également été réalisé dans la phase normale de UCoGe, à 3K,
toujours dans les configurations H//b et H//c, jusqu’à 17T. Dans la configuration H//c,
une transition de l’état ferromagnétique à un état ferrimagnétique est attendue à 9T, et
une transition de Lifshitz à 11T lorsque H//b. Aucune des transitions n’a été observée par
XMCD, peut-être à cause de la température de mesure trop élevée. Cependant, la présence
d’état ferrimagnétique semble peu probable dans UCoGe, car nous avons trouvé que le moment
porté par le cobalt est parallèle au champ magnétique et donc au moment total porté par
l’uranium.

La conductivité thermique a également été utilisée pour étudier l’état supraconducteur,
d’abord à champ nul pour étudier l’anisotropie, puis sous champ dans les configurations
H//b et H//c. La conductivité thermique mesurée avec le courant de chaleur dans les trois
directions cristallographiques (jQ//a, jQ//b and jQ//c) n’a pas montré de forte anisotropie
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et la dépendance de κ/T avec la température est similaire à 0T. Cependant, la présence de
défauts et d’inhomogénéités dans les échantillons mesurés empêchent une conclusion définitive,
et des mesures dans des échantillons avec des meilleurs RRR sont nécessaires pour conclure
de manière certaine.

Un résultat robuste est le caractère multigap détecté dans UCoGe par les dépendences en
température et en champ de la conductivité thermique, comme attendu pour un supraconduc-
teur ferromagnétique. Une question ouverte est de savoir si la supraconductivité multigap est
causée par la polarisation des surfaces de Fermi par le ferromagnétisme (supraconductivité des
spins majoritaires et minoritaires), ou si elle a la même origine que les autres supraconducteurs
multigaps, c’est-à-dire la supraconductivité des bandes de différentes masses effectives.

Le second composé étudié fut YbRh2Si2, par des mesures de transport. Des mesures de
conductivité thermique à très basses températures (jusqu’à 9mK) ont été effectuées sous
champ, proche du point critique quantique magnétique. Comme constaté par des mesures
précédentes, κ/T augmente à très basses températures. Cependant, cette augmentation existe
pour des champs magnétiques inférieures et supérieures au champ critique, indiquant que
l’effet responsable de cette augmentation n’est pas spécifique au champ critique. Cela empêche
de pouvoir conclure sans ambigüıté la validité de la loi de Wiedemann-Franz, bien que nos
résultats puissent être complètement interprétés supposant cette loi vérifiée.
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Appendix

.1 Phenomenological Model of the Normal State of UCoGe

Several models exist to describe the magnetic contributions of the thermal conductivity, but
are often dedicated to a special system. In this section, I will develop a phenomenological
model to describe more quantitatively the thermal conductivity of UCoGe.

The previous analysis of the normal phase shows the existence of at least two extra heat
channels: one dominant above 1K and another below 1K. κ would be the sum of three
contributions: the electronic quasiparticle thermal conductivity (κqp), a lattice contribution
(κph), and an extra contribution, with probably a ”low”-temperature and a ”high”-temperature
contribution (κLT

extra and κHT
extra respectively). Only the other contributions (κother = κph +

κextra and κextra = κLT
extra + κHT

extra) will be discussed here as κqp has been evaluated in the
subsection 4.2.2.

The measurements are done at low temperature, the lattice contribution is assumed to
be limited only by the phonon-electron scattering, which leads to κph = P.T 2. At first
approximation, the phonon spectra does not depend on the magnetic field, leading to the
parameter P temperature and field independent. Furthermore, it should have the same order
of magnitude between each sample.

For the extra contributions, we used a simple kinetic model2, valid for 1D systems, but
which reproduces well enough the data and allows to extract quantitatively the field depen-
dence of the amplitude and temperature spread of these contributions :

κextra =
d

dT

∑

k

vkǫknklk (10)

with vk, ǫk and lk the velocity, the energy and the mean free path of the magnetic exci-
tations. We took a momentum and T-independent mean free path, as well as a Fermi-Dirac
distribution of the excitations3:

nk =
1

1 + eǫk/kBT
(11)

For a 1D case, expression 10 does not depend on any precise form of vk (which we do not
know anyway). The final form gives the following expression:

2inspired from Hess’ work in the spin ladder system Sr14Cu24−xZnxO41 [79]
3As little are known about these excitations, the simplest form is taken for the distribution. Anyway, the

precise form of the distribution is not important as it gives basically the same results.
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.1. Phenomenological Model of the Normal State of UCoGe

Sample α P MHT ǫHT
max ǫHT

min MLT ǫLT
max ǫLT

min

W.K−3.m−1 W.K−2.m−1 K K W.K−2.m−1 K K

Sc
16 1.14 0.017 0.06 50 5.75 0.018 5.2 1.24

Sc
47 2.29 0.009 0.09 50 3.62 0.022 3.46 0.5

Sa
65 2.4 0.006 0.096 50 3.68 0.003 3.5 0.5

Sc
110 2.5 0.01 0.079 50 3.85 0.054 3.59 1

Sb
150 1.36 0.01 0.072 50 5 0.45 1.4 0.6

Table 1 Calculated coefficients of the analysis of the normal phase with the described model at 0T.

κextra =
M

T 2

∫ ǫmax

ǫmin

exp(ǫ/kBT )

(1 + exp(ǫ/kBT ))2
ǫ2dǫ = M.f(T ; ǫmin; ǫmax) (12)

This expression is similar to a Debye model for the phonon contribution. Here, M is a
constant (proportional to the mean free path) and ǫmin is an energy gap, ǫmax a cut-off. This
very simple model describes remarkably well our data, when two contributions are taken into
account.

To summarize, we fitted this extra contribution by :

κother = κph + κextra,HT + κextra,LT (13)

= PT 2 + MHT f(T ; ǫHT
min; ǫHT

max) + MLT f(T ; ǫLT
min; ǫLT

max) (14)

”HT” and ”LT” mean ”High Temperature” and ”Low Temperature”, P ,MHT and MLT

are the amplitudes of the phonon and the high and low temperature extra contributions
respectively. As the high temperature contribution depends a lot of the value of α and the
low temperature one is less dependent, in the following, the only consistent parameters are
the energy gap of the low temperature contributions ǫLT

min, its amplitude M and its bandwidth
ǫLT
max, but only for sample Sb

150 (better determined due to the well defined maximum).

To determine the coefficients, the following procedure has been followed: as the phonon
contribution is constant with the field, the extra contribution (κextra = κother − κph) should
remain positive at any field. The parameters of both extra contributions should have a smooth
field dependence. Because of the superconductivity, the coefficients ǫLT

min and MLT are not
well defined. In the case H//c, these parameters are imposed from the extrapolation of the
high field measurements (without superconductivity). When the field is along the b-axis, the
superconductivity occurs in the whole field range, the low temperature gap ǫLT

min is thus taken
constant with the field. The upper limit of the high temperature fluctuations ǫHT

max cannot
be determined precisely as the measurements have been done up to 7K, the high value we
find confirms that fluctuations start to appear at high temperature, far above the ordering
temperature. In that sense they are compatible with the fluctuations observed by NMR [74].

The calculated coefficients of each sample at 0T are displayed table 1. The decomposition
of κother/T with our model is displayed in the figure 22 for sample Sc

16 and 23 for sample Sb
150

with H//c and H//b. The decomposition of samples Sc
47 and Sc

110 with H//c are shown
figures 24 and the decomposition at 0T of sample Sa

65 is shown figure 25. Astonishingly, this
simple model with two extra contributions reproduces rather well the thermal conductivity
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Figure 22 Decomposition of the extra contribution in sample Sc
16 at 0T, 2T and 6T. The top line is

with H//c and the bottom line with H//b. Each contribution is represented with the estimated other
contributions (black solid line).

at all fields measured, except for sample Sb
150 for H>4T, because of the orbital effects. It was

not possible to take into account these effects in our model.

The extrapolation of κmag,LT /T is tricky at low temperature in the superconducting state,
as the maximum of this contribution is calculated to be at around 0.5K in each sample. This
is particularly true in sample Sb

150, it is difficult to determine precisely the intensity of the
maximum at zero field. Another difficulty is the determination of the coefficient ǫHT

min and
ǫLT
max (corresponding to the decrease of κmag,HT /T and the increase of κmag,LT /T ) as they are
hidden in the total extra contribution.

It is now possible to extract the different parameters to see the field dependence and to
have a global view of how these contributions evolve with the magnetic field. For visibility
reasons, only the evolution of the parameters of sample Sb

150 will be shown, the other samples
having qualitatively the same field dependence.

Figure 26 shows the normalized amplitude M/MH=0T of the low temperature magnetic
contributions with the magnetic field applied along the c-axis and the b-axis. The amplitude
decreases with the field in both configurations with a similar behavior: it is very sensitive to
the magnetic field, it decreases faster up to 2T then seems to saturate at 10% (H//c) and
20% (H//b) of the initial value.

If we look now at the energy gap of the fluctuations, the magnetic field has only little
influence on the gap of the low-temperature fluctuations (right panel of figure 26). Due to
superconductivity, it was not possible to determine precisely the energy gap at low field when
H//c and within the whole field range when H//b. For the last case, the energy gaps have
been taken constant : ǫLT

min=0.5K. The almost constant gap with the field is surprising and
indicates that it does not depend (or only little) on the magnetization of the sample.

The bandwidth of the low temperature excitation is shown on the same figure: the mag-
netic field has a similar effect on ǫLT

max in both configurations (H//c andH//b). ǫLT
max increases
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with the magnetic field, confirming the spread to higher temperature of the low temperature
contributions. The increase is slightly stronger when H//c.

These observations of the coefficients representing the low temperature contribution are
surprising: whereas the high temperature contribution is almost field independent when
H//b, and decreases strongly when H//c, the low temperature contribution has a simi-
lar field dependence in both field directions. This indicates that the anisotropy of the field
direction seen in the high temperature contribution is absent in the low temperature extra
contribution.

It is tricky to do more quantitative observations, as our model is phenomenological, but the
variation of the parameters show a new feature: the low temperature extra contributions have
a similar field dependence in the configurations H//c and H//b. An open question left for
future studies is to determine if this low-temperature contribution appears indeed only below
TCurie, and if it corresponds to new modes (transverse, despite the Ising character?) related
to the long range ferromagnetic order, or if it is the same origin as the high temperature one,
but with another dispersion due to the predicted drastic change of the Fermi surface at the
Curie temperature [180].
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.2 Study of κ at High Fields in YbRh2Si2

This appendix gives an attempt to describe the extra contribution seen in YbRh2Si2 above
0.5T (see the right panel of figure 5.11 and 5.18), called κextra.

To do so, the extra contribution will be estimated with the same expression as the one
used for UCoGe.

κextra =
M

T 2

∫ ǫmax

ǫmin

exp(ǫ/kBT )

(1 + exp(ǫ/kBT ))2
ǫ2dǫ = M.T.f(T ; ǫmin; ǫmax) (15)

The M coefficient represents the amplitude of the extra contribution, ǫmin is the low tem-
perature increase and ǫmax the bandwidth at high temperature. This gives the thermal
conductivity at high field:

κ

T
=

L0

ρ + BT
+ PT + M.f(T ; ǫmin; ǫmax) (16)

The parameters B and P have been estimated in the main section. Thus, only three
parameters have to be estimated. This simple model reproduces very well the data, as shown
figure 5.18, where the straight lines are the fits with the model, and figure 28 on the total ther-
mal conductivity, except the very low temperature part (below 40mK). The good agreement
between the fits and the data is an argument in favor of the validity of our model.

The figure 27 shows the field dependence of the parameters M (left panel), ǫmin and ǫmax

(right panel). The parameters M and ǫmin increase rapidly from 0.2T to become constant at
0.5T. The decrease below 0.5T can be simply explain by the fact that the signal is very weak
at those fields, with thus a large uncertainty. The coefficient ǫmax increases almost linearly
with the field, with the relation ǫmax(K) ≈ H(T ). The field at which the coefficients are zero
is found to be 0.2T approximately, close to the QCP.
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.3 Study of the Very Low Temperature Regime in YbRh2Si2

This second appendix on YbRh2Si2 is an alternative study of the very low temperature con-
tribution, and another attempt to extract it from the total thermal conductivity.

The previous studies at low and high fields give good estimations of the thermal conduc-
tivity in the whole temperature range, except at very low temperature. As the deviation is
always positive (increase of κ/T ), it is assumed that another heat channel appears at low
temperature, which can be simply added to the rest of the thermal conductivity. If the ther-
mal conductivity estimated previously is called κHT and the very low temperature part κLT

extra

(HT and LT for high and low temperature respectively), we have:

κtot = κHT + κLT
extra

The expression of κHT depends on the magnetic field (expression 5.9 at low field and expression
16 at higher field). The figure 30 shows κLT

extra/T = κtot/T − κHT /T at each field. Above 2T,
the measurements are done down to 40mK and no deviation is seen at low temperature.
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The deviation at low temperature extends to fields much higher than 60mT, where the
QCP is. As below, in the AF state, the deviation is still there, nothing indicates the different
nature of this extra contribution in the ordered state and at the QCP. Its intensity decreases
with the magnetic field.

At zero field, there is no reason why the WFL should be violated, this extra contribution
should reach a maximum and then goes to zero when T→0K. Thus, the WFL should not be
violated at the QCP if the nature of the κLT

extra leading to the deviation of the WFL is similar.
To go a bit further in the study of κLT

extra, they are fitted with an exponential law:

κLT
extra

T
= MLT .exp(−T − T0

T LT
max

) (17)

This expression is not physical, as it does not predict the decrease of κLT
extra at lower temper-

ature, but can be seen as the approximation of expression 15 after the maximum. The black
lines of figure 30 are the best fits of the very low temperature contribution.

An interesting feature, seen on figure 29, is that the coefficient MLT varies little with the
field below 0.1T and then decreases rapidly. The coefficient T0 is almost constant in the whole
field range (T0 ≈12.5mK) and T LT

max increases slightly above 0.4T.
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The validity of expression is questionable, as it cannot predict the decrease of κLT
extra at

lower temperature. It can nevertheless reproduce the extra contribution, and thus it makes
an average of the noise of the measurements and makes easier a direct comparison between
these contributions. The figure 31 shows the extra contribution deduced with the expression
17.

The first observation that can be done is that the intensity of κLT
extra/T seems to decrease

with the magnetic field. Between 0T and 70mT, the increase starts at lower tempeature (ap-
proximately 50mK at 0T and 40mK at 70mT), and above 70mT spreads to higher tempera-
ture with the increase of the magnetic field. This feature indicates that the extra contribution
seems to be linked to the QCP.

This more complex analysis gives the same conclusion as the one given with a simpler
model.
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Résumé des Chapitres en Français

Chapitre 1: Contexte Scientifique

Ce chapitre explique pourquoi les composés dits à fermions lourds sont très étudiés à basses
températures, car ils présentent des propriétés très intéressantes et très diverses d’un composé
à l’autre. Une explication rapide des notions de point critique quantique et de supraconductiv-
ité non conventionnelle est également donnée. La fin du chapitre donne le contexte scientifique
sur la coexistence de la supraconductivité et du ferromagnétisme, avec la présentation des
trois composés fermions lourds supraconducteurs ferromagnétiques existants: UGe2, URhGe
et UCoGe. Ce dernier est le composé étudié dans cette thèse. Le second composé étudié,
YbRh2Si2, sera décrit lors du dernier chapitre. Le plan de la thèse est donné à la fin de cette
partie.

Chapitre 2: Techniques Expérimentales

Les deux cryostats à dilution utilisés sont décrits dans ce chapitre. Le premier était en état
de marche lors de mon arrivée, mais le second fut complètement remis en état. J’explique
les travaux que j’ai effectués dessus avant de pouvoir l’utiliser. Je décrits ensuite les mesures
de transport utilisées: la résistivité électrique et la conduction thermique. Cette deuxième
méthode est expliquée plus en détail, car elle est délicate à mettre en œuvre. Ce chapitre se
termine sur la description de la ligne ID12 à l’ESRF à Grenoble pour les mesures de XMCD.

Chapitre 3: Premiers Résultats sur UCoGe

Ce chapitre montre les résultats obtenus sur les mesures du champ critique de UCoGe et par
XMCD. Les champs critiques, mesurés avec le champ magnétique selon les axes b et c par
conduction thermique, ont certaines caractéristiques similaires aux champs critiques mesurés
par résistivité: la courbure positive (H//c) et le début du renforcement de la température
critique à fort champ (H//b), même si les mesures n’ont été faites que jusqu’à 8.5T. Ces
résultats, obtenus sur deux échantillons de qualités très différentes, prouvent leurs caractères
intrinsèques. La pente du champ critique presque verticale proche de la température supra-
conductrice (H//b), mesurée par conduction thermique, rend nécessaire le fait de finir de
mesurer le champ critique à fort champ et selon l’axe a.

Les mesures de XMCD, faites à 3K jusqu’à 17T, ont été faites avec le champ selon l’axe c
et b. Le possible ferrimagnétisme observée à fort champ n’est pas validé, les mesures montrant
que le moment porté par le cobalt est parallèle au champ, et donc à l’aimantation totale. Les
mesures H//b, elles aussi en accord avec les mesures macroscopiques d’aimantation, n’ont
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pas montré de comportements particuliers, et l’absence d’anomalies vers 10T (maximum du
renforcement de la température supraconductrice) n’est pas visible, sans doute à cause de la
haute température de mesure ou d’un désalignement de l’axe b par rapport à la direction du
champ.

Chapitre 4: Mesures de Conduction Thermique sur UCoGe

Ce chapitre montre le principal travail que j’ai fourni durant cette thèse: les mesures de
conduction thermique dans UCoGe. Etant donné que les propriétés observées dépendent de
la qualité de l’échantillon, plusieurs ont été mesurés dans les mêmes conditions pour séparer
les effets extrinsèques des effets intrinsèques. L’étude de la phase normale a montré qu’il existe
des canaux supplémentaires de chaleur supplémentaires à ceux causés par les électrons et les
phonons à basse température. Dans la phase paramagnétique, ils présentent une sensibilité
au champ similaire aux fluctuations magnétiques détectées par RMN. Ces fluctuations sont
donc suspectées d’être responsables de cette contribution supplémentaire. Dans la phase
ferromagnétique, selon la direction du courant de chaleur, une grande anisotropie de cette
contribution supplémentaire est visible, avec une surprenante augmentation de son intensité
à basse température. Les études dans la phase supraconductrice ont montré que UCoGe est
un supraconducteur avec plusieurs gaps supraconducteurs.

Chapitre 5: YbRh2Si2

Ce dernier chapitre fait tout d’abord l’état de l’art de ce composÃl’ relativement bien étudié.
Les mesures de conduction thermique, déjà faites dans différents groupes, veulent clarifier
la situation sur la possible violation de la loi de Wiedemann-Franz proche du point critique
quantique à très basse température. Pour cela, des mesures à très basses températures ont
été effectuées sous champ, jusqu’à 4T. Il a été mis en évidence l’impossibilité de pouvoir
conclure de manière définitive sur la validité ou la violation de la loi, mais aucun comportement
particulier n’a été observé proche du point critique quantique et l’intégralité de nos résultats
peut être interprétée supposant sa validité. Un nouveau régime semble apparâıtre à partir de
0.5T, et demande à être étudié plus en détail avec de nouvelles mesures.

Annexes

En annexes sont donnés différents modèles pour reproduire les contributions supplémantaires.
Ces modèles souffrent cependant d’un manque de bases théoriques.
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Abstract

Abstract

Thermal conductivity measurements have been performed at low temperatures and under
field in the superconducting ferromagnet UCoGe and in the weak antiferromagnet YbRh2Si2.
In both systems, the magnetic fluctuations have an important role in their properties, and
it appeared that they contribute as a heat channel, seen by thermal conductivity at low
temperatures. In UCoGe, the extra contribution due to the magnetic fluctuations have the
same field dependence as the one measured by NMR, and, unexpectedly, a new heat channel
appears at very low temperatures. Furthermore, thermal conductivity measurements in the
superconducting state have confirmed the multigap superconductivity of UCoGe. XMCD
measurements have also been performed in UCoGe. In YbRh2Si2, the very low temperature
thermal conductivity measurements have shown that an extra contribution appears at very
low temperature, which avoids to conclude definitively about the violation or the validation of
the Wiedemann-Franz law at the quantum critical point, even if the results can be interpreted
supposing its validation.

Keywords: Unconventionnal Superconductivity, Magnetism, Thermal Conductivity, Very
Low Temperatures, UCoGe, YbRh2Si2

Résumé

Les mesures de conduction thermique ont été effectuées à basses températures dans le
supraconducteur ferromagnétique UCoGe et dans le composé faiblement antiferromagnétique
YbRh2Si2. Les fluctuations magnétiques sont un élément important dans les propriétés de
ces deux composés, et sont responsables d’un canal de chaleur à basses températures. Dans
UCoGe, la contribution supplémentaire causée par les fluctuations magnétiques ont la même
dépendance en champ magnétique que celles vues par RMN. Etonnamment, un nouveau canal
de chaleur apparâıt à très basses températures. Les mesures dans l’état supraconducteur ont
confirmé la caractère multigap de UCoGe. Des mesures de XMCD ont également faites dans
UCoGe. Dans YbRh2Si2, les fluctuations magnétiques sont suspectées d’être responsables
d’un canal de chaleur visible à très basses températures, empêchant de pouvoir conclure sur
la violation ou la validité de la loi de Wiedemann-Franz au niveau du point critique quantique.
Cependant, les résultats peuvent être interprétés sans avoir recours à sa violation.

Mots-clès: Supraconductivité Non Conventionnelle, Magnétisme, Conduction Thermique,
Très Basses Températures, UCoGe, YbRh2Si2
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