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"All things are from water and all things are resolved into water."

Thales, c. 6thcent.BC

"By convention sweet and by convention bitter, by convention hot, by convention cold, by convention color;

but in reality atoms and void."

Democritus, c. 460 BC

"Now the smallest Particles of Matter may cohere by the strongest Attractions, and compose bigger Particles

of weaker Virtue; and many of these may cohere and compose bigger Particles whose Virtue is still weaker, and

so on for divers Successions, until the Progression end in the biggest Particles on which the Operations in

Chymistry, and the Colours of natural Bodies depend, and which by cohering compose Bodies of a sensible

Magnitude"

Isaac Newton, Opticks, 1680

"The intellect seeking after an integrated theory cannot rest content with the assumption that there exist two

distinct fields totally independent of each other by their nature"

Albert Einstein, Nobel Lecture, 1923

"The behavior of large and complex aggregates of elementary particles, it turns out, is not to be understood in

terms of a simple extrapolation of a few particles. Instead, at each level of complexity entirely new properties

appear, and the understanding of the new behaviors requires research which I think is as fundamental in its

nature as any other."

Philip Warren Anderson, More is Different, 1972



A B S T R A C T

The physics of a many-body system of strongly interacting particles defies simple extrap-
olation of the behavior of individual particles constructed ab-initio. Rather, interactions
lead to complex phenomena and stabilize ground states with deeply intertwined degrees
of freedom. As a result, novel collective phenomena emerge that are interesting from both
fundamental and technological perspectives, as shown in this thesis.

Here, the complex phenomena in NdxCe1−xCoIn5 are discussed with a focus on the
interplay between superconductivity and magnetism. Two main techniques were used:
neutron diffraction and ultrasound spectroscopy. It is shown that concentrations as low
as 2% of local-moment Nd ions are sufficient to induce a spin density wave at zero field.
The application of magnetic fields transverse to the moment direction suppresses the
magnetic order at low fields, but at higher fields, a spin density wave emerges with the same
magnetic structure at the Q-phase. These ground states, which have identical symmetry,
show completely different interactions between superconductivity and magnetism. While
superconductivity is necessary for magnetism at the Q-phase, in the low-field phase, a
competing interplay between these orders is found. A detailed investigation of the low
field spin density wave revealed a domain selection in the normal state. This study lead to
the discovery of a new spintronic phenomenon that allows switching of antiferromagnetic
domains without a Zeeman component. Our findings could also inspire studies on other
materials and possibly provide a new route to control antiferromagnetic domains.

In this work, a new, flexible, digital ultrasound setup was developed. The results obtained
with it show that the nature of the high-field state is deeply intertwined with the d-wave
condensate. The Q-phase quantum critical field exhibits a fourfold rotational symmetry
in the basal plane. The out-of-plane angular dependence of the upper critical field is
characterized within a Pauli limiting model. The Q-phase critical field, however, cannot be
characterized as such. Instead, our data is well described by assuming a connection with
the high field state observed for H ‖ [001]. Furthermore, our measurements of shear elastic
modes provide evidence for vortices that are well separated along the c-axis but show an
interconnection within basal plane. This interconnection could be a necessary condition for
long-range ordering in the Q-phase. Although our investigations focused on the physics of
CeCoIn5, our results are relevant in many different research areas.





Z U Z A M M E N FA S S U N G

Die Physik eines Vielteilchenystems stark wechselwirkender Teilchen entzieht sich einer
einfachen Extrapolation des Verhaltens einzelner, ab-initio konstruierter Teilchen. Vielmehr
führen Wechselwirkungen zu komplexen Phänomenen und stabilisieren Grundzustände mit
tief verflochtenen Freiheitsgraden. Als Ergebnis entstehen neuartige kollektive Phánomene,
die sowohl aus fundamentaler als auch aus technologischer Sicht interessant sind, wie in
dieser Arbeit gezeigt wird.

Hier werden die komplexen Phänomene in NdxCe1−xCoIn5 mit einem Fokus auf das
Zusammenspiel von Supraleitung und Magnetismus diskutiert. Zwei Haupttechniken
wurden eingesetzt: Neutronenbeugung und Ultraschallspektroskopie. Es wird gezeigt,
dass Konzentrationen von nur 2% mit Nd-Ionen, welches lokale, magnetische Momente
besitzt, ausreichen, um eine Spindichtewelle im Nullfeld zu induzieren. Das Anlegen von
Magnetfeldern quer zur Momentenrichtung unterdrückt die magnetische Ordnung bei
niedrigen Felder, jedoch wird bei höheren Feldern eine SDW mit der gleichen magnetischen
Struktur, die Q-Phase, erzeugt. Diese Grundzuständen, die eine identische Symmetrie
besitzen, zeigen komplett verschiedene Wechselwirkung zwischen Supraleitung und Mag-
netismus. Während für die Q-phase der supraleitender Grundzustand eine notwendige
Bedingung darstellt scheint die Nullfeldphase davon kaum beeinflusst. Die Entdeckung
eines neuen Spintronik-Phänomens, das das Schalten von antiferromagnetischen Domänen
ohne Zeeman-Komponente ermöglicht, könnte auch Untersuchungen an anderen Materi-
alien inspirieren und möglicherweise einen neuen Weg zur Kontrolle antiferromagnetischer
Domänen bieten.

Im Rahmen dieser Arbeit wurde ein neuer, flexibler, digitaler Ultraschallaufbau entwickelt.
Die damit gewonnenen Messergebnisse zeigen, dass die Natur des Hochfeldzustandes tief
mit der d-Wellen-Natur des Kondensats verwoben ist. So weist das quantenkritische Über-
gangsfeld in die Q-Phase in CeCoIn5 eine vierfache Rotationssymmetrie in der Basalebene
auf. Des weiteren liefern die Messungen des Übergangfeldes in die Q-phase für Feldkompo-
nenten entlang der Momente eine experimentell schlüssige Erklärung für das Verschwinden
der Q-phase ab einem Winkel von 17

o zwischen der Feldrichtung und der Basalebene.
Schließlich zeigen unsere Ultraschallergebnisse den Einfluss der Q-phasenordung auf das
supraleitende Flussschlauchgitter. Eine teilweise Überlappung der Flussschläuche bei hohen



Magnetfeldern hin könnte eine notwendige Bedingung für die langreichweitige Ordnung in
der Q-Phase sein. Obwohl sich unsere Untersuchungen auf die Physik einer Verbindung
konzentrierten, sind unsere Ergebnisse in vielen verschiedenen Forschungsbereichen rele-
vant.



S O M M A R I O

La fisica di un sistema a molti corpi di particelle fortemente interagenti sfida la semplice
estrapolazione del comportamento delle singole particelle costruite ab-initio. Le interazioni
portano a fenomeni complessi e stabilizzano stati fondamentali con gradi di libertà profonda-
mente intrecciati. Di conseguenza, emergono nuovi fenomeni collettivi che sono interessanti
sia da prospettive fondamentali che tecnologiche, come mostrato in questa tesi.

Qui, i fenomeni complessi in NdxCe1−xCoIn5 sono discussi con particolare attenzione
all’interazione tra superconduttività e magnetismo. Sono state utilizzate pricipalmente
due tecniche: la diffrazione di neutroni e la spettroscopia ad ultrasuoni. Si dimostra che
concentrazioni di appena 2% di Nd sono sufficienti per indurre un’onda di densità di spin
nel campo zero. L’applicazione di campi magnetici trasversali alla direzione del momento
sopprime l’ordine magnetico a bassi campi, ma a campi più alti viene prodotta una SDW
con la stessa struttura magnetica, la fase Q. Questi stati fondamentali, che hanno una
simmetria identica, mostrano interazioni completamente diverse tra superconduttività e
magnetismo. Mentre per la fase Q lo stato fondamentale superconduttore è una condizione
necessaria, nella fase a campo zero, si trova un’interazione concorrente tra questi ordini.
La scoperta di un nuovo fenomeno spintronico che permette la commutazione dei domini
antiferromagnetici senza una componente Zeeman potrebbe anche ispirare studi su altri
materiali e possibilmente fornire un nuovo modo per controllare i domini antiferromagnetici.

In questo lavoro è stato sviluppato un nuovo setup digitale ad ultrasuoni. I risultati
ottenuti con esso mostrano che la natura dello stato ad alto campo è profondamente
intrecciata con il condensato. Il campo di transizione critico quantistico alla fase Q in
CeCoIn5 mostra una simmetria rotazionale quadrupla nel piano basale. Inoltre, le misure
del campo di transizione nella fase Q per componenti di campo lungo i momenti forniscono
una spiegazione sperimentalmente conclusiva per la scomparsa della fase Q da un angolo
di 17o tra la direzione del campo e il piano basale. Inoltre, le nostre misurazioni dei
modi elastici forniscono la prova di vortici che sono ben separati lungo la direzione [001],
ma mostrano un’interconnessione all’interno del piano basale. Questa interconnessione
potrebbe essere una condizione necessaria per l’ordinamento a long range nella fase Q.
Anche se le nostre indagini si sono concentrate sulla fisica di un unico composto, i nostri
risultati sono rilevanti in diverse aree di ricerca.
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1
I N T R O D U C T I O N

Reductionism embraces the thought or belief that we can understand a physical system
in terms of its minimal constituents or fundamental parts. This idea is related to our dream
of pursuing a "final theory", inherited from the ancient greeks as old as the pre-Socratics
[1]. In the last century, however, condensed matter physics has been showing that strong
interaction among particles leads to novel phenomena and unexpected collective behavior
of matter that cannot be directly extrapolated from the behavior of single particles [2, 3].
This so-called emergence [4], hinders the dream of a complete final theory and lies at the
heart of the study of strongly correlated electron systems. Reductionism and emergence
are mutually complementary lying at the basis of how we do science nowadays [2, 3]. The
combination of these two approaches links the different areas of research, interconnecting,
for example, condensed matter and high energy physics [5]. Fundamental physics principles
are not only governed by spatial scales but also by interaction among particles. Perhaps one
of the most important questions of our times is "what are the fundamental principles that
govern emergent behavior ultimately leading to the variety and complexity of organizational
schemes existent in nature?"

Among the most fundamental concepts in physics is the modern symmetry concept -
a property of a unified whole which under certain transformation remains invariant [6].
Symmetry breaking is the important notion that the symmetry of a system is not inherited by
its stable states. These concepts are widely used to describe pattern formation, magnetism,
superconductivity and numerous other effects. A great example of an emergent concept,
introduced by Lev D. Landau in 1937 [7], is the idea of an order parameter which describes
the development of a macroscopic property and its spontaneous symmetry breaking across
a temperature driven phase transition. Instead of describing each individual system and
their fundamental particles’ properties, Landau attempted to understand commonalities
among different collective behavior and looked for a unified description of phase transitions.
Such phenomenological theory has been very successful in describing macroscopically
superconductors accounting even for the Meissner effect [8], although no microscopic
explanation for the origin of an order parameter was available.

Despite its success, Landau’s theory was not able to predict some critical exponents
correctly [9, 10]. The realization of the failure [11] of the classical description of phase
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2 Introduction

transitions lead to thirty years of intense research until the development of the theory of
critical phenomena [10]. Despite the diversity of phase transitions encountered in nature,
they often share critical exponents exhibiting the phenomenon called universality. The
specific heat, order parameter and the susceptibility follow power-law dependences with
critical exponents that are universal for each class of phase transition, independent of
the microscopic physics [12]. Understanding phase transitions as well as tuning states of
matter towards critical points has unraveled new emergent phenomena that foment scientific
research and lead to significant developments. The change of perspective towards emergent
phenomena is perhaps the most important advancement driven by the discovery of new
phases of matter, such as topological order, unconventional superconductivity, pseudo-gap,
quantum critical phases, heavy-fermion behavior etc. All this variety of emergent behavior
is observed in quantum materials [13].

Quantum materials often feature a new kind of phase transition that is not driven by
thermal fluctuations but by Heisenberg’s uncertainty principle [14]. When there are no
thermal fluctuations, particles cannot rest because it is not possible to fix their position and
velocity. A quantum phase transition happens when this zero-point motion is enhanced by
the application of any non-thermal parameter such as magnetic field, pressure or chemical
substitution. A quantum critical point arises when a material undergoes a quantum phase
transition at zero temperature. Two types of quantum critical points have been identified,
one that obeys a generalization to the quantum case of Landau’s paradigm of fluctuations
and an order parameter [15], and one that does not [16]. This means that the quantum case
reveals a complexity of continuous phase transitions that requires new theoretical methods.
Another fascinating aspect is that at the vicinity of a quantum critical point, interactions
and quantum fluctuations are so intense that new exotic electronic properties emerge.

Our current understanding of interacting metals is still limited. A great success of the
twentieth century was the perception that turning on interactions adiabatically in the non
interacting model of the Fermi gas reproduces many features of metallic behavior [9],
as described in the Landau Fermi liquid theory. Such features include a well defined
Fermi surface, a linear specific heat capacity, and quadratic dependence of resistivity with
temperature. However, at the vicinity of a quantum critical point, the Fermi liquid becomes
unstable [17, 16, 18]. A linear dependence of resistivity with temperature, logarithmic
dependence of the electronic specific heat and a magnetic susceptibility that does not saturate
at low temperatures are examples of such exotic electronic properties. The understanding of
this new metallic behavior and excitation spectra is one of the greatest open problems of
condensed matter physics.
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Although we do not have a complete understanding of this new exotic electronic behavior,
dramatic similarities among very different classes of materials with different crystal struc-
ture and chemistry, such as copper, iron-based and heavy-fermion compounds point to new
universalities among quantum materials. Many of these quantum materials display uncon-
ventional superconductivity [16], where the pairing state is not an isotropic nodeless s-wave
state and the pairing interaction is other than the conventional electron-phonon interaction.
Superconductors are particularly interesting because they feature a coherent ground state
with zero electrical resistance below a critical temperature [19]. These materials have the
potential to decrease the world’s power consumption if their critical temperatures could be
tuned to room temperature. The discovery of high temperature cuprate superconductors in
1987 spanned the superconducting transition temperature from about 12 K up to ∼ 92 K and
lead to the idea that unconventional superconductivity emerges close to magnetic phases
[20, 21] in the vicinity of quantum critical points [22]. Beyond technological applications,
understanding superconductivity is also interesting and challenging from the fundamental
view point.

At present, there is no unified theory for unconventional superconductivity and we rely
on experiments to provide insights into a common pairing mechanism among these very
different classes of materials. A hint seems to come from electronic fluctuations. Since
several of these materials display a spin-1 excitation below the superconducting transition
temperature [23, 24, 25], magnetic excitations may play a role in the pairing mechanism.
The energy of this so-called spin resonance scales with the superconducting gap size and is
independent on the material class. The association between superconducting and magnetic
orders was first made in the context of cuprate superconductors [26, 27] and eventually
lead to the question of whether there could be a hidden quantum critical point beneath the
superconducting dome and whether antiferromagnets can be driven superconducting by
the application of external tuning parameters.

The answer to this question is in many cases yes and it came from studies on materials
with smaller energy scales. Experiments on CeIn3, CePd2Si2 and CeRh2Si2 established a
link between quantum criticality and superconductivity by showing that the application of
pressure suppresses antiferromagnetism giving rise to superconducting domes [28, 29, 30].
These experiments resemble the competitive nature of superconducting and magnetic orders
which then places the systems in an environment of enhanced quantum fluctuations and
exotic electronic behavior. CeIn3 is a starting material of the RnMmO3n+2m family, where
R = rare-earth, M = transition metal (Co, Rh, Ir) and O = In, Ga. The members of this
family CeIn3 and PuCoGa5 undergo superconducting below 0.25 K at 2.5 GPa [28] and
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18.5 K at ambient pressure [31, 32]. Thus, an enhancement on the superconducting critical
temperature of a factor of ∼ 100× is observed within a single family of compounds. This is
about an order of magnitude higher than what has been observed so far for the cuprates,
making the RnMmO3n+2m family very attractive to investigate the mechanisms behind the
enhancement of the superconducting transition temperature. This may hopefully lead to a
possible route towards superconductivity at higher temperatures. The RnMmO3n+2m have
been instrumental in understanding quantum materials and emergent behavior due to their
highly tunable properties.

Among the CeMIn5 compounds is CeCoIn5, a type-II superconductor naturally placed
in an environment with strong magnetic fluctuations at the vicinity of a quantum critical
point [33, 34]. Unconventional superconductivity develops from a non Fermi liquid state
with strong antiferromagnetic spin fluctuations centered at Q = (q, ±q, 0.5) where q ≈ 0.45
[35, 24]. Remarkably, this material displays a unique phase where magnetism and supercon-
ductivity are cooperating orders [36, 37, 38]. This is in complete contrast to our primordial
understanding of the competing character between superconductivity and magnetism. In
fact, this competition lies at the very origin of unconventional superconductivity and has
even been utilized as a way to design novel superconductors. The Q-phase of CeCoIn5 is the
only example where a spin density wave, also centered at Q, needs superconductivity for its
existence. The origin of this intriguing Q-phase as well as why and how it cooperates with
superconductivity remain unknown [39], but crucial to understand novel metallic behavior
driven by strong interactions and correlations among particles.

The objective of this thesis is to investigate emergent behavior in CeCoIn5. Two routes
have been taken: the study of the effects of Nd substitution in CeCoIn5 with neutron scat-
tering and the investigation of the cooperative magneto-superconducting state of CeCoIn5

with ultrasound spectroscopy. The intertwined degrees of freedom in the ground state of
CeCoIn5 may untwine upon chemical substitution. Neutron diffraction is an excellent probe
of magnetism under extreme conditions since the neutron particle is charge neutral and pos-
sesses a magnetic moment. Ultrasound is a powerful technique sensitive to the symmetry of
the dynamical responses of a material. Since the ground state of the type-II superconductor
with a SDW only inside the d-wave condensate is a quite complex environment, a selective
probe that allows disentangling these distinct aspects is necessary. This probe is ultrasound.
An innovative and flexible digital setup for ultrasonic measurements was developed within
this work.

When substituting the Cerium ions by Neodymium, magnetic order arises at zero mag-
netic field with the same Q vector as the high field magneto-superconducting state of
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pure CeCoIn5 and the fluctuations from which superconductivity emerges. However, this
additional spin density wave phase behaves very differently from the high field state, yet ex-
hibiting the same magnetic structure. Its advent does not affect the spin resonance associated
with the superconducting state [40], the application of magnetic field suppresses the low
field antiferromagnetic phase and establishes the Q-phase in NdxCe1−xCoIn5 for x < 0.05,
antiferromagnetism at zero field is only induced when Nd impurities are introduced in
the system and is not restricted to the superconducting region for x ≥ 0.17 [41]. This
indicates that the relationship between superconductivity and magnetic order cannot be
described by a cooperative scenario. The origin of both low and high field phases remain
elusive. The work presented in this thesis is devoted to understanding the origin and nature
of these two magnetic phases. We investigate their properties as well as their interplay
with superconductivity and discuss our measurements in view of the prevailing theories.
Surprising and stimulating magnetic and electronic properties are unraveled and invite
the reader in. Our work reveals novel electronic behavior of interacting metals, quantum
phase transitions, a switching of antiferromagnetic domains driven spin-orbit coupling in
the absence of a Zeeman term, not to mention the development of a new flexible ultrasound
setup which represents an important progress in the field. Thus, the results reported here
are relevant in many different research fields.

The work presented in the thesis has been the subject of five publications in preparation:
the first publication presents the development of the ultrasound technique discussed in
Chapter 3.3, the second one presents the investigation of the stability of the Q-phase
upon the rotation of the magnetic field discussed in Chapter 6.4, the third reports our
investigation of the interplay between the vortex lattice and the Q-phase presented in
Chapter 6.3, the fourth presents our neutron diffraction study of the low field spin density
wave in NdxCe1−xCoIn5 discussed in Chapter 5.3 and the fifth reports on the origin of the
switching of antiferromagnetic domains presented in Chapter 5.4. The structure of this thesis
is as follows: Chapter 2 provides the theoretical background of magnetism in metals, Kondo
effects and heavy-fermion physics, quantum criticality, superconductivity and the interaction
between superconductivity and magnetism in heavy-fermion systems. In Chapter 3, the
theoretical and instrumental content of the experimental techniques employed in this work
are discussed. The development and the advantages of the digital ultrasound technique as
compared to the conventional setups are also addressed in this chapter. Chapter 4 gives an
overview of the RnMmO3n+2m compounds and presents the state of the art of the research
of CeCoIn5 and NdxCe1−xCoIn5. The neutron diffraction results are discussed on Chapter 5.
The ultrasound results on the Q-phase of CeCoIn5 are discussed on Chapter 6. We conclude
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the work in Chapter 7 by summarizing the general aspects highlighted in the thesis as well
as presenting perspectives for future research.



2
S T R O N G LY C O R R E L AT E D P H E N O M E N A

Strongly correlated systems are states of matter in which many body interactions
dominate the kinetic energies, transforming the macroscopic properties. In such
systems, a deep intertwining among electronic and lattice degrees of freedom is
typically found, and one can tune the ground state by the application of external
parameters such as pressure, magnetic field, electronic or nuclear chemistry, geometry
or dimensionality reduction etc. The list of strongly correlated systems include
cuprate superconductors, heavy electron compounds, fractional quantum Hall systems,
quantum dots and cold atomic gases. The study of strongly correlated phenomena
has brought a change in perspective to scientific research since it has provided the
recognition of a variety of emergent phenomena.

2.1 magnetism in solids

2.1.1 Formation of moments

Magnetic properties properties have their origin on the spin degree of freedom of electrons
and their motion in solids. Atomic magnetic moments change their nature when atoms are
organized in a crystal. The key to understand the behavior of magnetic moments in solids
is the degree of electron localization [42].

The basic second quantized Hamiltonian of electrons is given by

H =
∫

ψ†(r)(−1
2
∇2 + vN(r))ψ(r)dr

+
1
2

∫
ψ†(r)ψ†(r’)

1
|r− r’|ψ(r’)ψ(r)drdr’

+
∫

ψ†(r)[
1
2
∇vN(r)× (−i∇).1

2
σ]ψ(r)dr

−
∫

ψ†(r)(l + 2s)ψ(r)dr.H

(2.1)

7



8 Strongly correlated phenomena

where the simplifications me = 1 , h̄ = 1 and e=1 were adopted. ψ(r) = (ψ↑(r), ψ↓(r)) is the
electron field operator, vN(r) is the one electron potential energy due to the nuclei given by
vN(r) = ∑i

Zi
r−Ri

, where Zi is the atomic number of the atom located at Ri. H is the applied
magnetic field, and (σ) denote the Pauli matrices. The first term is the kinetic energy and
the attractive potential due to the nuclei, describing the individual motion of electrons. The
second term denotes the electron-electron interaction and the third and fourth term denote
the spin-orbit interaction and the Zeeman interaction due to the application of a magnetic
field, respectively.

Field operators in solids are written in a basis set of orthonormal wavefunctions {ϕ(r)},
ψσ(r) = ∑i aiσ ϕi(r), where i stands for a set of atomic position i (quantum number n) and
orbital L, when adopting atomic orbitals as the basis functions (one electron eigen functions).
Using the orthonormal basis, the Hamiltonian becomes

H = ∑
ijσ

εija†
iσajσ +

1
2 ∑

ijklσσ′
Vijkla†

iσa†
jσ′akσ′alσ +HSO +HZeeman (2.2)

where εij are the matrix elements for the independent electron part of the Hamiltonian:

εij =
∫

drϕ∗i (r)(−
1
2
∇2 + vN(r))ϕj(r) (2.3)

Vijkl represents the Coulomb interaction,

Vijkl =
∫

drdr’
ϕ∗i (r)ϕ∗j (r’)ϕk(r’)ϕl(r)

|r− r’| (2.4)

The spin-orbit interaction term

HSO = ∑
iαjγ

ζiαjγa†
iαajγ (2.5)

where the spin-orbit interaction matrix elements are

ζiαjγ =
∫

drϕ∗i (r)[
1
2
∇v(r)× (−i∇)]ϕj(r).(s)αγ (2.6)

The Zeeman term is given by

HZeeman = − ∑
iαjγ

(l + 2s)iαjγa†
iαajγ.H (2.7)

Atomic orbitals are used as the basis functions. ϕ
(atom)
i (r) = φinl(|r− Ri|)Υlm(r − Ri),

where φinl(r − Ri) is a radial wavefunction of the atom located at Ri, Υ(r − Ri) is the
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spherical harmonics at Ri, n denotes the principal quantum number, l the azimuthal
quantum number and m the magnetic quantum number. The spatial distributions of the
atomic wavefunctions determine the electron hoppings, and therefore the electronic and
magnetic properties of solids. Orbitals l=0,1,2,3 .. are called s, p, d, f. In each nl shell
there are 2l+1 degenerate orbitals. The ground state electronic structure of an atom is
constructed according to the Pauli principle. For example, for Ce3+, the ground state
is 1s2

2s2
2p6

3s2
3p6

3d10
4s2

4p6
4d10

5s2
5p6

4f1. This is an atom with an unfilled shell, and
therefore magnetic moment may appear.

The ground state of an atom is obtained by minimizing the Coulomb energy. The Coulomb
interaction of Eq.2.2 in the Hartree Fock approximation is given by:

HCoulomb = ∑
ν

Uννnν↑nν↓ + ∑
ν>ν′

(Uνν′ −
1
2

Jνν′)nνnν′ − 2 ∑
ν>ν′

Jνν′sν.sν′ (2.8)

where ν denotes a lm orbital, nν is the charge density operator for electrons in the orbital ν,
and where we have taken into account the Hartree-Fock Coulomb and exchange interactions
U and J. The first term denotes the Coulomb interaction within the orbital, the second term
expresses the inter-orbital Coulomb interaction and the third term the exchange interaction
between spins on different orbitals. The intraorbital interaction effect is to reduce the
doubly occupied states on the same orbital, such that it fills spins on an unfilled shell.
The third term aligns the spins on the orbitals. These effects act on maximizing the total
spin S at the ground state. This is known as Hund’s first rule. One can imagine that the
interorbital term has its energy reduced when electrons move around the nucleus in the
same direction avoiding each other. This means that the magnitude of the total angular
momentum L should be maximized under the maximization of S. This is Hund’s second
rule. The value of J at the ground state is determined by spin-orbit interaction. Assuming
that the ground state is determined by Hund’s first and second rule, and assuming that
the thermal energy is lower than the first excited state of the Coulomb interaction and that
the spin-orbit interaction is smaller than the Hund’s coupling JH (average of Jνν′), then
we can neglect all excited states of the Coulomb interactions and limit the states to the
(2L+1)(2S+1) dimensional Hund-rule subspace. The effective spin-orbit Hamiltonian is then
H = λ(NLS)L.S. Since the sign of λ changes depending if N≤ 2l+1, or if N> 2l+1, J will
then be J = |L -S| for N ≤ 2l+1 and J = |L+S| for N>2l+1. When spin-orbit coupling
is significant, the ground-state is (2J+1)-fold degenerate. For Ce3+, for instance, the one
unpaired electron in the 4f shell yields L=3, S=1/2 and thus J = L-S = 5/2* .

*In other words, spin-orbit coupling leads to J = |L− S| and |L + S| for less and more than half-filled
shells, respectively.
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2.1.2 Metals × insulators

When forming a solid, electrons from the outermost shell of the ions hop within the lattice
via an overlap between atomic orbitals. An energy balance between the energy gain due
to electron hopping and the loss of Coulomb interaction determines whether the electrons
remain localized in each ion or itinerate in the solid. In case the electrons remain localized,
the atomic moments are well defined and their properties are expected to be well described
within the local picture. In the case where the electrons hop, the magnetic properties may
completely differ from the local picture.

Electrons move in a potential obtained by a superposition of the atomic potentials

∑i v(r − Ri). Adopting the atomic orbitals as the basis functions, the Hamiltonian for
electrons on the outermost shells in solids is:

H = H0 +HCoulomb (2.9)

where

H0 = ∑
iν

εiνniν + ∑
iνjν′

tiνjν′a†
iνσajν′σ (2.10)

and

HCoulomb =∑
iν

Uiννniν↑niν↓ + ∑
i

∑
ν>ν′

(Uiνν′ −
1
2

Jiνν′)niνniν′

− 2 ∑
i

∑
ν>ν′

Jiνν′siν.siν′
(2.11)

where we took into account only the intra-atomic Coulomb interactions. εiν is the atomic
level for the orbital ν on site i, and tiνjν′ is the transfer integral between the orbital ν at site i
and the orbital ν′ on site j. Let’s consider a simpler Hamiltonian where we consider only
one orbital per site, the Hubbard Hamiltonian [43, 44, 45]

H = ∑
iσ

ε0niσ + ∑
ijσ

tija†
iσajσ + ∑

i
Uni↑ni↓ (2.12)

For one atom, we have four atomic states: the empty state (n↑ = 0, n↓ = 0), the single
states (n↑ = 1, n↓ = 0) and (n↓ = 0, n↑ = 1) and the double occupied state (n↑ = 1, n↓ = 1).
Associated energies are given as 0, ε0 and 2ε0+U for the empty state, single occupied states
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and double occupied states respectively. In the solid, the electron number ni on each atom
is no longer constant, though the total number of electrons N = ∑iσ niσ is. The eigenstates
are given by a set of electron numbers with spin σ on site i. The energy of the system
increases with U when the number of doubly occupied states is increased. At half filling,
all the atoms are occupied by an electron. When the number of electrons is different than
the number of lattice sites, electrons are mobile at T=0 because they can move from site to
site without increasing the occupation number and thus the onsite Coulomb interaction
energy, and the system is a metal. At half-filling though, the electron hopping creates a
double occupied state, creating an excitation energy via the Coulomb interaction energy,
and the system is insulator. When there is no Coulomb energy, the non-interacting electron
system is generally metallic, unless electrons in the atom form a closed shell. Assume that
the band for non-interacting system has width W and is centered at ε0. When the Coulomb
interaction is increased, the hopping tends to be suppressed. In the regime where the system
has double occupation, an electron has a potential of ε0+U, thus creating another electron
band with width of the order of W but shifted to ε0+U. The density of states (DOS) splits
into two bands and the formation of a gap implies the existence of an insulator when U >
W. The metal-insulator transition due to correlations is called Mott transition [46].

Magnetic insulators are considered to be Mott-type insulators in which the atomic mag-
netic moments come from the unfilled shell. CrN is a ferromagnetic (F) insulator [47, 48],
while MnO, FeO, CoO and NiO are antiferromagnetic (AFM) insulators [49]. There are
also many materials in which the polarized electrons are mobile, the so-called metallic
or itinerant magnets. Cr [50], Mn alloys and the compounds studied in this thesis show
metallic antiferromagnetism.

In metals with sufficiently small spin-orbit interactions, the only magnetic moments that
contribute to the magnetization are spin moments, due to the quench of the orbital magnetic
moments. In the crystal, the energy gain leading to Hund’s second rule may not be there
because the electrons can hop to reduce the Coulomb energy, and this can lead to 〈L〉 = 0.
In cases where the spin-orbit coupling is large, like in the rare-earth materials or materials
under the application of strong magnetic field, the orbital moments remain.

In general, the Hamiltonian that shows the interactions between atomic spins is the
Heisenberg Hamiltonian [51]:

H =
4|tij|2

U ∑
(i,j)

Si.Sj = −∑
(i,j)

JijSi.Sj (2.13)
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which can be derived from the Hubbard model, considering strong U and thus perturbing
the hopping term, and yielding the same energy eigenvalues in a subspace as in the
Hubbard Hamiltonian but acting on the full Hilbert space. If J<0, the systems tends to
antiferromagnetic order, indicating that the semi-filled Hubbard model tends to this type of
order. The Heisenberg model is not justified in the metallic system where the band width W
∼ U. Though the same type of intersite magnetic interactions are present, making it useful
for qualitative understanding.

2.1.3 Magnetic structures

The magnetic structure is the ordered arrangement of the magnetic moments in a material.
The structure characterizes the magnetic property and electronic structure. The structure
is characterized by the moment density given by M(r) =

〈
Ψ†(r)mΨ(r)

〉
, where Ψ(r) =

(Ψ↑(r), Ψ↓(r)) is the field operator of electrons, and m denotes the magnetic moment of the
electron. Dividing the space into Wigner-Seitz cells, we can define a magnetic moment of the
atom i as mi =

∫
i M(r)d3x. Assuming only one atom per unit cell, the atomic position RL in

a crystalline system is Rl = l1a + l2b + l3c, where a, b and c are the primitive translational
vectors. The magnetic moment expanded in the Fourier lattice is ml = ∑q m(q)eiq.Rl , where
q is the wave vector in the first Brillouin zone. The Fourier components of the magnetic
moments are m(q) = 1

L ∑l mle−iqRl , where L is the number of lattice points. The simplest
magnetic structure is the ferromagnetic one, where all of the atomic magnetic moments
point in the same direction, as in Fe, Co and Ni [52]. The antiferromagnetic structure is
defined by an antiparallel arrangement of neighboring magnetic moments, specified by
a set m(±Q) = mke±iα and m(q 6= ±Q) = 0, where Q consists of half reciprocal lattice
vectors, k denotes a unit vector along the moment direction, and α denotes a phase. For
α = 0, ml = mkcos(Q.Rl). When Rl moves along Q, Q.Rl changes by π. A sinusoidal
spin density wave (SDW) structure is expressed by ml = mksin(Q.Rl + α), where the
Q vector is neither 0 nor the antiferro wave vectors. The moment sinusoidally changes
with a period λ = 2π

Q along the Q direction. The period may be incommensurate with
the lattice. Cr [53], CeCoIn5 [36] are examples where a SDW phase develops. Another
type of antiferromagnetic structure is the helical one, where the magnetic moment rotates
with a translation: ml = m(Q)eiQ.Rl + m(Q)∗e−iQ.Rl with m(Q) = m

2 (e1 − ie2)eiα; e1, e2 are
orthogonal unit vectors and the structure is specified by the Q vector and the condition
m(Q)2 = 0. This type of structure is found in MnO2 [54], Eu [55], Dy [56], Ho [57] etc.
There exist also more complex magnetic structures which are characterized by multiple
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wave vectors, such as double and triple Q multiple SDW, as in some substituted alloys.
Some materials present the so called spin-glass phase where an ordered state with randomly
oriented magnetic moments takes place.

2.1.4 Antiferromagnetism and Spin Density waves

As mentioned in the previous section, antiferromagnetism is defined as an antiparallel
arrangement of neighboring magnetic moments. Often, these systems can be considered as
two interprenetrating sublattices, one in which the magnetic moments point up (+), and
the other where the moments point down (-) [51]. Considering two sublattices in which
there is no hopping between atoms belonging to the same sublattice, one can workout the
Hartree-Fock theory of antiferromagnetism at half filling on the basis of the Hubbard model
to clarify the nesting mechanism for the formation of antiferromagnetism. In the case of the
cubic lattice, at half filling and zero temperature, local magnetic moment on the (+) sublattice
is given by the self consistent equation [42] 1

U =
∫W/2

0
ρ(ε)dε√
∆2+ε2 , where W denotes the band

width, ρ(ε) is the density of states per atom per spin for the noninteracting cubic system, ε

is the energy eigenvalue, ∆ = U| 〈m〉 |/2. This self consistent equation has a non-zero value
independently of the Coulomb interaction strength U, and the antiferromagnetic state exists
at half-filling for any finite value of U (>0). The self consistent equation has the same form as
the Bardeen-Cooper-Schrieffer gap equation for the superconducting state, where the Debye
cutoff frequency is replaced by the band width W/2 here, the attractive pair interaction V
(caused by electron-phonon interaction) is replaced by the Coulomb interaction parameter U
here, and ∆ there corresponds to the superconducting order parameter. Antiferromagnetism
here, is accompanied by a gap 2∆ on the Fermi surface, and the kinetic energy gain due to
the formation of the gap is the origin of antiferromagnetism. This type of order is called
gap-type or nesting-type antiferromagnetism, because the gap is caused by a nesting of
the energy eigenvalues that are connected with each other by the Q vector. The Néel
temperature at which antiferromagnetism disappears can be calculated by imposing ∆ = 0,

and one can obtain TN = 1.13W
2 e−

1
ρ0U , where ρ0 is the density of states at the Fermi level,

for the small Coulomb interaction strength.

When the electron number is deviated from half-filling, the kinetic energy gain due
to the gap formation becomes smaller as the electron number deviates from n=1, and
antiferromagnetism starts to become unstable [58]. Fig.2.1 depicts a magnetic phase diagram,
showing the transition from the AFM to the paramagnetic state (P) with increasing electron
number from n=1, for small Coulomb interactions. When the Coulomb interaction becomes
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large, the transition from the AFM to a F occurs with increasing electron number. The graph
is symmetric with respect to electron and hole doping.

Fig. 2.1: U-n phase diagram. Modified from [42].

When one considers electron hopping between two sublattices or considers the an anti-
symmetric DOS in the non magnetic state, a different situation might occur, and antifer-
romagnetism if induced, may not be accompanied by the formation of a gap at the Fermi
level. Antiferromagnetic metals which are not accompanied by the gap are called band-type
antiferromagnets.

2.1.4.1 Generalized static susceptibility

Another way to look at the stability of antiferromagnetism is to analyze the generalized
susceptibility. Assuming that a metal is in the paramagnetic state when there is no external
field, and considering a linear polarization due to site dependent magnetic fields, the
polarization of a magnetic moment on the site i is

〈mi〉 = ∑
j

χijhj (2.14)

which defines the non local static susceptibility χij. The susceptibility in real space gives
the magnetic couplings between local moments in metals. For long range couplings, the
Fourier representations are often useful:

m(q) = χ(q)h(q) (2.15)
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where m(q) is the Fourier transformed 〈mi〉. The Fourier transformed representation of
the Hartree Fock susceptibility is given by

χ(q) =
χ0(q)

1− 1
2Uχ0(q)

(2.16)

where χ0(q) is the susceptibility for the non interacting system, given by χ0(q) =
2
L ∑k

f (ε̃k+q)− f (ε̃k)

εk−εk+q
, where ε̃ = ε0 − µ + U〈n〉/2 + εk and f denotes the Fermi distribution

function. One can work out on the same assumptions as in the last section and arrive at
the same expression for the Néel temperature. The advantage here is that the generalized
spin susceptibility can be extended to the multi-band case. In that case, one can arrive at
the expression for the full susceptibility χ(q) = χ0(q)

1− 1
2 Iχ0(q)

where I is the Stoner parameter,
defining the Stoner criterion [42]:

• FM structure is stabilized when χ0(0) > 2
I

• AFM structure with gap type is stabilized when χ0(Q) > 2
I .

χ0(0) is called the uniform susceptibility and χ0(Q) is called the staggered susceptibility.
This picture can explain the ground state of several materials, including Fe and Ni [59, 60].
For Cr, the calculation yields a huge staggered susceptibility, indicating the appearance of
gap-type AFM. Experimentally though, pure bcc Cr shows a spin density wave structure
with Q = (0, 0, 0.95)2π/a [50], and Cr with a few percent of Mn shows the AFM structure
[61]. The large enhancement of the staggered susceptibility of Cr is due to a Fermi surface
nesting effect, i.e. when there are a large electron and hole Fermi surfaces with the same
shape which are distant from each other by Q. In this case, the Fermi surfaces are called
nested. Incommensuration comes from the fact that one of the Fermi surfaces, either the
hole or the electron one, might be slightly larger than the other [62], as shown in Fig.2.2.
When adding Mn atoms to Cr, the average electron number is increased, and the electron
Fermi surface grows while the hole decreases its size. This implies that the nesting wave
vector increases in magnitude, giving rise to the AFM state. Now, when V is substituted
in Cr, the electron number decreases and the electron Fermi surface shrinks while the hole
Fermi surface increases in size, and thus the staggered susceptibility is weakened and the
paramagnetic state is realized [61].
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Γe− h

⃗Q

(a) (b)

Fig. 2.2: SDW in Cr: (a) Schematic diagram of the intersection of Chromium’s Fermi surface. modi-
fied from [62]. (b) Arrow representation of the spin density wave of Cr with wave vector
Q = [0, 0, 1± δ]/a directed along the z- axis. Taken from [53]

In band-type antiferromagnets, as found in fcc Mn, the nesting effect can not be used to
explain the stabilization of AFM. In this material, the hole-particle symmetry of the band is
not expected at half filling, and there one has to deal with total energy calculations. There,
AFM is found when the Coulomb energy gain due to local polarization overcomes the band
losses [63].

We have seen that ferromagnetism is stabilized when the system has few electrons or
has nearly filled shells, while AFM is stabilized close to half-filling. One can expect that in
between these two regimes, a plethora of complex magnetic structures can emerge, due to
the competition between ferro and antiferro interactions. There are, however, dynamical
methods that workout on minimizing the global minimum of the free-energy are required
in order to find out complex magnetic structures.

2.1.5 Magnetism in diluted systems

A wide variety of phenomena arises when magnetic moments are introduced in a metal.
In such materials, the local moments entangled with the surrounding, transform the metallic
properties and give rise to a plethora of ground states, ranging from superconductors to
Kondo insulators, exhibiting quantum critical phenomena as well as topological behavior
[64].

The most strongly interacting electrons are located in partially filled orbitals well localized
around the nucleus. Orbitals with higher principal quantum number contain more radial
nodes and tend to be more delocalized. As we increase the number of protons, the increased
nuclear charge pulls the orbitals closer to the nucleus. This is summarized on the Kmetko-
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Smith diagram shown in Fig.2.9 [9, 65]. The d-orbitals are highly itinerant and exhibit
conventional superconductivity. On the other hand, the f-shells are very localized and tend
to exhibit magnetic ordered states. Materials in the crossover between these regions exhibit
interesting phenomena that fascinates the condensed matter community.

In the impurity limit, the impurity magnetic moment disappears at low temperatures due
to the formation of a singlet state, i.e. a coupling between the impurity moment and the
conduction electrons. Various anomalies comprising what is called the Kondo effects happen
in the crossover from the local moment to the Fermi liquid behavior. In this section, we will
discuss the case in which conduction electrons mediate oscillating long range interactions.

Superconductivity

Local moment magnetism

Fig. 2.3: Kmetko-Smith diagram: electron localization trends. Modified from [9].

Some examples in which antiferromagnetism is found at very low substitution levels
are found in the literature. A case in discussion in this thesis is also found at the Nd
substitution series in CeCoIn5. Average intersite distance between magnetic impurities of
around 30 times that of the nearest neighbor suggest that this long range interaction can
not be explained by superexchange nor by direct exchange interaction, since these kind of
interactions depend on the overlap between neighboring atomic orbitals.

Let’s consider a simpler case to derive the model Hamiltonian and later the long range
exchange interaction. The example case is the one of the Cu-Mn alloys. The electronic
structures of constituent Cu and Mn atoms are given by 3d10

4s1 and 3d5
4s2, respectively.

When these atoms form dilute alloys, the hoppings of the 3d orbitals of Cu do not happen
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because these orbitals form almost closed shells on the alloy. The 3d orbitals of Mn form
unclosed shell and therefore electrons can hop to the 4s orbitals of Cu. We can neglect
hopping between 3d orbitals of different Mn ions up to the concentration of 10% of Mn.
Also hoppings between 4s orbitals have to be really fast because these orbitals are extended
in space. For simplicity, we assume a single orbital d, instead of 5, and we consider
Coulomb interaction only in the d orbitals because they are more localized than the 4s. The
Hamiltonian of such system is given by the two band model [42, 66]

H = Hs +Hsd +Hd (2.17)

where

Hs = ∑
iσ

εsniσ + ∑
ijσ

tijc†
iσcjσ (2.18)

Hsd = ∑
ijσ
(t(sd)

ij c†
iσajσ + t(ds)

ij a†
iσcjσ) (2.19)

Hd = ∑
iσ

εdndiσ + ∑
i

Undi↑ndi↓ (2.20)

where ε indicates the atomic level of the orbitals, tsd
ij is the transfer integral between the

s orbital on site i and d orbital on site j. Making use of the Bloch wave functions, one can
write the Hamiltonian in momentum space, diagonalize the hopping part of Hs, so that the
Hamiltonian of the system is written as

H = ∑
kσ

εknkσ + ∑
jkσ

(eik.RjVkdc†
kσajσ + e−ik.RjVdka†

jσckσ) + ∑
iσ

εdndiσ + ∑
i

Undi↑ndi↓ (2.21)

where the first term expresses the 4s conduction band, V is the hybridization matrix
comprising the atomic potential for an electron on the impurity site. This Hamiltonian is
known as the Anderson lattice Hamiltonian [67]. Limiting it to the case where there is
only one impurity at the origin gives what is called the Anderson model for an impurity
in the conduction band. The Hamiltonian written above has eigenstates {{nkσ}, {ndj =

1, sjz}} in the zero mixing (Vkd = 0) and at half-filling, where the first eigenstate denotes
a configuration of the Fermi sea, and the second eigenstate denotes the atomic states of
magnetic impurities with d electron number ndj = 1 and local moment sjz. Vdk denotes
a hybridization term coupling the conduction electrons to the impurity local moment.
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Assuming a small hybridization, and considering the hybridization part of the Hamiltonian
as a perturbation, one can arrive at the Kondo lattice Hamiltonian. By assuming a constant
hybridization parameter Vdk = V, taking the average exchange energy parameter between
the local moment and conduction electron spins and using the local-orbital representation
of conduction electrons, one obtains the simplified Kondo lattice Hamiltonian in real space:

HKL = ∑
kσ

εknkσ − 2JK ∑
j

Sj.sj (2.22)

where Sj and sj are the local moment of the magnetic impurity and the spin density of
conduction electrons at site j, respectively. JK is the Kondo coupling constant, dependent on
the Fermi distribution function, the Coulomb interaction U, chemical potential and on εk

and εd. The nature of the magnetic interactions between impurities can be understood if
one perturbs the Kondo coupling term of the Hamiltonian, in a way to remove the degree
of freedom for conduction electrons, remaining only the degree of freedom for the magnetic
impurity spins. By doing so, one obtains an effective Hamiltonian

HRKKY = −∑
(i,j)

J(Ri − Rj)Si.Sj (2.23)

where

J(Ri − Rj) = 2(
JK

L
)2 ∑

kk′

nk − nk′

εk′ − εk
cos[(k− k′).(Ri − Rj)] (2.24)

and where nk is the electron occupation number per spin of conduction electrons with
momentum k. HRKKY interaction is called the Rudermann-Kittel-Kasuya-Yosida interaction,
and J(R) is the RKKY interaction coupling constant [68, 69, 70]. Such interaction between
the moments of impurity atoms is caused by a polarization of the surrounding conduction
electrons via the Kondo coupling. This interaction is of long-range, and is responsible for
the formation of magnetic order in several dilute alloys. Considering the free electron model,
one can obtain the RKKY interaction as

J(R) = 6πneχPauli|JK|2
sin(2kFR)− 2kFRcos(2kFR)

(2kFR)4 (2.25)

where ne is the electron number per unit cell, χPauli = 2ρ(εF) is the Pauli uniform
susceptibility in the free electron model, ρ(εF) is the density of states at he Fermi level. We
notice that this interaction oscillates with a wavelength π/kF and decays as 1/R3, as shown
in Fig.2.4(a), demonstrating the long range nature of this interaction.
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Fig. 2.4: RKKY interaction as a function of 2kFR, with J0 = 6πne J2
KχPauli. An illustration of the polar-

ization of spins around the magnetic impurity giving rise to long range order interactions is
depicted. Modified from [9].

2.2 kondo effects

In the dilute limit, the RKKY interaction is extremely weak and a magnetic impurity is
realized in the non magnetic metal. Fig.2.5(a) depicts the magnetic susceptibility of AuFe
alloy at a field of µ0H = 5.9 T. At high temperatures, the magnetic susceptibility of the
alloy follows the Curie-Weiss law, indicating the presence of the Fe magnetic moment. At
lower temperatures, the susceptibility tends to saturation, indicating the disappearance of
the moment, meaning that the ground state can not be explained in a simple local moment
picture.

Studies that showed that substitution of magnetic ions in a metallic host sometimes lead
to the formation of magnetic moments depending on the concentration were done in early
1960s. Building on previous studies of the interaction of d electrons, Philip W. Anderson
formulated a second quantized model for the formation of magnetic moments in metals,
the Anderson sd Hamiltonian (Eq.2.21). Let us first consider a simplified model with one
impurity at the origin and with a reduced number of sites in the conduction band: the
ligand model [72, 73]. The Hamiltonian is then reduced to:

H = ∑
σ

εlnlσ + ∑
σ

V(a†
σcσ + c†

σaσ) + ∑
σ

εdndσ + Und↑nd↓ (2.26)

where εl and nlσ denote the ligand energy level and the number operator of the ligands.
Assuming the ligand level is higher than the d level εd, that the Coulomb energy is much
higher than the difference between the ligand and the d level, and that the hybridization
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Fig. 2.5: (a) Kondo Impurity: Magnetic susceptibility of pure Au compared to Au 0.0054 at.%
of Fe demonstrate the disappearance of the impurity moment. Modified from [71]. (b)
Kondo lattice: Magnetization of CeCoIn5 presents a deviation from the Curie-Weiss law
for temperatures below T<60 K , which can be explained by the formation of hybridized f
and conduction electrons.

V is small compared to this difference, doubly occupied states will be suppressed by the
strong Coulomb repulsion, so that the d-electron hybridizes with the ligand electron via
V. One can workout on the ground state of the ligand model to arrive at the conclusion
that it suggests that the ground state of the Anderson model with strong U is a singlet at
half filling, meaning that the system looses the magnetic moment at the ground state in
the strong U limit (|V| � εl − εd � U). One can associate a characteristic temperature
T∗ = 2|V|2/(εl − εd) above which the moment of the impurity is recovered and a Kondo

temperature associated with the formation of the singlet ground state TK = De
− |εd |

2ρ(o)|V|2 ,
where D is the bandwidth of conduction electrons, ρ(0) is the density of states at the Fermi
level, and the susceptibility is given by χimp = 1

TK
. In this picture, the physical quantities

are expected to be scalable with the Kondo temperature.

The anomalies associated with the Kondo singlet state are called the Kondo effects. The
first observation of a Kondo effect was found in the resistivity of some metals. Resistivity due
to phonons and impurities usually decreases when the temperature is lowered (Matthiessen’s
law), but for some materials, resistivity presents a minimum at low temperatures. The
Japanese physicist Jun Kondo worked on the basis of the sd model to show that the resistivity
due to impurities contains a logarithmic term R = RB(1 +

4JKρ(0)
L ln( T

D )) [74], where RB is
the resistivity in the Born approximation. A deeper understanding of this log term in the
scattering rate required the concept of renormalization group theory [42]. The key concept
is that the physics of a spin in a metal depends on the energy scale at which it is probed.
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At temperatures below a characteristic scale, TK, the local moment interacts so strongly
with the surrounding that it gets confined into a singlet state at low energies, ultimately
forming a Fermi liquid. The ratio of the impurity susceptibility to the Sommerfeld coefficient
due to impurity is temperature independent: T

χimp
Cimp

= 2 [75], where Cimp is the impurity
contribution to the specific heat. Those results were reconfirmed by other scientists working
on different methods, such as renormalization group theory, phenomenological Fermi liquid
theory etc [76, 77, 78, 79, 80] .

2.2.1 Kondo lattices and quantum criticality

So far, our main concern has been with theories of a magnetic impurity in a host metal.
However, as shown in Fig.2.5(b), Kondo anomalies as bulk properties are also found in rare-
earth compounds. In those materials, the partially filled f-shells are arranged in a periodic
array such that the Kondo singlet is in fact a Kondo lattice. Although the single impurity
Kondo problem was solved by 1970s, it took a decade before the scientific community
understood that the same phenomenon could also occur in a dense Kondo lattice [81, 9]. In
this case, the conduction electron screening clouds overlap and interimpurity interactions
become important. The anomalous behavior of the Kondo lattice must be due to strong
Coulomb repulsion, as in the impurity case, suppressing the fluctuations of the f charge but
not always leading to localized f-electrons. In stable compounds, the f levels lie far below
the Fermi level such that the virtual hopping to the conduction band (V term of the Kondo
Hamiltonian) is not so important. This may lead to a frustrate, glassy magnetic state in
diluted alloys or give rise to antiferromagnetic order in dense systems.

However, when the f levels lie closer to the Fermi level, virtual excitations of f electrons into
the conduction band lead to an antiferromagnetic exchange interaction with the conduction
electrons, forming a resonance in the density of states [9]. A modification of the states closer
to the Fermi level lead to anomalous low temperature behavior in mixed valent, intermediate
valence and heavy-fermion systems. Several materials show non integer valence of the
magnetic ion. This does not necessarily imply f-electron itineracy, as they can be a simple
alloy with atoms in difference valences [82]. However, nowadays, the terms mixed valence,
intermediate valence and valence fluctuation are used to describe the itinerant 4f [82].
Several mixed valent compounds remain paramagnetic and metallic down to very low
temperatures. One exception is the case of SmB6, in which the resistivity increases abruptly
below a critical temperature where the system becomes insulating [83]. Intuitively, one
can think that when an f electron is removed from the 4f shell, 5s and 5p shells contract
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due to a reduced screening of the nucleus by the f electrons and the ion can contract [82].
This in turn leads to strong coupling to the lattice and can result in anomalies in some
elastic constants [84, 85, 86]. In addition, the lattice contracts and there is an increased
orbital overlap and therefore increased Coulomb repulsion which enhance the hybridization
and the band widths, possibly resulting in a positive feedback. Most models do not take
into account the Coulomb repulsion in the conduction band, but that can act in a similar
way. Therefore, a delicate imbalance dictates the hybridization of the f levels governing the
resulting ground state. In order to determine the ground state of a system, the couplings to
the lattice and conduction electrons should be included. Such large coupling to the lattice
indicates that pressure acts as a strong tuning parameter [87].

Many body correlations due strong Coulomb interaction induce electronic anomalies in
the low temperature electronic properties of Kondo lattice systems. The specific heat in
Kondo lattices tends to be larger than intermediate valence compounds [82]. Kondo lattice
materials present valences which are close to the integer value. The quasi-elastic neutron
scattering peak is more temperature dependent than the mixed valent ones and in some
cases, crystal field excitations may appear [88]. The periodic arrangement of the crystalline
lattice gives rise to a coherent state of Kondo singlets, leading to anomalies in the resistivity,
the so called Kondo coherence peak [89]. One can even identify the coherence temperature
below which single impurity response is modified. In the incoherent case, the resistivity has
no maximum and there is a large resistivity residuum at low temperatures [89].

Heavy-fermion systems are Kondo lattice systems where 4f hybridization with conduction
electrons leads to a strong Fermi surface reconstruction with renormalized quasi-particles.
The first heavy-fermion metal discovered was CeAl3 [81], and like other heavy-fermions,
this metal displays a Curie-Weiss susceptibility at high temperatures, a paramagnetic
spin susceptibility at low temperatures, a dramatically enhanced linear specific heat at low
temperatures and a quadratic temperature dependence of resistivity at low temperatures [81].
The most direct evidence that the Fermi surface includes f-electrons contribution comes from
quantum oscillations measurements. Andres, Graebner and Ott proposed that the ground
state excitations of CeAl3 were those of a heavy Fermi liquid, with quasiparticles of effective
mass ∼ 1000 bare electron masses. In order to explain such large mass enhancement, the
three physicists proposed a lattice version of the Kondo effect. Those results in conjunction
with others inspired Neville Mott [90] and Sebastian Doniach [91] to propose that heavy
electron systems should be modeled as a Kondo lattice. They pointed out that there
two energy scales in the Kondo lattice, TK = De−1/2Jρ and ERKKY = J2ρ, the Kondo
temperature†and the RKKY scale, respectively. For small Kondo coupling values, one may
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assume that the conduction electrons remain mobile and travel through the lattice with the
spin density oscillating as described by the Friedel oscillations (Eq.2.25). In this case, the
RKKY interaction energy scale is much higher than the Kondo temperature energy scale,
and the system tends to an antiferromagnetic ground state. The contrary case of a large
Kondo interaction gives rise to a paramagnetic ground state in which electrons are scattered
resonantly in every lattice site (see Fig.2.6 (a)). It was then proposed that the transition
between the two regimes is a continuous quantum phase transition [92], leading to Doniach’s
conjecture [91] that the general transition between the antiferromagnetic and the dense
Kondo state is a continuous quantum phase transition (see Fig.2.6 (b). It was understood
that heavy-fermion materials may constitute a playground for studying quantum phase
transitions.

(a)

TK ∼ De1/Jρ
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∼ J2 ρ

Jρ Jρc
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Fermi  
liquid

T
EM

PE
RA

TU
RE

Magnetic order

(b)

Fig. 2.6: (a) Kondo effect: On top, a single spin in the conduction sea ionizes into a Kondo singlet,
forming a Kondo resonance at the Fermi surface. On the bottom, the representation of
a lattice of spins in the conduction sea forming a resonance at each site, giving rise to a
heavy band with a hybridization gap. (b) Doniach phase diagram for the Kondo lattice:
illustrates the magnetic ordered and the heavy-fermion regimes for TK < TRKKY and TK >
TRKKY. In the weak coupling (J) regime, the RKKY energy scale is dominant and the
low temperature ground state is antiferromagnetically ordered. As the Kondo coupling J
becomes stronger, the Kondo energy scale becomes comparable with the RKKY energy scale.
At this point, the ordered moments become reduced due to a partial screening of the Kondo
effect and the magnetic transition temperature decreases until it reaches zero. Beyond this
point, the low temperature properties are determined by the Kondo effect, yielding the
non-magnetic Fermi liquid state. Since the transition temperature approaches zero, i.e. no
thermal fluctuations occur, the crossover between these two regimes infers the existence of a
quantum phase transition.

†Note that TK in Doniach’s theory was taken as TK in the impurity limit case. This may not be the case in
Kondo lattice systems.
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Quantum phase transitions are transitions at zero temperature driven by quantum fluctua-
tions [14] called "zero-point motion". Quantum fluctuations are associated with Heisenberg’s
principle in that quantum particles even at absolute zero temperature cannot be still be-
cause their position and velocity cannot be fixed at the same time. Like in classical phase
transitions, a set of agitated particles may undergo a phase transition upon the tuning of a
control parameter, driving the system into a state with competing interactions of quantum
matter[12].

The non interacting model of the Fermi gas has been for decades a good model to
describe qualitatively many metallic properties, such as the existence of a Fermi surface,
linear specific heat, quadratic temperature dependence of resistivity etc. The robustness of
this Fermi liquid behavior against perturbations is explained by the Landau Fermi liquid
theory, in which interacting electrons are described in terms of Landau quasiparticles
[93, 94, 95]. These quasiparticles are the adiabatic evolution of the non-interacting fermion
as interactions are turned on [9]. They preserve the quantum numbers of the electrons,
but have renormalized dynamical properties, such as effective magnetic moment and mass.
However, new electronic behavior has been revealed in quantum critical matter, such as
linear temperature dependence of electrical resistivity or the apparent infinite electron’s
mass increase [96, 97] (see Fig.2.7). Quantum criticality causes the breakdown of the Fermi
liquid theory and has been observed in the brink of many interesting phenomena, giving
rise to new phases such as superconductivity. One example where an antiferromagnetic
quantum critical point is observed is depicted in Fig.2.7 (a). When applying field at low
temperatures on the compound YbRh2Si2, the antiferromagnetic phase is suppressed [96].
Non Fermi liquid behavior is observed over a large region of the phase diagram [96].

In the Kondo lattice, the Kondo resonances constitute the Landau quasiparticles of the
Fermi liquid state. These resonances must be included on the Fermi volume, giving the
notion of large Fermi surface formation [98]. In such entangled state, the local moment
is screened, leading to a paramagnetic state. Doniach’s quantum phase transition used
to explain the paramagnetic state of a lattice of local moments is a simple model that
considers a one-dimensional insulating lattice of coupled local spins [91]. At the time it
was developed, strong quantum fluctuations effects were not taken into account. Despite
its simplicity, Doniach’s model introduces the notion that the Kondo coupling enhances
quantum fluctuations and it resembles the competitive character of the Kondo and RKKY
interactions [91]. Recently, two types of quantum critical points have been identified in the
Kondo lattice: the Kondo breakdown type and the SDW type [16].
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(a)

CeRhIn5

(b) (c)

Fig. 2.7: Quantum criticality: (a) Field induced quantum phase transition in YbRh2Si2. Blue region
indicate normal Fermi liquid (FL) behavior, while the orange region describes the critical
non Fermi liquid (NFL) behavior as seen by resistivity measurements. Modified from [96].
(b) Temperature field and pressure phase diagram of the heavy-fermion superconductor
CeRhIn5. At zero field, a magnetically ordered state of the is present at low temperatures.
As pressure is increased, superconductivity appears and coexists with magnetic order. At
pressures higher than 1.77 GPa, only superconductivity is found. The application of magnetic
field suppresses superconductivity at the green points. White squares represent the quantum
phase transition where magnetic ordered is suppressed and only superconductivity is found.
At high magnetic fields, the magnetically disordered state is accompanied by a Fermi surface
reconstruction, where heavy-fermion behavior is observed. Taken from [99]. (c) Schematic
representation of a quantum critical point separating two electronic ground states: in the
case here, the AFM and the paramagnetic heavy-fermion metal. At the quantum critical
point, usual non Fermi-liquid behavior is observed. Taken from [14].

When the Kondo singlet is not affected by the onset of an antiferromagnetic order, the
order has an itinerant character and the quantum critical point is described in terms of
a spin density wave [15, 100, 101]. The SDW quantum critical point has its origin in the
nesting of the enlarged Fermi surface due to the formation of static Kondo resonances [16].
For this type, a generalization of Landau’s phase transition can be made [15]. Landau theory
describes classical phase transitions where there is a spontaneous symmetry breaking when
varying temperature. A classical transition is characterized by spatial fluctuations of an
order parameter. The fluctuation’s spatial scale increases as the system reaches the critical
point. A generalization of a Landau description for quantum phase transitions can be made
by introducing a Planckian "time" scale in the fluctuations [15, 16], allowing the quantum
state to evolve.

On the other hand, it has been proposed that static Kondo screening is supressed in
Kondo paramagnetic states, but dynamical Kondo may still lead to the formation of heavy
bands. In the latter case, Kondo resonances do not form, the corresponding Fermi surface
is small and paramagnetic states are formed [16]. The antiferromagnetic phase transition
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is accompanied by a Kondo breakdown. YbRh2Si2 is an example of this type of quantum
critical point [96, 102, 103].

One of the simplest versions of the Kondo lattice is is the Kondo insulator, in which
the formation of Kondo singlets lead to the formation of a fully gapped insulating state
[98]. The first heavy-fermion compound ever discovered was SmB6 [104, 105], which is
a magnetic metal at high temperatures and upon cooling, presents a resistivity plateau,
transforming it into a paramagnetic insulator with a gap of ∼20 meV [106, 107]. Recently, it
has been proposed that this material is an example of a topological Kondo insulator with
topological protected conducting surface states [98, 108].

One remarkable aspect was the discovery of superconductivity in the early heavy-fermions.
Back then, it was known that a few amount of magnetic ions suppress conventional
superconductivity, so the appearance of superconductivity in UBe13 [109] was regarded as
an artifact for almost 10 years [9]. A very high value of the jump of the specific heat in this
material at the superconducting phase transition [110] suggests that the heavy electrons are
directly involved with superconductivity. The fact that the magnetic and superconducting
behavior appears to be concerned with the same type of electrons attracts the attention of
the scientific community. From a renormalization group perspective, the heavy electron is
a fermionic bound state formed between the conduction sea and the local moment. This
composite picture opens up the possibility of new kinds of composite structures such
as bosons which may pair and condense. The composite structure says that the f-state
behave as an emergent electron field injected into the low-energy Fermi sea, expanding the
Fermi surface. CeRhIn5 is an antiferromagnetic metal at ambient pressure [99]. When it is
pressurized, the material becomes superconducting as the f-electrons delocalize [99] (see
Fig.2.7 (b)). Quantum oscillations show an expansion of the Fermi surface as the f-electrons
are formed. When the Fermi surface expands so much that it fills the entire Brillouin zone,
one gets a Kondo insulator. The physics of heavy-fermion superconductivity remains as a
challenge for us to solve.

2.3 superconductivity

2.3.1 Conventional and unconventional superconductors

Superconductivity is the phenomenon whereby the resistance of a metal drops to zero
upon cooling below a certain transition temperature. It was discovered more than hundred
years ago by Heike Kamerlingh Onnes in 1911 [19], and it took another 46 years [9] for
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scientists to understand this phenomenon in terms of a condensation of electron pairs.
The development of the Bardeen - Cooper - Schrieffer (BCS) theory has two parts: a
phenomenological and a microscopic one. Some highlights that lead to the development
of the theory are mentioned: the observation of the Meissner effect in 1933 [111], in which
the magnetic flux is expelled as the material becomes superconducting; the rigidity of the
one-particle-wave function [112] (superconducting order parameter) in 1937 provided a
natural explanation for the Meissner effect; in 1950s: the development of the Ginzburg-
Landau theory [8] and the theory of the electron-phonon interaction [113] (this interaction
gives rise to a low energy attractive interaction), the discovery of the isotope effect [114], the
discovery of the superconducting coherence length demanded a microscopic theory [115];
the hypothesis that a gap in the electronic spectrum accounts for the rigidity of the wave
function and gives rise to the coherence length [116] in 1955; the Bardeen-Pines Hamiltonian
[117]. In the latter, Bardeen and Pines rederived the electron-phonon interaction as a second
quantized model, incorporating Coulomb effects [117]. Their effective interaction takes the
form [117, 9]

VBP(q, ν) =
e2

ε0(q2 + κ2)
[1 +

ω2
q

ν2 −ω2
q
] (2.27)

where κ−1 is the screening length, the phonon frequency ωq is related to the plasma
frequency of the ions. The first term of the interaction is independent of the phonon
frequency, corresponding to an instantaneous Coulomb repulsion, while the second one
is strongly frequency dependent, a retarded attractive interaction due to phonons. This
interaction is the basis of the BCS theory.

In 1956, Cooper found that an arbitrarily weak electron-electron attraction induces a
two-particle bound state that destabilizes the Fermi surface [118]. Cooper saw that the
electron pair is a boson [118], allowing the macroscopic condensation of electrons. Schrieffer
identified the superconducting ground state as a coherent state of the zero momentum
Cooper pair operator [119]. The BCS Hamiltonian is given by [119, 9]:

H = ∑
kσ

εkσc†
kσckσ + ∑

k,k′
Vk,k′c

†
k↑c

†
−k↓c−k′↓ck′↑ (2.28)

where Vk,k′ can take a variety of symmetries, as shown in Fig.2.8, but in conventional
superconductors, it takes a simple isotropic s-wave attraction developing within a narrow
energy shell of electrons within a Debye energy of the Fermi surface. In unconventional
superconductors, this gap symmetry breaks at least one symmetry operation of the crystal
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point group symmetry. The Hamiltonian written above captures the low energy pairing
physics. The BCS interaction takes place only at zero momentum, involving long-range
interaction between pairs. This long-range aspect is what makes possible the solution of the
Hamiltonian using mean-field theory [9].

Y2,1

2ωD

ϵF

k′� ↑

− k′� ↓ k ↑

− k ↓

Vk,k′�

s-wave p-wave d-wave

Y1,1

A-phase of He3 Cuprates, CeCoIn5BCS

Fig. 2.8: Superconducting gap symmetries: are classified by the total spin S, the angular momentum
l of the Cooper pair. On the left, Vk,k′ takes an isotropic s-wave symmetry (S = 0, l = 0). For
a conventional superconductor, the potential is attraction that develops within a narrow
energy shell of electrons within a Debye energy of the Fermi surface ωD [9]. In the middle
panel, nodal p-wave (S = 1, l = 1, as observed in the A-phase of He3 [120]) and on the right
the dx2−y2 (S = 0, l = 2, as observed in the main superconducting phase of CeCoIn5 [121, 122])
gap symmetries are shown.

Note that the Hamiltonian written above does not explicitly express the Coulomb re-
pulsion between the paired electrons. There are two ways in which strongly interacting
electrons can attract and pair. In conventional superconductors, the attraction is created
because the positive screening charge created by the lattice around an electron remains
in place long after the electron is gone. In anisotropic superconductors, this problem is
circumvent by the appearance of nodes in the pair wave function. The latter mechanism
is present in all electronically mediated superconductors: organic, heavy-fermions, high-
temperature cuprates and iron-based superconductors. There is still ongoing research in
order to understand the full interplay of the Cooper pairs and the Coulomb force.

It was realized that a full treatment of the charge and spin degrees of freedom may lead
to attractive components of the effective pairing interaction [123, 124, 25, 26, 125]. As an
alternative potential to the phonon-mediated superconductivity potential, one can examine
a repulsive potential V = 1

2 ∑k1,k2,q Vqc†
k1+qσc†

k2−qσ′ck2σ′ck1σ. In the BCS theory, the pairing
interaction Vk,k′ risen by V is determined by the influence of the interaction on zero total
momentum Cooper pairs. The resulting interaction is then VBCS = V↑↑BCS +V↓↓BCS +V↑↓BCS. One
can decompose the pairs into their orbital angular momentum components. Since the parity
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of a pair is related to its orbital angular momentum by P = (−1)L, even-parity involves
even L, (s,d-wave) and triplet pairs involve L odd (p, f-wave) (see Fig.2.8).

In addition, one can consider the pair potential to be induced by a magnetic interaction
[9] of the form Vmag = 1

2 ∑q Jq[S−qSq]]. Considering the spin dependence of the interaction,
one can see that the value of Si.Sj is different for singlet and triplet states. Antiferromagnetic
interactions attract in the singlet anisotropic channel [124, 25, 26, 125] and ferromagnetic
interactions attract in the triplet channel [123]. The history of the discovery of superconduc-
tivity that lead to unconventional superconductivity is discussed in Subsec.2.4.

As mentioned, the long range nature of the pairing interaction allows a mean-field
description of superconductivity and superfluidity. Such mean-field theory is useful for
understanding several concepts, like the Meissner and mixed states etc. The theory of
Ginzburg-Landau complex order parameter is centered around the emergence of a macro-
scopic wave function in which the microscopic field operators ψ̂(x) acquire an expectation
value 〈ψ̂(x)〉 ≡ ψ(x) = |ψ(x)|eiφ(x) [8]. The Ginzburg-Landau free-energy density of the
bosonic condensate is given by fGL[ψ,∇ψ] = h̄

2m |∇ψ|2 + r|ψ|2 + u
2 |ψ|4 [8]. The coherence

length governing the range of amplitude fluctuations of the order parameter is given
by ξ =

√
h̄

2m|r| = ξ0(1− T
Tc
)−1/2. Substituting ψ = |ψ|eiφ into the free energy, one gets

fGL = h̄
2m |ψ|2(∇φ)2 + [ h̄

2m (∇|ψ|)2 + r|ψ|2 + u
2 |ψ|4], where the first term describes a phase

rigidity and the second term describes the cost of amplitude fluctuations of the order
parameter. Such fluctuations happen at scales shorter than the coherence length, while at
longer scales, the phase degrees of freedom are dominant. The rigidity term is microscopi-
cally a kinetic energy of the particles in the condensate and macroscopically it is an elastic
energy associated with a twisted phase, meaning that a twist of the condensate results
in a coherent flow of particles. The stability of the superflow is due to the topology of a
twisted order parameter, which results in quantization of the circulation flow around the
sample and velocity quantization. The only way for this superflow to decay is to create
domain walls. Also the formation of vortices with radius larger than the coherence length is
a stable configuration of the superfluid/superconductor. The interaction between vortices is
repulsive.

For a superconductor, the inclusion of charge in the superfluid leads to the Meissner
effect [111, 126]. Replacing the normal derivatives written above by the gauge-invariant
ones incorporates the coupling of the superfluid to an electromagnetic field, resulting in
a free energy given by fGL[ψ, A] =

∫
ddx[ h̄2

2M |(∇− ie∗
h̄ A)ψ|2 + r|ψ|2 + u

2 |ψ|4 + ∇×A
2µ0

], where
the last term is the magnetic field and M is the mass of the condensed field. This sets two
length scales for the superconductor, the coherence length which governs the amplitude
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fluctuations and the London penetration depth [112], which is the length the magnetic
field penetrates in the material. By taking variations of the free energy with respect to the
vector potential and setting the total variation to zero, one can arrive at the relation that
describes the Meissner effect ∇2B = 1

λ2
L

B, where λL = M
µ0nse∗2 , where e∗ = 2e for the Cooper

pair, ns is the superfluid density. This equation has only two solutions, B = 0, ns > 0 and
B 6= 0, ns = 0. Thus, the magnetic field is confined to a surface layer of thickness λL. For tin
(Sn), the experimental penetration depth is ∼510 Å [127, 128]. Since the magnetizing field
inside a superconductor is null, B = µ0(M + H) = 0, this implies that superconductors are
perfect diamagnets, in which shielding supercurrents make a Faraday cage that screens out
the field [9]. There is a limit to which the Meissner effect takes place, and above this limit
the superconducting state is suppressed. At this critical field, the normal state can coexist
with the superconducting state. The interface between the degenerate superconductor and
the normal phase is a domain wall, where the superconducting order parameter and the
magnetic field decay away to zero over length scales of the order of the coherence length ξ

and penetration depth λL. The physics here is governed by the Ginzburg-landau parameter
κ = λL

ξ . There exist two types of superconductors:

• Type I: κ < 1/
√

2, where magnetic fields are vigorously excluded from the material
by a thin surface layer of screening currents

• Type II: κ > 1/
√

2, where the surface layer of screening currents is spread on the
scale of the coherence length and the magnetic field penetrates much further into the
superconductor. Above Hc1 and below Hc2, a mixed state is formed where the field
penetrates the bulk forming the other stable configuration for the superconductor,
vortices. In a vortex, the rotating electric currents give rise to a trapped quantized
magnetic flux φ0 = h

2e . In 1957, Abrikosov, solving the Ginzburg-Landau equations
analytically, predicted that this type of superconductor forms a lattice of quantized
flux lines in the mixed state, called the Abrikosov flux line lattice [129].

In isotropic systems, the vortex lattice free energy is minimal when the flux penetrated is
arranged in a triangular lattice. This arrangement has a slightly lower free energy than the a
square configuration. The d spacing of the vortex lines as a function of field is given by

d =

√
α

φ0

B
(2.29)

where α =
√

3/2 for a triangular lattice and α = 1 for a square lattice [9, 130]. As the
magnetic field is increased in a type-II superconductor, the inter-vortex distance is reduced
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so as to maintain the constrain of one flux quanta per vortex. Ultimately, superconductivity
breaks down at Hc2 where the vortex cores start to overlap, at µ0Horb

c2 = h
e∗2πξ2 [131].

Experimentally, it is easier to estimate the critical field by the slope of the upper critical field
at temperatures close to the critical temperature at low fields as [132]

Horb
c2 (T = 0) = 0.7Tc[K]

dHc2(T)
dT

|T=Tc (2.30)

TC TC

Hc1(T )

Hc2(T )

Hc(T )

λL

ϕ0

Fig. 2.9: Magnetic phase diagrams of type-I (left) and type-II (right) superconductors.

Another mechanism that breaks the Cooper pairs is the the Pauli paramagnetic depairing
[133]. In Pauli limited superconductors, the Cooper pair is polarized by the coupling of
the applied magnetic field to the electron spins. This mechanism is likely to happen in
clean type-II superconductors with strong Pauli paramagnetic effects. In those Pauli limited
superconductors, switching the electron spin results in breaking the Cooper pair, and the
energy cost to do that is the binding energy of the pair. The so called Chandrasekhar-
Clogston limit imposes that the Zeeman energy due to the application of an external field
must exceed the binding energy [134, 135], such that

HPauli
c2 (0) =

√
2∆(0)/µB (2.31)

where ∆(0) is the zero-temperature superconducting gap and µB is the Bohr magneton
[134, 135]. The relative contribution of orbital and Pauli depairing is given by the Maki
parameter [136, 133]:

α =
√

2
Horb

c2

HPauli
c2

(2.32)
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In most superconductors, the orbital pair breaking effects are dominant. However, in
heavy-fermion materials, the Fermi energy is small, and paramagnetic effects may dominate
(Horb

c2 (T) ∝ (m∗)2). Pauli-limiting can also change the nature of the superconducting
transition from second to first order close to the upper critical field. CeCoIn5 is a Pauli
limited superconductor with α‖ab ∼ 4.6 and α⊥ab ∼ 5, for fields in and out of the tetragonal
ab-plane, respectively [137].

2.3.2 Magnetized superconductivity

The Chandrasekhar-Clogston argument is limited to superconductors where the Cooper
pair is formed by particles with different internal spin states. The question that attracts a lot
of interest is whether some more exotic superfluid phase can exceed this limit and give rise
to magnetized superconductivity. Note that so far, magnetism and superconductivity have
been considered antagonistic effects, since the application of magnetic fields results either
in complete expulsion of field from the interior of the superconductor through the Meissner
effect, or in type-II superconductors it results in the suppression of superconductivity in the
vortices. The search for magnetized superconducting systems have been performed both
theoretically and experimentally.

2.3.2.1 FFLO superconductivity

One notable theory that combines magnetism and superconductivity is the proposal of
the so-called Fulde-Ferrel-Larkin-Ovchinnikov state, where the application of a Zeeman
magnetic field breaks either the time reversal symmetry (FF states) [138] or the translational
symmetry (LO states) [139]. In lattice systems, the stability of the FFLO state can be due to
the shape of Fermi surfaces that can increase the available phase space for finite momentum
pair formation [140]. Such nesting effects are enhanced in quasi-low dimensional Fermi
surfaces [140, 141, 142]. Alternatively, spin-orbit coupled superconductors with exotic
topology are also good candidates for the stabilization of FFLO superconductivity [140, 141].
Spin-orbit coupling (SOC) may introduce translation symmetry breaking already at the
Hamiltonian level in some systems [140].

The resulting Cooper pairs have non zero total momentum (k ↑,−k + q ↓), instead of the
BCS (k ↑, k ↓). The absolute value of |q| turns out to scale with the population imbalance
between the spin components, i.e. |q| ∝ |kF↑− kF↓|. The appearance of momentum gives rise
to a spatial oscillation of the superconducting order parameter (FF state) ∆(r) = ∆0eiq.r [138],
where ∆0 ∈ R denotes the pairing amplitude. In this way, depairing can occur selectively
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only in some parts of the Fermi surface. Larkin Ovchinnikov proposed an ansatz with q
and −1 degenerate, so that a linear combination of the degenerate states with opposite
phase factors results in an amplitude modulation ∆(r) = ∆0(eiq.r + e−iq.r) = 2∆0cos(q.r)
[139]. In this state, the superconductor becomes spatially inhomogeneous, and the order
parameter presents an oscillation with a wavelength 2π/q [143], resulting in periodically
organized normal quasiparticles and paramagnetic moments. One notices that in the FF
state, the order parameter is complex and time-reversal symmetry is broken. In the LO state,
time-reversal symmetry is preserved to the cost that spatial symmetry is broken [140].

In spite of theoretical advances in FFLO superconductivity, it has been difficult to find
experimental realization of such system. This is because its occurrence in real systems
require strongly type-II superconductors with large Ginzburg-Landau parameter κ and large
Maki parameter α, very clean materials where the coherence length is much smaller than
the electronic mean free path and anisotropies of the Fermi surface and gap-function [143].
There have been propositions that this state is present in a variety of materials including
CeCoIn5. There, a Zeeman field shifts the energy of the up and down-spins in opposite
directions, being thus energetically favorable for the pair to acquire a finite momentum and
develop the FFLO state.

2.3.2.2 Pair density waves

Pair density wave (PDW) refers to a superconducting state where the order parameter
varies periodically in a way that its spacial average vanishes [141]. The FFLO ground state is
also a kind of PDW in which the application of a Zeeman magnetic field breaks time reversal
symmetry. However, a PDW is more general, in the sense that for strongly interacting
systems, a PDW could occur independent of any explicit time-reversal symmetry breaking.
It has been challenging to develop a general microscopic theory for PDWs because of the
difficulty that is to deal with strong coupling. Nonetheless, such phases were proposed to
exist in cuprate high-Tcs[141], heavy-fermion systems [144, 145, 146, 147, 148] and some
organic superconductors [149, 143, 150, 151, 152, 153].

In general, a PDW state may develop secondary orders, such as charge density wave
(CDW), nematic, magnetization density wave (MDW - arising from spatially modulated
orbital supercurrents) and in discussion, spin density wave [154, 155]. When these induced
order parameters develop long range order and the original PDW does not, the secondary
phase is called vestigial order. A PDW breaks translational symmetry in addition to particle
number conservation, and therefore, topological excitations occur [156, 141]. In particular,
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such excitations have consequences on the physical properties of superconducting vortices,
giving rise to fractional flux vortex [141].

PDWs have been employed to explain gapless excitations in the pseudogap phase of
cuprate superconductors [157]. The putative PDW proposed for high-Tc superconductors
occurs in the absence of an external Zeeman field [141]. Moreover, the superconducting
states of these materials arise in strongly correlated systems whose normal state is a strange
metal, without well defined fermionic quasiparticles. It was suggested that PDW states
may originate from intertwined antiferromagnetic and d-wave superconducting order [158].
Alternatively, it has also been suggested that a strong attractive interaction (believed to
originate from spin fluctuations) in a d-wave condensate gives rise to a d-wave ground
state with finite momentum [159, 155], i.e. PDW. It has also been suggested that local spin
current fluctuation in a resonating valence bound state favors the emergence of a PDW
[160, 141]. At the moment, the only model that is widely accepted to show a PDW considers
strongly correlated systems in the Kondo-Heisenberg 1D chain [141]. This model considers
a one dimensional spin-1/2 antiferromagnetic chain with exchange coupling JH coupled to
mobile electrons via the Kondo coupling [161]. It has also been shown that this PDW is a
topological superconductor.

Under the application of magnetic fields, high field transitions in organic superconductors
were explained in terms of FFLO-like phase, in κ-(BEDT-TTF)2Cu(NCS)2 [162, 150], λ-
(BETS)2GaCl4 [151, 163], β

′′
-(ET)cSF5CH2CF2SO3 [164, 165], (TMTSF)2CLO4[142]. PDWs

have also been used to explain high field phases in iron-based KFe2As2 [166] and in the
heavy-fermion systems UPd2Al3[144], CeRu2[146, 145] and CeCoIn5 [38]. The case of
CeCoIn5 is among the most interesting cases studied in the literature, where the discovery
of a new low temperature high field phase was first reported to be an FFLO phase and later
on found to exhibit spin density order [36, 37, 39]. The SDW coexistence with a d-wave
condensate generically implies a PDW, meaning that it is difficult to identify the primary
and vestigial order. The origin of such phase has also been attributed to the condensation of
the spin resonance into the ground state of the system. The origin of the high field phase of
this compound remains as a question that we address in this PhD work. More details are
given in Chapter 4.

2.3.2.3 Condensation of spin resonance

A direct way to couple magnetism with superconductivity is the condensation of the
spin resonance. Spin resonance is a characteristic spin-1 excitation that occurs below the
superconducting critical temperature in several unconventional superconductors. A super-



36 Strongly correlated phenomena

conducting spin resonance is present in several different classes of materials, ranging from
cuprates, to pnictides and heavy-fermions [23, 167, 24, 168]. The magnetic resonance energy
scales linearly with the size of the superconducting gap EF ∝ 2∆, independently from the
material class [169]. The observance of the spin resonance suggests that magnetic excitations
are intimately related with the pairing formation. Unconventional superconductivity, on
the other hand, has a strong feedback effect on the spin excitation spectra, giving rise to
excitons that are observable in inelastic neutron scattering experiments [168, 170].

Such magnetic excitation is seen as a result of an enhanced dynamic susceptibility
χ(q, ω) = χ0(q, ω)/(1−Uqχ0(q, ω)) (of the form of Eq.2.16). The challenge in formulating
the spin resonance theoretically lies on the fact that one must deal with both magnetic
and superconducting correlations often in multiband systems with strong Coulomb cor-
relations. An approach is to deal with these correlations is by approximating χ within
random phase approximation BCS form [171], where the superconducting correlations are
thrown in χ0(q, ω). In such model, a collective excitation or spin resonance occurs when
Uq<eχ0(q, ω) = 1 and Uq=mχ0(q, ω) � 1. Theoretically, it has been proposed that the
Zeeman splitting of the energy of elementary excitations may induce the condensation of a
dx2−y2 wave spin resonance [172], giving rise to magnetic order at high fields induced by
superconductivity.

2.4 quantum criticality and the interplay between superconductivity

and magnetism

In 1975, it was noted that the compound UBe13 became superconducting [109]. The
authors Bucher et al said that Uranium filaments were present in the sample and that
superconductivity probably came from impurity effects on their sample. In 1978, Franz
reported in a footnote that CeCu2Si2 became superconducting [173] . In both cases, the
authors thought there was something wrong with their sample or experiment. In 1979,
Steglich associated a superconductor with a huge heat capacity with a large conduction
electrons mass [174]. Such large heat capacity was usually associated with fixed magnetic
moments. Scientists initially considered it an oddity. In 1983 in Zurich, Ott et al found that
UBe13[175] had similar properties to CeCu2Si2. The experiments in Zurich showed that in
fact the large heat capacity was associated with the superconducting transition. Innumerable
studies were done in both compounds, and it was noticed that the temperature dependence
of heat capacity in the superconducting state was not an exponential as seen in conventional
superconductors, but rather a power law. It was then suggested that the superconducting
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gap did not open isotropically at the Fermi surface [175, 176], similarly to superfluid He3,
where the gap is not an s-wave.

Nowadays, more than a hundred years after the discovery of superconductivity, this field
of research continues to challenge the scientific community. The so-called unconventional
superconductivity, in which the gap symmetry has at least one broken symmetry point
group, has been observed in high Tc cuprates, in iron pnictides, organic materials, in heavy-
fermion (HF) materials and other materials classes. At present, there is no unified theory
for unconventional superconductivity, partially due to the fact that it manifests itself in
very different materials with different properties and also because of the difficulty that is to
treat multiband metals. Therefore, the scientific community works in looking for common
aspects within these different classes of superconducting materials.

Strange metal

T

g

MO
SC

QCP?

CeIn3 CePd2Si2

(a) (b) (c)

Fig. 2.10: Quantum criticality: (a) Schematic generic phase diagram of unconventional supercon-
ductors. g denotes a generic tuning parameter. (b) and (b) depict the phase diagrams of
heavy-fermion compounds CeIn3 and CePd2Si2 where the tuning parameter is pressure.
Pressure suppresses the magnetically ordered ground state and a superconducting come
emerges where the antiferromagnetic transition temperature is driven to zero. Modified
from [177].

One fascinating common aspect is that unconventional superconducting ground states
are frequently found in the vicinity of magnetically ordered phases. Fig.2.10 depicts a
schematic diagram of a tentative generic phase diagram of unconventional superconductors
and two examples in the heavy-fermion class. An unconventional superconducting dome
is commonly observed when the magnetic transition temperature is driven to zero Kelvin
upon the application of a tuning parameter. The tuning parameters have been found to
be diverse as pressure, magnetic field and chemical composition have given rise to such
phase diagrams. This picture inspired scientists to propose that the transition between the
magnetic and superconducting ground state is a quantum phase transition driven by zero
point motion and that a quantum critical point exists within the superconducting dome. The
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presence of such quantum critical point is further revealed by the change in the electronic
properties denoted as a strange metal phase. Two examples of such a generic phase diagram
in the heavy-fermion class are shown in Fig.2.10 (b) and (c) where the application of pressure
suppresses an antiferromagnetic ground state and right where the Néel temperature is
driven to 0 K, a superconducting dome emerges [177].

Such a picture illustrates a competition between magnetism and superconductivity. In
fact, crystal growers have even take advantage of this competition to look for new supercon-
ductors. This makes heavy-fermion materials good candidates for hosting superconducting
phases, since they often feature magnetic correlations and since they are highly tunable
materials due to their small energy scale associated with their large effective masses. Strong
magnetic correlations in heavy-fermion materials is also revealed by the fact that a magnetic
ground state is found when adding small amounts of impurities (an example for this is
reported in Chap.5 in NdxCe1−xCoIn5). The large magnitude of the specific heat jump at
the superconducting transition suggests that the heavy electrons form Cooper pairs.

The discovery of multiple superconducting phases in heavy-fermion materials gave sup-
port to the hypothesis that superconductivity involves exotic pairings. Specific heat of UPt3

reveal the presence of two jumps [176], that under the application of in-basal plane magnetic
field merge into a single transition at a critical field of 5kOe [176]. The transitions are associ-
ated with multiple superconducting phases with different order parameters. The transition
to the superconducting state occurs at a temperature much below the Néel temperature
at which an antiferromagnetic phase with a small moment occurs. Under the application
of uniaxial and hydrostatic pressure, the splitting between the zero field superconducting
transitions disappears above the critical pressure, which is also the pressure at which the
antiferromagnetic phase also disappears [176]. This indicates that the appearance of multiple
superconducting orders in UPt3 is related to the occurrence of magnetic order [176].

In fact, one common feature among heavy-fermion superconductors is that supercon-
ducting phases often coexist with antiferromagnetic correlations, as depicted in Fig.2.11(a),
and typically with a Néel temperature that can be an order of magnitude higher than the
superconducting transitions temperatures. The strength of antiferromagnetic correlations
are diminished in systems with large effective masses, and antiferromagnetic phases with
tiny moments of the order of 0.01µB might be present, as for example in UPt3, CeCu2Si2
and U1−xThxBe13 etc. On the other hand, compounds where the mass is less enhanced,
as in URu2Si2, UPd2Al3 etc, show high temperature gapped antiferromagnetic transition
temperatures that can have larger moments.
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In contrast to the cases where superconductivity and magnetism are competing orders,
there are some less common cases where these phenomena cooperate. It was of great surprise
that a superconducting phase was found only inside a ferromagnetic phase in UGe2[178], as
shown in Fig.2.11(b). In addition, URhGe undergoes a superconducting transition inside
a ferromagnetic phase [179]. Application of pressure as a tuning parameter suppresses
the superconducting phase while enhancing the ferromagnetic transition temperature. The
application of magnetic field in this compound first suppresses the superconducting phase,
then reestablishes another superconducting phase at higher fields and then break both
superconducting and ferromagnetic order. In UCoGe, ferromagnetism is stablished at
temperature higher than the superconducting temperature, and the application of pressure
suppresses the ferromagnetic phase before suppressing superconductivity [180].

The opposite case where magnetic order exists only inside the superconducting state is
found for the main compound studied in this thesis, whose schematic phase diagram is
shown in Fig.2.11 (c). Further information about this compound is found throughout this
thesis.

CeCoIn5UGe2

UPd2Al3, CeIn3, CePd2Si2,
CeCo(In1−xCdx)5

(a) (b) (c)

Fig. 2.11: Interplay between superconductivity and magnetic order in heavy-fermion materials: T
denotes temperature, g denotes a tuning parameter (that could be magnetic field, pressure,
substitution), MO stands for magnetic order and SC for superconductivity. (a) Coexisting
and competition between magnetism and superconductivity. (b) superconductivity induced
by magnetism (c) superconductivity induces magnetic order. Modified from [39].





3
E X P E R I M E N TA L T E C H N I Q U E S

Much of the study in condensed matter physics and materials science can be probed by
looking at the charge and spin of electrons, i.e. emergent properties can be character-
ized by macroscopic probes, such as electrical resistivity, magnetization, heat-capacity,
nuclear magnetic resonance etc. Strongly correlated systems however, have more
subtle degrees of freedom and their fundamental understanding require additional
studies of microscopic interactions that can’t be probed by the conventional techniques
mentioned above. A lot of their properties are determined by the arrangement of
the atoms that compose them, and through the ways in which the atoms respond to
forces between them. Ultrasound spectroscopy is a powerful technique that probes
the symmetry of the dynamical responses of the material, thus probing any property
that couples to long wavelength phonons. Although ultrasound has been particularly
important to reveal broken symmetries across phase transitions, it does not provide
direct decisive information about magnetic structures. For that, neutron diffraction is
the technique of choice, because neutrons carry a magnetic moment enabling direct
study of magnetic correlations.

3.1 neutron scattering

Neutron scattering is a powerful probe for condensed matter. Due to the neutrons neutral
charge, it can penetrate deeply in materials and be used to investigate bulk structure and
dynamical properties. Since the neutron is a spin S = 1/2 particle [181, 182], it interacts with
internal magnetic fields inside materials, being thus very useful to study magnetic order
and excitations.

Neutrons can be produced by fission process in 235U in nuclear reactors or via proton
collision with heavy-metal targets in spallation sources. The neutron diffraction experiments
in this thesis were carried out at the Institute Laue Langevin (ILL) and at the Swiss Spallation
Neutron Source (SINQ) at the Paul Scherrer Institut. The energy spectrum of neutrons
produced from spallation is in the range of several MeV. Moderator tanks filled with
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deuterium or an admixture of heavy and light water are used to reduce the neutron energy
to E = 0.5 - 5 meV in a cold source or to E = 5 - 100 meV in a thermal source. Neutrons are
then directed to the beamlines using total reflection on supermirrors. Neutron experiments
in condensed matter systems are typically performed with cold and thermal neutrons with
energies up to ∼ 100 meV. The neutron wavelength is given by:

λ =

√
h2

2mE
(3.1)

where h is the Planck constant, m is the neutron’s mass. The neutron energy for cold and
thermal neutrons corresponds to wavelength of the order of Angstroms, comparable with
the interatomic spacings in crystals.

3.1.1 Scattering theory

The scattering process of a neutron in a crystalline medium can change the momentum
and energy of the neutron. The scattering process is depicted in Fig.3.1. The momentum
and energy transfer in the scattering process are expressed as:

h̄Q = h̄(k f − ki)

h̄ω = E f − Ei
(3.2)

where k is the neutron momentum and E is the neutron energy and the indices i and f
correspond to initial and final states. The study of static effects is done with elastic scattering
or diffraction (h̄ω = 0). Inelastic scattering (h̄ω 6= 0) provides information about excitations,
such as phonons, magnons, crystal field excitations etc.

⃗Q

⃗ki , Ei ⃗kf , EF

Fig. 3.1: Neutron scattering process: an incident neutron beam is scattered by the crystal and
magnetic lattices, transferring a momentum Q to the crystal.
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The quantity measured in neutron scattering is the partial differential cross-section
d2σ/dΩdE f , which is proportional to the number of neutrons scattered in a small solid
angle dΩ with an energy between E f and E f + dE f . Using Fermi’s golden rule, given
an interaction potential V between the neutron and the scatterer, the partial differential
cross-section is written as [181]:(

d2σ

dΩdE f

)
i→ f

=
k f

ki

(
m

2πh̄2

)2

|
〈
k f , s f , ν f |V|ki, si, νi

〉
|2δ(h̄ω + Ei − E f )

where ν represents the state of the system and s and k represent the neutron spin state
and momentum.

3.1.1.1 Nuclear scattering

For a scattering event with the nucleus, the interaction potential is given by the Fermi
pseudopotential [181]:

Vn(rl) =
2πh̄2

m
blδ(rl) (3.3)

where bl is the scattering length of the nucleus l at position rl. In a crystal, the nuclei
form a periodic arrangement, and the general expression for the the partial differential
cross-section of nuclear scattering is therefore [181]:(

d2σ

dΩdE f

)
nuclear

=
k f

ki

1
2πh̄ ∑

ll′
blbl′

∫ ∞

−∞
dte−iωt〈eiQ.[rl(0)−rl′ (t)]〉

where the average represents a thermal average. For isotopes with zero nuclear spin, the
nuclear potential does not affect the spin state of the neutron, that is why σ does not appear
in the nuclear scattering cross-section. Neglecting incoherent scattering originating from a
distribution of isotopes with different scattering length and from the random orientation of
nuclear spins and by defining

N(Q, t) = ∑
l

bleiQ.rl(t) (3.4)

the scattering cross-section can be expressed as(
d2σ

dΩdE f

)
nuclear

=
k f

ki

1
2πh̄ ∑

ll′
blbl′

∫ ∞

−∞
dte−iωt〈N(Q, 0)N†(Q, t)〉 (3.5)
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3.1.1.2 Magnetic scattering

Due to the neutron’s spin, it has a magnetic dipole moment that equals µn = −γµNσ,
where γ = 1.913 is the gyromagnetic ration, µN = 5.05078.10−27J/T is the nuclear magneton
and σ denotes the Pauli matrices. An electron has a dipole moment of µe = −2µBs, where
µB is the Bohr magneton and s is the spin operator. The neutron’s dipole moment interacts
with an electron via the magnetic field that arises from the electron’s spin and momentum.
The scattering potential writes [181]:

Vm = µn.H = γµNσ2µB.
[
∇×

(s× R
R3

)
︸ ︷︷ ︸

spin of the electron

+
1
h

p× R
R3︸ ︷︷ ︸

orbital momentum

]
(3.6)

For non polarized neutrons, the magnetic cross-section can be expressed as [181, 183]:

(
d2σ

dΩdE f

)
magnetic

=
k f

ki

(γr0)
2

2πh̄ ∑
αβ

(δα,β −
QαQβ

|Q|2 )∑
ll′

1
4

glgl′ fl(Q) f ∗l′ (Q)

×
∫

dte−iωt〈eiQ.[rl(0)−rl′ (t)]〉〈Sα
l (0)S

β
l′(t)〉

(3.7)

where r0 is the classical radius of the electron, fl(Q) is the magnetic form factor of the ion
l and 1

2 glSα
l is the α component of the magnetic moment of the ion l. For rare earth ions, the

term 1
2 gl fl(Q)Sα

l (t) can be replaced by 1
2 gJ

l f J
l (Q)Jα

l (t). The delta term δα,β −
QαQβ

|Q|2 indicates
that the magnetic scattering is only sensitive to the component of the moments which are
perpendicular to the momentum transfer Q. The magnetic form factor is maximal at Q = 0

with fl(0) = 1, and it decreases as Q increases.

Let us write Eq.3.7 in terms of the Fourier transform of the magnetization density M(r, t).
Expressing the magnetization density in terms of localized moments 1

2 glSl at position rl and
keeping only the component that is perpendicular to Q gives:

M⊥(Q, t) = γr0 ∑
l

1
2

gl fl(Q)
[
Sl(t)−

(Sl(t).Q
|Q|2

)
Q
]
eiQ.rl(t) (3.8)

Inserting Eq.3.8 into Eq.3.7, we obtain:

(
d2σ

dΩdE f

)
magnetic

=
k f

ki

1
2πh̄

∫
e−iωt〈M⊥(Q, 0) ·M†

⊥(Q, t)〉dt (3.9)
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3.1.1.3 Diffraction

Diffraction is an elastic scattering process. In periodic lattices, the position of the diffracted
Bragg peaks is given by Bragg’s law:

nλ = 2dsin(
2θ

2
) (3.10)

where d is the distance between lattice planes, θ is the angle between ki and the lattice
plane under diffraction, n is a positive integer. The diffraction pattern and peak intensi-
ties relate to the structure in real space through the general scattering equations shown
above. Integrating the energy of the partial differential cross-section d2σ

dΩdE f
one obtains the

differential cross-section. For the nuclear scattering, this leads to

( dσ

dΩ

)
nuclear

= n
(2π)3

ν0
∑
τ

δ(Q− τ)|FN(Q)|2 (3.11)

where n is the number of nuclei in the crystal, τ is a reciprocal wavevector denoting the
Bragg peaks and ν0 is the unit cell volume. The nuclear structure factor is defined by

FN(Q) = ∑
d

bdeiQ·de−Wd (3.12)

where the sum is over the ions at position d in the unit cell. e−Wd is called the Debye-
Waller factor, which accounts for spatial fluctuations of the nuclei off their equilibrium
position. The delta function δ(Q− τ) guarantees the validity of Bragg’s law. Carrying out
similarly for the magnetic scattering, the differential cross-section is given by:

( dσ

dΩ

)
magnetic

= n
(2π)3

ν0
∑
k

∑
τ

δ(Q− k− τ)|FM⊥(Q)|2 (3.13)

where

FM⊥(Q) =FM −
(FM(Q) ·Q

|Q|2
)

Q

FM(Q) =γr0 ∑
d

1
2

gd fd(Q)Sk
deiQ·de−Wd = ∑

d
ΨdeiQ·d

(3.14)

and the sum is taken over the moments 1
2 gdSk

d at position d in the magnetic unit cell for
the propagation vector k. The coefficients Ψd are = γr0

1
2 gd fc(Q)Sk

deWd . The propagation
vector characterizes the periodicity of the magnetic structure relative to the underlying
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crystal structure. Experiments can be carried out either on a powder sample or single crystal.
Powder diffraction is particularly good when the structure of the magnetic wave-vector
is unknown. In a powder, crystallites in random orientation give rise to Debye-Scherrer
cones at constant Q-moduli, which are measured as a function of angle. Due to the random
orientation of crystallites in a powder sample, the sensitivity to small magnetic moments is
limited. The compounds studied in this thesis had already known crystalline and magnetic
structures and our interests were to characterize magnetic phases. Therefore, for the studies
presented in this thesis, we used single crystal neutron diffraction.

The magnetic structure factor encodes the information about the magnetic structure.
Static order reduces the crystalline space group symmetry G0 that is compatible with the
symmetry elements g = {h, τ}, where h represents a rotation and τ represents a translation
[184]. The symmetry elements of G0 that leave the propagation vector invariant constitute
the little group Gk, essential for determining the magnetic structure. Rotation elements of
the space group G0 give rise to a set of inequivalent wavevectors, which are called the star of
the propagation vector and each wavevector is an arm of the star. For instance, the magnetic
structure present in CeCoIn5 forms an eightfold star of Q-vectors, as described in Chap.5.4
and depicted in Fig.5.13.

Most of the experimental realizations that feature several distinct wavevectors contain
different domains that are represented by a single propagation vector [184]. However, if
crystal electric field or higher order exchange interactions such as quadrupolar type need
to be considered, a multi-k magnetic structure consisting of several arms of a star may be
realized in a single domain. The diffraction patterns of a multi-domain structure and a multi-
k structure are identical. In order to distinguish between these types of magnetic structures,
one needs to apply an external parameter that breaks the symmetry on a microscopic scale,
favoring the population of one k-domain or another. The magnetic orders studied in this
Thesis consist of multi-domain structures, where the application of an external magnetic
field imbalances the domain population. This is exemplified in Chap.5.4.

3.1.1.4 Absorption and Extinction

The attenuation of the neutron beam by a sample arises from two effects: absorption
and extinction. The latter is related to the diffraction process, as multiple successive lattice
planes may diffract the beam, diminishing its intensity as it penetrates the crystal [182].
Extinction is mainly relevant for very perfect ultra clean single crystals and negligible
for polycrystalline samples. Most single crystals feature imperfections such as mosaicity,
meaning that primary extinction is also small and in many cases negligible.
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Another source of attenuation is the absorption by the nuclei in the material [182]. The
absorption cross section is specific to each isotope the periodic table. Tab.1 displays the
absorption cross sections of naturally occurring Nd, Ce, Co and In. The compounds
studied in this thesis are the NdxCe1−xCoIn5, and therefore absorption effects are dominant
over extinction. The decrease of the initial neutron beam intensity that hits the sample is
described by a linear attenuation factor µ: I = I0e−µx, where x is the distance the neutron
beam path in the sample, determined by ki and k f . The attenuation effects have to be caried
out in the data analysis of the neutron diffraction patterns.

σabs

Nd 50.5±1.2
Ce 0.63

Co 37.18

In 193.8±1.5

Tab. 1: Absorption cross sections of Nd, Ce, Co and In given in barns (1 barn = 10
−24 cm2) [185].

3.1.2 Experimental setup for single crystal neutron diffraction
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Fig. 3.2: Two-axis diffractometers with lifting-arm detectors: (a) Zebra at SINQ and (b) D23 at ILL.
[186, 187]

Single-crystal neutron diffraction experiments were carried out at the experimental stations
Zebra, RITA-II and TASP at SINQ and on IN12 and D23 at the ILL. In order to perform
diffraction experiments, a 3-circle Eulerian cradle is usually required for accessing multiple
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Bragg reflections. High magnetic field experiments limit the access of diffraction peaks to a
particular reciprocal lattice plane, as tilting the sample table with a magnet cannot be done.
Instead, neutron instruments may have lifting arm detectors. This is the case on the two-axis
diffractometers D23 and Zebra, as shown in Fig.3.2. The out of plane magnet window may
still limit the out-of-scattering plane angular range.

Sometimes diffraction experiments are also carried out on triple-axis spectrometers, such
as the old RITA-II, TASP and IN12. The analyzer unit lowers the background, providing
a big advantage for our experiments where we deal with small ordered moments. The
schematic view of these instruments are displayed in Fig.3.3. The analyzer (third axis) may
be oriented in a way as to select neutrons with a specific energy transfer to be diffracted
into the detector.

(a)

Fig. 3.3: Schematic view of triple-axis spectrometers: the cold neutron RITA-II at SINQ. Taken from
[188]

3.2 ultrasound : elasticity and electron-phonon coupling mechanisms

Physical laws generally relate the response of a medium to a certain influence. For
example, magnetic susceptibility characterizes the relationship between an applied magnetic
field and the materials magnetization, specific heat relates the variation of temperature and
the variation of entropy at a given temperature in a material, the elastic constants express
the relationship between an applied stress and the resulting strain. These relations are
between quantities of the same nature: magnetic, thermal and mechanical. In nature, there
exists also cross effects, for example, piezoelectricity and magnetostriction characterize an
electric and a magnetic response to a mechanical force, respectively. The physical quantities
involved in these relations are divided into two categories:

• Extensive properties: quantities proportional to the volume or mass of the system.
Examples: volume, strain, displacement, entropy, magnetization, electric current.
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• Intensive properties: are bulk properties, independent on the system size or the amount
of material. Examples: pressure, stress, force, temperature, magnetic field, potential
gradient.

Each extensive parameter is in principle a function of every intensive parameter. Let
us consider the intensive parameters: T stress, E electric field, H magnetic field and Θ
the temperature and their respectively associated extensive parameters: S strain, P electric
polarization, M magnetic induction, σ entropy. We use matrix notation to denote the
equations relating the variations between them as:


S
P
M
δσ

 =


CT

S CE
S CH

S CΘ
S

CT
P CE

P CH
P CΘ

P
CT

M CE
M CH

M CΘ
M

CT
σ CE

σ CH
σ CΘ

σ




T
E
H
Θ

 (3.15)

The diagonal of the C matrix thus correspond to the direct relation of quantities of the
same nature, while the off-diagonal elements represent the cross effects. The cross effects
may be linked in pairs symmetrically with respect to the diagonal, as for example, CE

S

represents the piezoelectric effect and CT
P represents the converse piezoelectric effect, and

CE
S is the transpose of CT

P .
The relationship between the intensive and extensive parameters therefore gives informa-

tion about the material under investigation. For example, in the linear theory of elasticity,
elastic constants represent the relationship between the materials strain in response to an
applied stress. Elastic constants are directly related to the atomic bonding and may therefore
couple to many other effects, as described in Subsec.3.2.3, serving as a probe to many
interesting physical phenomena in correlated electron systems.

It has been known for a very long time that symmetry considerations play an important
role in determining material’s properties. These considerations are thus often useful and
have already led to important discoveries such as, for instance, piezoelectricity in 1880s.
The importance of symmetry considerations was first noted by the German physicist F. E.
Neumann in 1885, author of the symmetry or Neumann’s principle [189] that says "If a
crystal is invariant with respect to certain symmetry elements, any of its physical properties must
also be invariant with respect to the same symmetry elements." In 1894, P. Curie formulated
the symmetry principles that say that the asymmetry of the effects must pre-exist in the
causes, and that the effects may be more symmetric than the causes [190]. Considering
a phenomenon caused by a superposition of multiple causes in the same medium, the
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symmetry of the global cause is the intersection of the groups of symmetry the multiple
causes. Applying this principle to the piezoelectric effect, for example, limits the point
groups where this phenomenon can be observed. Under the action of an applied stress, the
centers of gravity of negative and positive charges move to different position in the unit
cell, producing the electric polarization. Piezoelectricity is therefore the superposition of
two causes, the crystal with its symmetry and the applied stress, also with its symmetry.
The constrain that the electric polarization symmetry must be higher or equals that of the
intersection of the crystal symmetry and the one associated with the stress leads to the
fact that the only point groups that are compatible with piezoelectricity are among the 21

non-centrosymmetric point groups [191]. This makes techniques which are sensitive to
certain symmetries a powerful probe of condensed matter.

Let us first focus our attention on elastic properties of materials.

3.2.1 Static elasticity

3.2.1.1 Strain tensor

An elastic deformation is one in which a material returns to its original configuration
after the removal of the force. Consider a point in a solid relative to an origin fixed in space.
Before the deformation, the position of a point A is given by r. After, the point is at A’
at r′ = r + u, where u denotes the displacement and is a function of r, i.e. u(r) is a non
uniform vector field. Let B be a point near A before the deformation, at r + dr. After, this
point is displaced to B’ at u(r + dr).

Let us look at the relative displacements. It is possible to notice from Fig.3.4(a) that
dr′ = dr + u(r + dr)− u(r) and thus du = dr′ − dr = u(r + dr)− u(r). Replacing u(r + dr)
by its expansion up to the first term gives

∂ui =
∂ui

∂xj
dxi

dx′i =dxi +
∂ui

∂xj
dxj

(3.16)
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Fig. 3.4: Schematics of a deformation: (a) Displacement vector representation. (b)Geometrical
interpretation of the components of the strain tensor.

Defining Mij =
∂ui
∂xj

and Nij = Mij + δij gives

dui =Mijdxj

dx′i =Nijdxj
(3.17)

where Mij are the components of a tensor and are constants for a homogeneous defor-
mation or are variables but are small compared to unity. For a homogeneous deformation,
Eq.3.17 is directly integrable, reducing to ui = Mijxj and x′i = Nijxj. Those equations are
linear, meaning that lattice after the deformation remains a lattice. Any homogeneous defor-
mation is a product of a pure rotation and a pure deformation. A pure rotation means that
the moduli of the vectors remain unchanged, that one direction remains invariant, i.e. the N
matrix is unitary: NNT = 1. A pure deformation is one in which three orthogonal directions
remain invariant, and the N matrix is symmetric N = NT. In an arbitrary deformation, the
matrix N can always be written as the product of the unitary matrix N1 and a symmetric
matrix N2.

Let us now consider a small arbitrary deformation, one that can be locally described as
a homogeneous deformation. Consider the symmetric part of the Mij matrix, Sij, corre-
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sponding to a pure deformation and an antisymmetric part, Aij, corresponding to a pure
rotation:

Sij = Sji =
1
2

(∂ui

∂xj
+

∂uj

∂xi

)
Aij = −Aji =

1
2

(∂ui

∂xj
− ∂uj

∂xi

) (3.18)

Usually, one is only interested in the pure deformation, i.e. the symmetric part of M. This
symmetric part of M is called the deformation tensor, or strain tensor. It is convenient and
usual to use the Voigt notation, where one in which two or more components of Mij can be
neglected with respect to unity

S1 = S11 = ∂u1
∂x1

; S2 = S22 = ∂u2
∂x2

; S3 = S33 = ∂u3
∂x3

S4 = S23 + S32 = ∂u3
∂x2

+ ∂u2
∂x3

; S5 = S31 + S13 = ∂u3
∂x1

+ ∂u1
∂x3

; S6 = S12 + S21 = ∂u2
∂x1

+ ∂u1
∂x2
(3.19)

Now, let us just briefly discuss the geometrical interpretation of the strain tensor’s
coefficients. Consider the orthonormal cartesian system displayed in Fig.3.4(b). Consider
three points that distort, AB = dx1 and AC = dx2 going to A’, B’, C’.

BB′ :


dx′1 = dx1 +

∂u1
∂x1

dx1

dx′2 = ∂u2
∂x1

dx1

dx′3 = 0

CC′ :


dx′1 = ∂u1

∂x2
dx1

dx′2 = dx2 +
∂u2
∂x2

dx2

dx′3 = 0

(3.20)

Since we are considering a small distortion, the elongations in the directions along the
Ax1 and Ax2 are

A′B′ − AB
AB

=
dx′1 − dx1

dx1
=

∂u1

∂x1
= S1

A′C′ − AC
AC

=
dx′2 − dx2

dx2
=

∂u2

∂x2
= S2

(3.21)
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and we see that the diagonal components of the strain tensor correspond to elongations
along the three directions Axi. In the same way, the off diagonal components of the strain
tensor may be interpreted as angles,

α =
dx′2
dx1

=
∂u2

∂x1

β =
dx′1
dx2

=
∂u1

∂x2

(3.22)

and so S6 = α + β. Thus, the off-diagonal terms represent shears in the planes parallel to
the Axi planes. Fig.3.5 depicts definitions of simple elongation, pure shear and simple shear
modes.

Simple elongation Simple shear Pure shear

Fig. 3.5: Definitions of special deformations. The state after deformation is shown as a dashed line,
and colored in lighter green.

3.2.1.2 Stress tensor

Deformations are caused by forces acting on a material. When an elastic body is submitted
to external forces, internal forces arise which resist the deformation and tend to return the
body to its initial undeformed state. In the interior of solids, there exist two types of forces,
the body forces arising for example from magnetism inside the bulk and surface or stress
forces. We neglect the long range body forces and consider only the surface forces. Stresses
are defined as forces per unit area acting in the direction of xi on a face perpendicular to
the xj direction. Let us first consider a parallelepiped with edges δxi as in Fig.3.6, imagined
to compose materials.
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T11
T12

T13 T22
T21

T23
T31

T32

T33

x1

x2

x3

δx3

δx2

δx1

Fig. 3.6: Stresses on a parallelepiped: symmetry of the stress tensor.

The stress Tij is defined as the force per unit area along xi direction on a face perpendicular
to the xj direction. In the case of homogeneous stress, forces on opposite faces are equal
and opposite. In static equilibrium, the net torque must be zero, and Tij = Tji. In general,
stress are inhomogeneous. The forces acting along the x1 direction are δFx1,11 = δT11A11,
where A11 = δx2δx3 is the area perpendicular to the x1 direction, i.e.

δFxi,ij =
(∂Tij

∂xj
δxj

)
(δxiδxk) (3.23)

Newton’s law on the total force along the xi direction leads to

3

∑
j=1

∂σij

∂xj
= ρ

∂2ui

∂t2 (3.24)

where ρ is the density. It can be demonstrated that Tij = Tji is valid in general and not
only for the case of homogeneous stresses if the material does not experience body torques.
Stresses form a second-rank tensors. Special forms of the stresses are depicted in Fig.3.7.

Fig. 3.7: Special stresses: on left, a unaxial stress is shown where the stress has only one component,
T33. In the middle, a pure shear stress is shown, T22 = −T11. On the right, a pure shear
stress, T12 = T21.
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3.2.1.3 Linear elasticity and elastic constants

Consider a cylinder of length l0 and diameter d. If uniaxial stress is applied to the cylinder
along its axis and elongates it, the length becomes l = l0 + δl. If the deformation is elastic
or reversible, one can consider a linear relationship between the applied stress and the
elongation, i.e. Hooke’s law is valid and ∆l

l = T
Y , where Y is called Young’s modulus. The

origin of elasticity is related to the chemical bonds holding the ions together. Hooke’s law
is only an approximation, but anharmonic effect must be taken into account for a proper
description of the lattice dynamics. If the stress applied to the cylinder is higher than its
elastic limit, this plastic deformation is irreversible. Young’s modulus is not sufficient to
describe the physical situation, because it does not consider the radial contraction when
elongating the cylinder. We must therefore generalize Hooke’s law to imposing a linear
relationship between the stress and strain tensor

Sij =sijklTkk

Tij =cijklSkl
(3.25)

where sijkl and cijkl are the components of fourth-rank elastic compliances and elastic
stiffness tensors, respectively. The number of components of these tensors are 81, but
they are reduced to 45 considering their intrisic symmetry. In addition, if we consider
the symmetry of the stress and strain tensors, the number of independent components
reduces further to 21, being thus represented by a 6× 6 matrix with two-index coefficients
according to Voigt’s notation: Sαβ = sαβTβ and Tαβ = cαβSβ. The number of independent
components are further reduced considering the symmetry of the crystal structure. For
tetragonal structure with Laue class 4/mmm *, the number of independent components are
6.

3.2.2 Dynamical elasticity

Elastic constants have been defined in the previous Subsec.3.2.1 as response of the material
to static forces. In fact, elastic constants have also been measured through the application of
static forces, but nowadays, a common, easier and precise way to probe them is to perform
dynamical measurements, where instead of applying a constant force, one applies a stress,

*CeCoIn5 crystallizes in the space group P4/mmm.



56 Experimental Techniques

or ultrasonic wave. Consider the propagation of a wave in a medium. The elongation will
be

u = u0e−2πi(q·r−νt) (3.26)

where ν and q are the frequency and wavevector of the wave, respectively. The wave’s
propagation velocity is V = ν/q. The equilibrium condition translates to

cijkl
∂2uk

∂xl∂xj
= ρFi = 0 (3.27)

where we consider only inertial forces F = ∂2xi
∂t2 . Since r = r0 + u and only u is time

dependent,

cijkl =
∂2uk

∂xl∂xj
= ρ

∂2ui

∂t2 (3.28)

When substituting Eq.3.26 into Eq.3.28 and using orthonormal coordinates, one gets

cijklukqjql = ρν2ui (3.29)

an eigenvalue equation. Let qi = qαi, where αi specify the direction cosines of the
wavevector q. Defining the matrix Γik = cijklαjαl, the eingenvalue equation has a nontrivial
solution if the following condition is valid

∆(Γik − ρν2δik) = 0 (3.30)

This is called the Christoffel’s determinant which dictates the kind of wave that has to be
sent in order to probe a particular elastic constant.



3.2 Ultrasound: elasticity and electron-phonon coupling mechanisms 57

3.2.2.1 Tetragonal systems with Laue class 4/mmm, 422, 42m and 42m

In systems with the symmetry, there are six independent elastic stiffnesses, c11, c33, c12,
c13, c44 and c66. Thus, the Γ matrix components are reduced to

Γ11 =c11α2
1 + c66α2

2 + c44α2
3

Γ22 =c66α2
1 + c11α2

2 + c44α2
3

Γ33 =c44α2
1 + c44α2

2 + c33α2
3

Γ12 =Γ21 = (c12 + c66)α1α2

Γ13 =Γ31 = (c13 + c44)α1α3

Γ23 =Γ32 = (c13 + c44)α2α3

(3.31)

For a wave traveling along the [100], α1 6= 0 and α2 = α3 = 0. The Christoffel determinant
reduces to

c11 − ρν2 0 0
0 c66 − ρν2 0
0 0 c44 − ρν2

 (3.32)

Thus, by sending a longitudinal sound wave, one can probe the c11 elastic constant. The
measurement of the sound velocity of a transverse ultrasound wave propagating along the
[0 1 0] and [0 0 1] will probe c66 and c44, respectively.

3.2.3 Electron phonon coupling mechanisms

In rare-earth compounds, two regimes with different important electron-phonon mecha-
nisms can be distinguished: the local and the mixed-valent regime. In the local regime, there
are two main contributions: a deformation potential coupling and a magnetoelastic coupling.
The former is the strain dependence of the conduction electron energies, where the relevant
energy scale is the band width. This term gives origin to acoustic quantum oscillations.
The magnetoelastic coupling refers to the strain dependence of the crystalline field effect
(CEF) levels. In addition to these, heavy-fermion compounds exhibit a deformation poten-
tial coupling for heavy quasiparticle states at temperatures below the Kondo temperature
TK, characterized by a volume dependence of the hybridization strength. In the strongly
mixed-valent case, the charge fluctuation width is usually larger than the CEF splittings,
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and therefore there is no magnetoelastic coupling mechanism as in the local regime. In this
limit, the volume strain coupling to charge fluctuations may lead to anomalies in the bulk
modulus and phonon modes with breathing character and whose frequency is compared to
the charge fluctuation rate.

Several experimental techniques are available for investigating electron-phonon interaction.
Static phenomena, such as thermal expansion and magnetostriction can be measured with
dilatometry and X-rays diffraction. Dynamical effects, such as elastic constants and phonon
dispersion can be measured with ultrasound and inelastic X-ray, neutron and light scattering
techniques.

3.2.4 Ultrasonics in superconductors

Ultrasound spectroscopy has been successfully used for determining the symmetry of
order parameters, including superconducting ones [192, 193, 194, 195]. Following the
Ginzburg-Landau theory of second order phase transitions, the free energy density can be
expressed as:

∆F =
a
2
|∆|2 + b

4
|∆|4 +O(6)... (3.33)

where ∆F = F −F0 denotes a change of the free energy in the superconducting state
and ∆ denotes the absolute value of the order parameter, which in the Ginzburg-Landau
theory is proportional to the density of Cooper pairs [192, 193]. In equilibrium,

|∆|2 = − a
b
=

a0

b
(Tc − T) (3.34)

where the Ansatz a = a0(T− Tc) has been used, T and Tc denote temperature and critical
temperature and a0 > 0 is a constant. Substituting the equilibrium order parameter in
Eq.3.33 gives

∆F = − a0

4b
(T − Tc)

2 = Φ0(1− T/Tc) (3.35)

where Φ0 = a2
0T2

c /4b is the condensation energy density at zero temperature and Eq.3.35

is valid for temperatures below the transition temperature. Φ0(ε) and Tc(ε) may be strain
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dependent. One can thus calculate the elastic constants using the symmetry strains εk from
ck = d2F/dε2

k :

ck = c0
k − 2

(
∂Tc

∂εk

)2 Φ0T
T3

c
(−2 + 3

T
Tc
)

− 2

(
∂2Tc

∂ε2
k

)
Φ0T
T2

c
(1− T

Tc
)

− 4
(

∂Tc

∂εk

)(
∂Φ0

∂εk

)
T
T2

c
(1− T

Tc
)

− ∂2Φ0

∂ε2
k
(1− T

Tc
)2

(3.36)

where c0
k is the background elastic constant. Expanding the free energy density (Eq.3.35)

further with strain terms included gives

Fsp = gkεk|∆|2k + g′kεk|∆|4k + hkε2
k |∆|2k + h′kε2

k |∆|4 +O(6)... (3.37)

where the coupling constants g, g′, h, h′ can be related to the strain derivatives of Tc and
Φ0. Let us neglect the terms dependent on Φ and consider only Tc(ε) = T0

c + ( ∂Tc
∂ε )ε +

(1/2)(∂2Tc/∂ε2)ε2. From ∆ck = ck − c0
k = d2F/dε2 and with d|∆|/dε = −2g∆/(a + 3b|∆|2)

and Eq.3.37, we obtain

∆ck = −2
g2

k
b
+ 2

hk
∆

2
+ 2h′k|∆|4 + 4g′g|∆|2/b (3.38)

Introducing the specific heat ∆C = T a2
0

2b = 2φ0
T
T2

c
and substituting it and the order

parameter in the equilibrium (Eq.3.34), we get

∆ck = −4g2
k

∆C
a2

0T
+ 4hk∆C(Tc − T)/(a0T) + ... (3.39)

The first term in Eq.3.39 is proportional to the specific heat over temperature and the
coupling constant g2

k . The first term in Eq.3.38 gives rise to a discontinuity for T < Tc

of δck = −2g2
k/b. The first term of Eq.3.36 at T = Tc is −2( ∂Tc

∂εk
)2φo

1
T2

c
. Inserting Φ0 and

comparing this term with the first term of Eq.3.38 gives 2gk = a0
∂T
∂ε . Therefore, the first terms

of the Eqs.3.38, 3.39 and 3.36 give step functions at the critical temperature with temperature
dependent terms below Tc. The latter term arises from the h′ term of Eq.3.37 that is quadratic
in εk. The second term of Eqs.3.38 and 3.39 gives ∆ck = 0 at the critical temperature and
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a temperature dependent term below Tc. One can follow the same procedure we have
explicitly shown here for the first term for the other terms and obtain

gk = −
a0

2
∂Tc

∂εk
g′k =

b
2Tc

∂Tc

∂εk
(3.40)

hk =
a0Tc

4

[
4

T2
c

(
∂Tc

∂εk

)2

− ∂2Tc

∂ε2
k

1
Tc

]
h′k =

b
4

[
−3
T2

c

(
∂Tc

∂εk

)2

+
∂2Tc

∂ε2
k

1
Tc

]

Pippard noted that shear waves traveling along high symmetry direcions do not couple in
lowest order because ∂Tc

∂εshear
= ∂Tc

∂(−εshear)
= 0 [196]. This is only true for one-component order

parameter. Discontinuities in shear modes may therefore indicate two-component order
parameters, as reported for Sr2RuO4 [195, 194, 197].

3.2.4.1 Ultrasonics in the vortex lattice

As discussed in Chap.2.3, the magnetic field in type-II superconductors penetrates in
the form of vortices, as predicted by Abrikosov. The vortex is formed with radius r ≈ ξ0

(where ξ0 denotes the coherence length) and its magnetic field decays exponentially over the
penetration length λ as Bin(x) = Φ0

2πλ2 K0(x/λ), where K0(x/λ) is the zeroth order Bessel

function defined as K0(z) = −ln(1
2 z) + γ for z� 1 and

√
π
2z e−z for z� 1 with γ = 0.57721

(γ is known as the Euler-Mascheroni constant) [198]. Here λ is the penetration length,
Φ0 = h

2e = 2.067× 10−15Wb is the flux quantum. As the field is increased, the vortex
density increases and the local free energy density among vortices increases due to repulsive
vortex-vortex interactions. As a result, the lowest energy configuration for a given flux is
obtained by separating the vortices as much as possible, i.e. by arranging vortices in a lattice.
Simple energy considerations reveal that a triangular configuration is the most energetically
favorable configuration [199].

Investigations of this lattice of flux lines can be done using several techniques, many of
which employ the use of the Lorentz force to excite it. Among these techniques are the resis-
tive measurements, frequency dependence of ac-susceptbility, vibrating reed experiments
etc. In those experiments, the interaction between the magnetic field and the flux line lattice
happen via the sample’s surface. In ultrasound experiments, the sound mechanically excites
the crystal lattice which via pinning excites the vortex lattice. Because of that, ultrasound
is a real bulk measurement of the FLL (when the displacements are perpendicular to the
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applied magnetic field) [200]. In addition, ultrasound is very well suited for investigating
properties of the FLL close to equilibrium, since the forces involved induce vortices motions
of only a few nm. The pinning forces prevent the flux line lattice from moving freely and the
relative motion of the flux tubes with respect to the pinning centers give rise to dissipation.
The presence of strongly pinned FLL gives rise to a stiffening of the elastic modes and in
particular, transverse modes with k ‖ H show large acoustic effects.

(a) (b) (c)

Fig. 3.8: Vortex lattice deformations: (a) Uniaxial compression c11 (b) longitudinal shear c44 (c)
transverse shear c66.

For wavelengths much larger than the London penetration depth, small strains change
in the energy is proportional to the square of the displacements. The elastic energy is
therefore "linear" and completely determined by three elastic moduli: the tilt modulus c44,
the modulus of uniaxial compression c11 and the shear modulus c66 displayed in Fig.3.8
[201, 202, 200]. Since the flux line is two-dimensional, a displacement along the flux tubes
is meaningless. The only important displacement are therefore normal to the flux lines. If
we define the z-axis to be parallel to the flux lines, uz = 0 and T3 = Tzz and therefore from
symmetry


Txx

Tyy

Tyz

Tzx

Txy

 =


c11 c12 0 0 0
c12 c11 0 0 0
0 0 c44 0 0
0 0 0 c44 0
0 0 0 0 c66




Sxx

Syy

Syz

Szx

Sxy

 (3.41)
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where c66 = (c11−c12)
2 . For a field applied in the z-direction, the elastic free energy of the

Abrikosov lattice is given by

FA =
1
2

∫
dV
{
(c11 − c66)(uxx + uyy)

2 + c66
[
(uxx − uyy)

2 + 4u2
xy
]
+ 4c44(u2

xy + u2
yz)
}

(3.42)

where u here is the displacement vector of the flux line lattice and uij =
1
2(∂jui + ∂iuj) is

the strain tensor as in Eq.3.18. From thermodynamic arguments,

c11 − c66 ≈ c44 ≈ (H)24π (3.43)

where H is the applied field, which in the mixed state is approximately the internal
field. c66 is however much smaller and its precise value is not determined by simple
thermodynamics. Nevertheless, all these modes reveal a quadratic dependence with the
magnetic field [201]. The VL dynamics is assumed to be described by a relaxation equation
u̇ = Γ δFFA

δu [200] in the thermally assisted flux flow (TAFF) model. The relaxation coefficient
Γ is determined by the magnetoresistivity Γ = c2ρ/(H2) = (c2/H2)ρ0e−U/(kBT), with c the
speed of light. The exponential term represents the Arrehnius form of the resistivity valid
only at low temperatures. There, ρ0 can be regarded as constant for a narrow temperature
range and U denotes the characteristic activation energy. The TAFF model assumes the
pinning interaction between the FLL and the material to be represented by an empirical
resistivity function dependent only on the temperature and the magnetic field. The model
predicts that the attenuation of transverse modes with k ‖ H follows [200, 193, 203]

∆α = ω
H2

8πρmv3
t
× β

1 + β2 (3.44)

where ρm is the mass density, vt is the transverse velocity and β = 1
4π c2 ρ

v2
t

and again, ρ is

the electrical resistivity ρ = ρ0e
U(H)
kBT where a thermally assisted hopping of vortices within

the pinning sites takes place.

3.3 development of digital ultrasound setup

Ultrasound measurement is regarded as a type of elastic wave spectroscopy, encompassing
the measurements of sound velocity and attenuation. Elastic constants of the material may be
derived from the sound velocity measurements. Elastic constants are the second derivatives
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of the free energy with respect to strain and are directly related to the atomic bonding
of materials. In combination with with specific heat and thermal expansion, they can be
used to determine the equation of state and thermodynamic functions. Elastic constants
primarily represent thermodynamic equilibrium, while the attenuation is a manifestation
of irreversible processes, a transport coefficient associated with dissipation. Sources of
attenuation include defects and inhomogeneity, mode conversion on crystal surfaces, the
interaction between phonons and conduction electrons, f-electrons, among other relaxation
processes. Ultrasound spectroscopy is a probe that is sensitive to any property of a material
that couples to long wavelength phonons.

Several methods may be used to obtain the elastic constants and sound attenuation in the
ultrasound regime. Those methods are divided in continuous wave (CW) and pulse echo,
the latter being most commonly used. More recently resonant ultrasound spectroscopy, an
interesting technique suitable for small samples, has been used to characterize all the elastic
moduli of a material at once. Although this technique is quite powerful, one of its drawback
is that a missing resonance renders an entire spectrum inutile. In this thesis, we have
developed a setup for the more conventional pulse echo technique. Although limited to only
probing one elastic mode at the time, it is very sensitive to small sound velocity changes
down to the parts per million. In addition, this technique is very suitable for disentangling
different effects occurring in intertwined ground states, due to the application of sound
along a high symmetry crystallographic direction. The versatility of the spectrometer built
in this work also allows adaptation for the resonant method in the future.

3.3.1 Sound velocity and attenuation measurements

Generation of sound beyond the audible limit dates back to the 19
th century, and among

the most important events that led to significant advances in the field of acoustics are
the discoveries of mangetostriction and piezoelectricity. Nowadays, the most common
techniques used to generate ultrasonic waves are through magnetostrictive and piezoelectric
transducers. Among the piezoelectric transducers, quartz and LiNbO3 are frequently used.
With LiNbO3, higher harmonics of the fundamental frequency may be used.

A simple experimental arrangement of the pulse echo technique is depicted in Fig.3.9.
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1stecho

2ndecho

Direct 

Direct 1stecho 2ndecho

Fig. 3.9: Pulse echo technique: A pulse in the radiofrequency regime excites a transducer generating
an ultrasonic wave. The pulse travels within the sample producing echoes that mechanically
excite the receiver transducer. The sound velocity can be determined by the time of flight.
For more accurate methods, the phase shift is the physical parameter used for obtaining
small changes in sound velocity.

A radiofrequency pulse of typical length of 100 ns to ∼1 µs at a usual repetition rate
of ∼ 1kHz excites a transducer attached to the sample with two parallel surfaces. The
repetition rate is limited by the heating of the input. A configuration with one or two
transducers may be employed. The generated sound wave propagates back and forth within
the sample, producing echoes. These echoes mechanically excite the receiver transducer
which transforms the received signal into an electric signal. By measuring the time delay
between the onset of the directed transit pulse and other echoes, and by knowing the
sample length variation, one can determine absolute sound velocities. A less used technique
based on continuous wave can also be used for sensitive sound velocity and attenuation
measurements. In this case, the transmitter transducer is excited continuously and a
resonance response is observed at frequencies in which the sample length corresponds to a
multiple of half of the sound wavelength.

Ultrasound velocity changes when varying an external parameter are so small that its
change can not be detected with the traveling time. With the pulse echo method, high
sensitivity measurements of relative changes of sound velocity are performed. When the
sound travels in the sample, each transit arrives with a phase change of

φN = kL(2n + 1) =
ω

v
L(2n + 1) (3.45)
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where k is the ultrasonic wave number, L is the sample length, n is the echo number, ω
2π

is the frequency and v the sound velocity. The differential equation

dφN

φN
=

dω

ω
− dv

v
+

dL
L

(3.46)

relates the phase, frequency, velocity and length changes. In order to determine the
change of sound velocity, one can either send wave pulses with constant frequency and
determine the phase change, or use a feedback loop to keep the phase of a specific echo
constant by adjusting the frequency. In this case, the frequency change will then relate to
the velocity changes. The typical accuracy obtained with this method is better than 1ppm.
The attenuation is determined from the amplitude of a transit.

sample requirements Relatively large samples are required in order to be able to
distinguish the pulse and echoes. For a pulse of 1µs and sound velocities of the order of
2000m/s, a sample length of a few mm is required to avoid overlapping the echoes. Two
flat parallel surfaces are required, in order to insure specular reflection from the surface.
Again at 100 MHz and 2000 m/s, the wavelength is 20/mum. A surface roughness of
∼ 1µm is enough to avoid diffuse scattering at the surface, minimizing dephasing. The
sample thickness along the direction perpendicular to the sound propagation needs to
be large enough so that a transducer can be attached. With this technique, a plane wave
approximation is made. Unfortunately, real transducers suffer from diffraction effects, which
are worse for smaller transducers and at lower frequencies.

bond The transducers have to be bonded to the sample in order to guarantee an efficient
signal transmission. This may not be an easy task, since the sample under investigation
and the transducers may have different thermal expansion coefficients, and a cool down
can stress the bond ultimately breaking it. Several options for bond are available with glue,
epoxy, grease and even honey. In this study, the best bond connection was done using
Thiokol LP-32. With this polymer, a weak bond is made at room temperature, making it
difficult to test the ultrasound signal at room temperature, but we had high success rate
at low temperatures. The other advantage of Thiokol is that it is not a permanent bond,
allowing the study of different ultrasound configurations and thus different elastic constants
on the very same sample.
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3.3.2 Conventional pulse echo setup

A schematic diagram of a conventional ultrasound setup is shown in Fig.3.10. As
mentioned before (Eq.3.46), the relative change of sound velocity in the pulse echo technique
is determined by either fixing the frequency and measuring the phase changes, or by keeping
the phase fixed and measuring the frequency changed.

0o

90o

Fig. 3.10: Conventional pulse echo ultrasound setup: consists of main building blocks of analog
components. Excitation, interferometry, averaging and measurement are done with the use
of several devices, among them frequency counters, hybrid, mixers, filters, boxcar averagers,
multimeters etc. The computer is just used for reading the voltages and controlling the PID
loop.

In the conventional setup depicted in Fig.3.10, used by our collaborators at the High
Magnetic Field Laboratory at the Helmholtz Zentrum Dresden Rossendorf, a radio frequency
(RF) signal generator is used to drive the transducer at resonance. The excitation pulse
is generated by a passing the RF signal through a switch controlled by a delay generator.
Homodyne detection is used to extract the phase and amplitude. This is done by mixing the
signal that comes from the sample (S = S0cos(ωt + φn)) with the the incoming signal that is
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sent to the sample (E = E0cos(ωt)) and with its 90
o phase shifted (E90 = E0cos(ωt + π/2)).

The multiplication of the two signals yields

ES =
1
2

E0S0[cos(φn) + cos(2ωt + φn)

E90S =
1
2

E0S0[sin(φn) + sin(2ωt + φn)]
(3.47)

The signal is then filtered with a low pass filter, giving two signals

In =
1
2

E0S0cos(φn)

Qn =
1
2

E0S0sin(φn)
(3.48)

The setup depicted in Fig.3.10 is a phase locked setup, in which a PID loop keeps the
phase of the In signal constant and changes accordingly the frequency. The frequency
change is thus proportional to the change in sound velocity (see Eq.3.46). The attenuation
is deduced from the amplitude of the Q channel. One way to do that is to fit echoes’
amplitudes with an exponential decay a = Aeikt = Ueαt+ikrt, where k = kr + iki = kr + iα. In
the setup described in Fig.3.10, such absolute value of attenuation is not possible, because
there, only one region of interest, i.e. only one echo chosen by the user is measured at a
time. With the conventional setup, the boxcar averagers select a gate in the time dependent
signal of Fig.3.9 and determine the average amplitude over that gate. Two boxcar averagers
are required to determine the I and Q amplitude within a narrow window. The In signal
will then be kept at zero by the PID loop, and the Qn signal. One can notice that such
setup is assembled from basic building blocks involving a substantial amount of analog
circuit elements such as quadrature hybrids, mixers, filters, as well as boxcar averagers,
multimeters, oscilloscope etc. Such conventional setup tends to be difficult to maintain
and more time consuming when optimizing signals during experiments. In such setups
where the absolute value of the attenuation cannot be determined, one may still measure
attenuation changes as a function of an external parameter p as

A(p) = −20log(
Q(p)
Q(p0)

) (3.49)

where Q(p0) is a reference value of the Q channel when p = p0.
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3.3.3 Going digital: DAC and our software solution

As part of this work, we developed a setup that takes advantage of the progress of data
acquisition developed in recent years. The lack of fast high performance digitizers has
hindered the development of digital ultrasound setups in the past. Here, we have developed
a flexible and fully digital spectrometer setup for ultrasonic measurements, significantly
reducing number of analog components to a bare minimum. The measurements presented
in this thesis are based on similar principles as the conventional pulse echo setup described
above, but the setup also offers the possibility of direct adaptation to other techniques.

Our fully digital ultrasonic spectrometer relies on a single commercially available data
acquisition card (DAC) equipped with a Xilinx Kintex 7 K325T field-programmable gate
array (FPGA). The high speed and high resolution dual channel digitizer has a vertical
14-bit resolution at a sampling rate of 2 GSPS and PCI express (PCIe) computer interface,
enabling fast data transfer to the host computer at 3.2 GB/s.

Before describing the design in detail, a description of the integration of the spectrometer
to the ultrasonic setup is given in Fig.3.11. A radio frequency generator SG382 generates a
wave in the transducers resonance frequency or its multiples. A pulse is cut out by a two
output switch (from Minicircuits, model ZYSW-2-50DR), controlled by a delay generator
DG645. The pulse is sent to the transducer and the inverse of the pulse is sent to the channel
A of the digitizer. The signal collected by the receiver transducer is amplified by a fast
low noise variable gain amplifier (from FEMTO, model DUPVA-1-70) and then collected in
Channel B. We used a second switch (from Minicircuits, model ZASWA-2-50DRA+) to cut
out noise coming from ringing at short times after the pulse with a second delay provided
by the DG645. The DAC is triggered by a trigger signal from DG645. The clock from the
signal generator was used as a reference clock for the DAC. To protect the card and match
its input voltage levels, we added limiters and attenuators in front of the channels.
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Fig. 3.11: Digital ultrasound setup: interferometry, averaging, PID loop and data saving are done
only with the DAC and the PC.

The DAC comes with a development kit, offering the possibility of implementing addi-
tional on-device logic on the FPGA level. The DAC is delivered with a pre-programmed
firmware and additional optional firmware packages for advanced time domain, pulse de-
tection and software defined radio applications are also available for purchase. We decided
to build our setup on the standard data acquisition firmware FWDAQ, which we access
via an application programming interface (API) written for C, C++ through python. This
enabled us to develop the signal processing software in python.

There are three main modes of data acquisition available: continuous streaming, triggered
streaming and the multi-record. We took advantage of the multi-record mode. In this mode,
data is buffered in the dynamical random access memory (DRAM), which acts as a first in
first out (FIFO), and transferred to the host PC on request. In this way, the user may select
the number of records as well as the number of samples per record, ultimately choosing
the number of scans to be transferred to the PC and the time duration of each scan. After
the data is transferred, the records are averaged. Latency is reduced, since data is recorded,
collected by the PC and then averaged. For example, 16384 samples captured at 2 GSPS
acquires 8192 ns per scan. The number of samples per record as well as the number of
records are left as variables for the user to choose, as the time to be acquired after the trigger
depends on the sound velocity of the sample and the interests of the user. After the number
of record acquisitions are completed, the data is transferred to the host PC. The multi-record
is limited by the data buffer size of the FIFO of 2 GBytes.
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After the number of records is acquired, we request the data from the buffer. The phase
of channel A is determined and an equivalent digital wave with the frequency read from
the generator and at the right phase is synthesized for mixing with the incoming signal
from the sample for each record. The I/Q data is then returned, averaged over the number
of records, and filtered with a digital low pass filter. The user may choose a number of
regions of interest (ROI), that function as the gate of the boxcar averagers. The feedback loop
can be turned on and off. If on, the PID loop will fix the I signal of one ROI to zero, and
the frequency will be adjusted accordingly. Fig.3.12 shows the time dependent ultrasound
signal and the ROIs as seen with our software. The results of the ROI are accessible to the
external sample environment control software and the user can directly analyze the results
obtained at different time windows. In addition, we decimate the I/Q data and save it.
The user can post process the whole time dependent data and redefine new ROIs after the
experiment. Since the data is saved at the same pace as the records are averaged, one may
reconstruct a temperature or field dependence with much more details.

Fig. 3.12: Digital spectrometer’s software: it is possible to choose several time windows for aver-
aging, equivalently to having multiple boxcar averagers on the conventional ultrasound
setup. This gives more capabilities for data analysis, for example the extraction of absolute
values of sound attenuation across the sample.

3.3.4 Performance

In order to investigate the performance of our digital ultrasound setup, we tested it by
measuring a temperature dependence across the superconducting transition and a field
dependence across a phase transition into a high field state of CeCoIn5. Fig.3.13 shows
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comparative measurements obtained with the conventional and the digital ultrasound
setups.
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Fig. 3.13: Comparison between conventional and digital ultrasound setups: (a) Temperature de-
pendence of change of sound velocity across the superconducting transition at zero mag-
netic field of CeCoIn5. (b) and (c) show the the change of sound velocity and attenuation
as a function of magnetic field at T < 100mK. Differences in the overall behavior may be
attributed to different cool downs and/or field direction.

The signals measured with both setups are in good agreement, and small differences may
be attributed to different cooldowns and a mismatch of the field directions. Nevertheless,
the noise figure is very similar in both setups.

Fig.3.14 demonstrates the flexibility and additional capabilities that our setup offers. In a
single field sweep, we record the whole time dependent data. The data is saved at a high
speed, meaning that the field resolution the user may specify for the map construction can
be higher than 10 mT at a magnetic field rate of 0.1 T/min. Sample environment information
is fedback into the file.
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Fig. 3.14: Time dependent data: field and time dependence of the Q signal shown in (a) and (b). (c)
depicts cuts at the times t = 3µs and t = 4.3µs.
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In the specific example of Fig.3.14, the time and field dependence of the Q signal of a
transverse ultrasound wave propagating along the [1 0 0] with polarization along the [0
1 0] crystallographic directions in CeCoIn5 is shown. The signal quality is so high that it
is possible to observe quantum oscillations in Fig.3.14(c). In addition, it is possible to get
values of absolute attenuation in the sample.

Alternatively, high resolution oscilloscopes may also be used to acquire time dependent
data [204]. For ultrasonic setups, these devices have been widely used in pulsed fields,
where fast data acquisition is required. However, oscilloscopes are multipurpose systems
meant to record raw data at high speed and to analyze data on the device. Oscilloscopes
are useful since they have fast digitizers and are easy and straightforward to implement.
However, one is limited by the abilities of their software and data cannot be streamed
simultaneously to a host computer, as they are not optimized for fast and efficient data
transfer. Therefore, they do not offer the possibility of data treatment, mixing and the
implementation of a feedback loop. Our setup is very flexible in the implementation of the
data processing. It is simple to modify it to work in continuous wave mode. In addition, it
offers the possibility of integration to a trigger that could be linked to pulse magnetic fields.

3.4 sample environment - low temperature and high magnetic fields

Quantum phenomena are most dominant at low temperatures close to absolute zero,
where thermal excitation are minimal. The phenomena investigated within this work require
temperatures in the mili Kelvin regime and high magnetic fields. Cryostats can cool down to
∼1.3 K by pumping on a bath of liquid He4. If, instead of He4, the He3 isotope is used, base
temperatures of ∼0.3K are reached, mainly because He3 has a larger vapor pressure than
He4. Using the quantum liquid properties of He3 and He4 mixtures in the so-called dilution
refrigerator, temperatures as low as ∼5 mK can be reached. We used dilution refrigerators
in all experiments presented here where temperatures in the mK regime were required.

dilution refrigerators

He4 and He3 become superfluid at temperatures below 2.17K and in the low mK range,
respectively. For the dilution temperature range, He3 remains in the normal state. When
mixing bosonic He4 with fermionic He3, the superfluid transition temperature decreases, and
at a concentration of ∼ 67.5% it does not become superfluid anymore. At this concentration
and at 0.87K, the phase separation between the superfluid and the normal fluid line (λ-line)
meets the phase separation line, and below this temperature the He4 and He3 can only mix
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for certain concentrations which depend on temperature [205]. By cooling a mixture with a
He3 concentration larger than 6.6% below 0.87K, the liquid separates into two phases, one
rich in He4 and one rich in He3. Low temperatures are reached by transferring atoms from a
rich He3 phase to a diluted He3 in He4 phase. The solubility of He3 in He4 is finite, reaching
a maximum of 6.6% as T approaches zero [205].

The schematic view of a vertical dilution refrigerator is shown in Fig.3.15. The He3 gas
coming from the back of a pump at room temperature is precooled by a liquid He4 bath
at 4.2K and condensed in a second He4 bath at 1.5K. In order to condense He3 at 1.5K, a
flow impedance is required to establish a pressure of 30-200 mbar. The liquid He3 flows
through a heat exchanger in contact with the still at a temperature of ∼ 0.7K. A secondary
flow impedance below the still prevents reevaporation of He3. The liquid then goes through
additional heat exchangers and enters the He3 rich phase in the upper part of the mixing
chamber. A wider tube connects the bottom of the mixing chamber where there is diluted
He3-He4 mixture to the still, passing through heat exchangers. At the still the He3 is at a
concentration less than 1%. The vapor above the liquid in the still has a concentration of
90% of He3 at this high temperature of ∼0.7K. Pumping on the still and resupplying the
condensation line provides a closed He3 cycle. The depletion of He3 in the still results in a
concentration gradient which draws He3 from the rich phase in the mixing chamber and
provides a cooling mechanism due to the latent heat of mixing [205]. At the Swiss Spallation
Neutron Source (SINQ), temperatures in the mK range are reached with the commercially
available Kelvinox-VT dilution insert from Oxford Instruments.

magnets

For neutron scattering experiments, vertical split-pair cryogenic magnets provided by
Oxford Instruments were used. The coils, made of superconducting Nb3Sn wires, are split
in order to allow the neutron beam to pass. The field is produced by supercurrents flowing
in the pairs.

The first ultrasound experiments were performed in the 18+2 T vertical magnet at the
High Magnetic Field Laboratory in Dresden. Since we were interested in studying anisotropy
effects under rotating magnetic fields, we installed an Attocube rotator in their dilution
refrigerator. The installation was successful, but we encountered some drawbacks which
made us change our strategy. First, rotating with an Attocube inside the mixing chamber
released a lot of heat every time we rotated. The cooling to the temperature of the experiment
required time and a lot of noise was brought to our data, as rotating the sample in a fixed
field meant also rotating the cables attached to the transducers. We decided to do our



74 Experimental Techniques

(a) (b)

Fig. 3.15: Sample environment: (a) Schematic diagram of dilution refrigerator that is placed inside
the inner vacuum chamber cooled to ∼1.5 K by the variable temperature insert (VTI).
Taken from [206, 205]. (b) Picture of CeCoIn5 prepared for ultrasound measurements on an
Attocube rotator.

anisotropy studies at the Paul Scherrer Institut using the horizontal 10+1 T magnet from
Oxford Instruments available at SINQ. For that, we had to equip the Kelvinox-VT with
coaxial cables.

wiring

The biggest challenge of wiring a dilution insert lies in the fact that one has to optimize
conflicting parameters: a minimal heat load through thermal conduction and low impedance
that guarantees good signal transmission all the way from room temperature down to the
sample at mili Kelvin. In order to achieve that, we used a sequence of coaxial cables
connected with MMCX connectors in order to provide thermal anchors at several points
and reduce the heat conduction between them. The dilution is equipped with a port for
experimental wiring which runs inside the still pumping tube directly into the top flange
of the IVC. The wiring consists of flexible coaxial cable at a top flange of the dilution
insert attached to semi-rigid SC119/50-SB-B. Thermal anchor was done utilizing three Cu
conductors spaced about 8 cm from each other from the bottom to the middle of the still
pumping tube. Another thermal anchor was done at the top of the inner vacuum chamber
(IVC). Around the still, flexible Lakeshore BLUE CABLES were installed. Around the heat
exchanger, we installed CuNi-CuNi semi-rigid cables. From the mixing chamber down to
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the sample, we used very thin 50MCX-37 flexible coaxial cables with an outer diameter
of 0.32 mm. Those thin coaxial cables attach directly to Pt or Au wires connected to the
transducers.

We have also built an ultrasound stick for the Physical Properties Measurements Systems
(PPMS), from Quantum Design. This stick is equipped with the Lakeshore BLUE CABLES,
that bring the radio frequency signal to a fixed printed circuit board (PCB). A second
PCB board, used for mounting samples and transducers, attaches to the fixed one. The
mounting of the detachable PCB allows a 90o rotation, useful for studying anisotropic
systems where the direction of the magnetic field with respect to some other parameter, like
sound propagation or crystallographic direction is important. The PCB board was designed
with the software Eagle (Easily Applicable Graphical Layout Editor) by a student working
under supervision for this project.

3.4.1 Integration of the ultrasound setup to the sample environment

At SINQ, the sample environment control is done using the "Sample Environment
Automation" (SEA) that is a client - server software for controlling and monitoring sample
environment devices. SEA is based on the SINQ Instrument Control Software (SICS)
[207, 208]. The SEA server provides a history logger and a script engine to execute automated
tasks.

We used the FRAPPY framework to program the interface between the ultrasound setup
and the sample environment. FRAPPY is a python based framework that provides a com-
munication scheme for devices like the magnetic field, a cryostat and other setups one may
use in an experiment [209]. FRAPPY implements the Sample Environment Communication
Protocol (SECoP) [210] that is an initiative to standardize sample environment equipment
and experiment control software at large scale facilities.





4
T H E PAU L I L I M I T E D H E AV Y- F E R M I O N S U P E R C O N D U C T O R
C E C O I N 5 : S TAT E O F T H E A RT

This chapter introduces the state of art of the research in the RnMmIn3n+2m family of
compounds. CeCoIn5 features unconventional superconductivity that develops from
a state with strong antiferromagnetic fluctuations centered at Q = (0.44,±0.44, 0.5).
In the Q-phase, a spin density wave (SDW) emerges with the same ordering vector as
the superconducting spin resonance. In this intriguing phase, superconductivity and
magnetism not only coexist, but their interplay is believed to be cooperative, since
magnetism is suppressed at a first order phase transition at the superconducting upper
critical field. When substituting CeCoIn5 with small amounts of neodymium, magnetic
order arises at zero magnetic field with the same symmetry as the Q-phase and the
resonance. Therefore, the Nd1−xCexCoIn5 series provides a unique opportunity to
investigate the interplay between superconductivity and magnetism.

4.1 overview of the rnmmin3n+2m compounds

One of the most interesting series of heavy-fermions that keeps attracting a lot of attention
from the scientific community in the last 20 years is the CeMIn5 family, where M is a
transition metal ion Co, Rh or Ir. The term "115s" is used in the colloquial sense to refer to
these materials. They belong to the extended family CenMmIn3n+2m, where n=1, 2 and m=
0, 1. The 115s can be seen as tetragonal variants of the cubic CeIn3, which crystallizes in
the face-centered space group Pm3m. When MIn2 is introduced in the cubic structure, the
crystal structure of CeMIn5 becomes tetragonal (space group P4/mmm) with intercalated
layers of CeIn3 and MIn2. When a second layer of CeIn3 is added in the CeMIn5, the
structure transforms to a double layer tetragonal structure, with 2 atoms of Ce per unit cell.
Fig.4.1 depicts the unit cells of the CenMmIn3n+2m compounds.

The cubic compound CeIn3 is an antiferromagnet at ambient pressure with a Néel
temperature of TN ∼ 10K, with a saturated moment of∼ 0.65± 0.1µB and the ordering vector
Q = (1/2, 1/2, 1/2) [211]. The application of pressure Pc ∼ 2 GPa in this compound can
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drive the system to the proximity of a quantum critical point around which unconventional
superconductivity sets in [177]. At ambient pressure, a quantum critical transition at
around 40 T is accompanied by a divergence of the electronic effective mass well below the
antiferromagnetic critical field [212]. Despite the isotropic cubic structure, the upper critical
field required to suppress the magnetic order is anisotropic, due to the evolution of the 4f
wavefunctions’ orbital character and the strong spin orbit coupling [213].

CeIn3

CeMIn5
Ce2MIn8

Single layer
Tetragonal Double layer

Tetragonal

Cubic

CeIn3

MIn2

}
}

2 x 
CeIn3}
MIn2}

Fig. 4.1: Crystal structure of the CenMmIn3n+2m compounds.

brief overview on cemin5 :

When adding the MIn2 layer, the material’s properties depend on the transition metal ion.
CeRhIn5 orders antiferromagnetically below 3.8 K at ambient pressure [214]. Its Sommerfeld
specific heat coefficient is γ ∼ 400 mJ/mol K2. The magnetic order is an incommensurate
spiral with Q = (1/2, 1/2, 0.297) and an ordered moment of µ = 0.54µB in the ab-plane.
The application of pressure induces superconductivity which coexists with magnetic order
for P < 1.77 GPa [215, 216, 99]. Above this critical pressure, magnetic order is suppressed
and only superconductivity is present. The application of a magnetic field in the ab-plane
strengthens magnetism, shifting the critical pressure towards higher values [99], as shown
in Fig.2.7. The similarity of the Haas van Alphen oscillations to those observed in LaRhIn5,
where there is no f-electron, suggests localized f-electrons on the CeRhIn5 [217, 218].

CeIrIn5 (γ ∼ 720 mJ/mol K2) becomes superconducting below 0.4 K [219], as seen by
specific heat and ac susceptibility anomalies. Interestingly, the resistance of this material
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drops to zero at a much higher temperature of ∼ 1 K [219, 220] . The zero temperature
resistance has been associated with the formation of a pseudogap phase like in high-Tc
superconductors [219] and inhomogeneous superconductivity due to strain fields caused by
crystallographic defects [220]. Under hydrostatic pressure, Tc linearly increases to ∼ 0.7 K
at P ∼ 1.6 GPa [221] at a rate of ∼ 0.02 mK/kbar. Superconductivity is suppressed at Pc ∼ 6
GPa [222]. The application of uniaxial strain has a stronger effect on Tc. Compression along
the [1 0 0] crystallographic direction increases Tc by 56 mK/kbar and compression along
the [0 0 1] direction decreases it by 66 mK/kbar [223, 224]. This behavior suggests that the
dimensionality plays a role in increasing the superconducting transition temperature. The
upper critical fields are anisotropic, being ∼ 7 T for fields applied in the ab-plane and a
factor of ∼ 2 smaller for fields applied along the c direction [219].

CeCoIn5 (γ ∼ 300 mJ/ molK2) has the highest superconducting temperature in the
CenMmIn3n+2m compounds. The next sections of this Chapter are devoted to describing its
physical properties. Fig.4.2 shows the phase diagrams of Ce(Rh,Co,Ir)In5 substitutions.

(a) (b)

Fig. 4.2: Phase diagrams of Ce(Rh,Ir,Co)In5: superconducting, Néel temperatures and on the right
the orbital anisotropy as a function of concentration. (a) The robustness of supercon-
ductivity*in the phase diagram makes this family of compounds special among other
heavy-fermions. In addition, substitution of Rh with Co or Ir allows the study of the
interplay between magnetism and superconductivity. The dashed line denotes a quasi-linear
increase of Tc that correlates with the change in the c/a lattice parameters ratio (maximum
c/a is found in CeCoIn5). The increase of the c/a ratio was proposed to favor a 2D char-
acter, relevant for spin fluctuations. Taken from [214]. (b) On the right scale, the orbital
anisotropy as a function of concentration in CeRh1−xIrxIn5 demonstrates the possibility of
predicting whether a system becomes superconducting or magnetic depending on the shape
of the Ce wave function. Here "C" and "IC" denote commensurate and incommensurate
antiferromagnetic orders. Taken from [225].
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Interesting effects worth noticing in the phase diagrams are: i) superconductivity is robust
upon doping; ii) while in the Rh-Ir substitution Tc is highest inside the antiferromagnetic
phase, Rh-Co series show an apparent competition between the superconducting and
magnetic ground states. A linear correlation between the lattice anisotropy c/a ratio and
the Tc is observed in the superconducting compounds (dashed line in Fig.4.2). Since Co, Rh
and Ir are isovalent, this substitution does not change the carrier density but rather acts on
the crystal field environment and affects the spatial distribution of the Ce 4f wavefunctions
[225] (see Fig.4.2), thus changing the anisotropic cf-hybridization. It is argued that the
hybridization with out-of-plane In ions is stronger than the hybridization with the In in the
basal plane [225], despite the nearly identical bond lengths. X-ray absorption spectroscopy
reveals a more oblate wavefunction for CeRhIn5 [225], thus reducing the hybridization of Ce
4f electrons with the out-of-plane In 5p-orbitals. More prolate 4f wavefunctions are observed
in CeCoIn5 and CeIrIn5. It is argued that the α2 parameter describing the out-of-plane
anisotropy of the Γ7 = α |±5/2〉+

√
1− α2 |∓3/2〉 crystalline electric field ground state

distinguishes superconducting and non-superconducting compounds [225], providing an
explanation of why the physical properties of these compounds depend so much on the
transition metal ion.

With the goal of increasing the c/a ratio and thus reducing the dimensionality even
further, scientists have grown the 218 compounds of the CenMmIn3n+2m series, where n=2

and m=1.

218s and overview on the rnmmin3n+2m :

Ce2CoIn8 (γ ∼ 500 mJ/mol K2) becomes superconducting at Tc = 0.4 K [226], Ce2RhIn8

(γ ∼ 400 mJ/mol K2) is an antiferromagnet with TN = 2.8 K [227, 228], and it becomes
superconducting at a pressure Pc = 1.6 GPa and TC = 2.0 K [229]. Ce2IrIn8 (γ ∼ 700 mJ/mol
K2) is spin glass with TG = 0.6 K [230, 227].

Tabs.2, 3 and 4 summarize some physical properties across the family CenMmIn3n+2m.
Notice that all the Rh members are antiferromagnets at ambient pressure. The dimensionality
reduction decreases TN, changes the magnetic moment direction while maintaining some
similarity on the ordering vector. Notice that the only change on the ordering vector
is along the reciprocal [00L] direction. The dimensionality reduction appears to favor
superconductivity, with an increase on Tc by a factor of ∼10 when pressure is applied [228].

*Two anomalies in heat capacity in the Co-Ir substitution series were identified as two superconducting
transitions, possibly due to sample inhomogeneity (see green part of the phase diagram).
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Tab.3 summarizes the properties of the Ir members. Three types of ground states are
observed: an antiferromagnetic, a superconducting and a spin glass state. The increase of
the Sommerfeld coefficient reflects the presence of heavy effective masses. Tab.4 summarizes
the properties of the Co members. The introduction of the second CeIn3 layer does not corre-
spond to scientists’ initial expectation and actually shows a decrease of the superconducting
transition temperature by approximately an order of magnitude.

γ(mJ/molK2) TN Q µ(µB) Pc (GPa) Tc

CeIn3 120 10.1 (1/2, 1/2, 1/2) 0.65 2.5 0.25

CeRhIn5 400 3.8 (1/2, 1/2, 0.297) 0.37 ‖ ab-plane 1.7 2.1

Ce2RhIn8 400 2.8 (1/2, 1/2, 0) 0.55 −52o from ab-plane 1.6 2.0

Tab. 2: Physical properties of CenRhmIn3n + 2m. All the Rh members are antiferromagnets at low
temperature. Pc indicates the critical pressure tuning the ground state to a superconducting
one. Tc indicates the superconducting critical temperature at Pc. Values shown here were
taken from [228]. Notice the similarity on the magnetic ordering vector Q of these compounds.

LTGS γ(mJ/molK2) Tcritical

CeIn3 AFM 120 10.1

CeIrIn5 SC 720 0.4

Ce2IrIn8 SG ∼ 700 0.6

Tab. 3: Physical properties of CenIrIn3n+2. LGTS denotes the low temperature ground state, SC
denotes superconducting and SG denotes spin glass.

LTGS γ(mJ/molK2) TC Q ∆E (meV)
CeCoIn5 SC 300 2.3 (0.44, 0.44, 1/2) 0.6
Ce2CoIn8 SC 500 0.4 - -

Tab. 4: Physical properties of CenCoIn3n+2. Q indicates the Q-vector where the neutron spin reso-
nance arises from the energy transfer ∆E. The electronic specific heat of CeCoIn5 increases to
∼ 1000mJ/molK2 at 0.1 K under 50 kOe [33].

For almost all Ce-based superconductors that are in the Kondo limit, the maximum
superconducting transition temperature is about ∼ 2.5 K. Even elemental α-Ce becomes
superconducting under pressure at low temperatures [231]. So far, the only exception to
that statement is the discovery of superconductivity in the C15 Laves phase of CeRu2 with
Tc ∼ 5.1K [232, 233]. Though, the fact that LaRu2 is also superconducting without the
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f-electron [234] suggests that the mechanism for superconductivity in CeRu2 might be a
more conventional s-wave type.

The highest transition temperature of the heavy-fermion superconductors is found for
PuCoGa5 with Tc ∼ 18.5K. Ga seems to be essential for the increase in Tc because the
indium analog PuCoIn5 has a transition temperature of 2.5 K [31, 235]. The RnRhmIn3n+2m

family shows the largest variation of transition temperatures observed so far: on the very
same family, Tc changes about two orders of magnitude. This means that this family of
compounds is very unique in that it provides the possibility of understandanding the
mechanisms of unconventional superconductivity as well as the large enhancement of Tc.

Among these compounds is the superconductor CeCoIn5 showing the highest Tc of the
Ce-based heavy-fermion superconductors. This is one of the most prominent materials for
studying magnetically mediated superconductivity and the interaction between supercon-
ductivity and magnetism, since it presents a variety of interesting phenomena in its phase
diagram which is easily accessible with the available cryomagnets. In addition, ultraclean
crystals of CeCoIn5 can be obtained with standard flux growth methods.

4.2 heavy-fermion properties of cecoin5

(a) (b)

Fig. 4.3: Fermi surfaces of CeCoIn5: (a) schematic representation of the bands. (b) angular depen-
dence of the dHvA frequencies. Taken from [236].
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In CeCoIn5, a coherent Kondo lattice is formed below the Kondo temperature of ∼ 45 K
[33]. This compound displays a quasi two dimensional Fermi surface in the normal state,
as seen by the Haas-van Alphen (dHvA) oscillations and angle resolved photoemission
spectroscopy [236, 237, 238]. Fig.4.3 displays parts of the Fermi surface. The main Fermi
surface bands correspond to the α branch centered in the middle of the Brillouin zone at the
Γ point and around the M corners as well as a complex β branch. The α branch follows a
1/cosθ dependence, where θ is the angle between the field and the [001] direction, indicating
a nearly cylindrical Fermi surface. In addition, there are small pockets in the 13-hole band.

Heavy masses are found in all these branches, the heaviest ones being the β branch, as
indicated in Tab.5. The cyclotron masses were found to be field dependent, with the ε

and ξ branches present in the superconducting mixed state [236]. The presence of dHvA
oscillation in the mixed state has been attributed to the quasiparticles produced by pair
breaking effects [236, 239]. Below the superconducting upper critical field, the masses were
found to increase as a function of increasing field and above Hc2 a decrease was found
[236]. The mass increase on the mixed state may be attributed to the correlations between
quasiparticles becoming stronger as the field increases. However, this issue has not been
fully clarified yet.

β1 β2 α1 α2 α3 ξ η ε γ

F(T) 12000 7500 5560 4530 4240 2210 1400 620(670) 230

m∗(m0) 48 49 15 18 8.4 33 20 5.6(12) 12

Tab. 5: de Haas van Alphen frequency and effective masses of CeCoIn5. The mass of the ε branch
outside and inside parenthesis is for fields along the [110] and [100] direction, respectively.

4.3 superconductivity in cecoin5

Below Tc ∼2.3 K, CeCoIn5 becomes superconducting. The symmetry of the zero-field
superconducting gap is dx2−y2 with line nodes along the [1 1 0] crystallographic direction,
as it has been inferred from macroscopic and microscopic measurements [121, 240, 241, 122,
242, 243, 244]. Macroscopic evidence includes the enhancement of the thermal conductivity
and specific heat along the [1 1 0] crystallographic direction and a power law dependence
of the specific heat capacity [241, 122, 242]. In addition, point-contact spectroscopy and
quasiparticle interference studies further confirmed the d-wave gap structure with an
amplitude of ∆E ∼ 0.6 meV [243, 121, 244]. This symmetry is also consistent with the
emergence of a spin resonance centered at Q = (0.45, 0.45, 0.5) below Tc with an the energy
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transfer of ∆E = 0.6 meV [35, 24]. In addition, the ARPES measurements are also consistent
with a d-wave symmetry. It has been pointed out that the gap symmetry of CeCoIn5 reveals
the presence of an additional small gap on the light carrier bands [245, 246].

Superconductivity and magnetism in CeCoIn5 are deeply intertwined, as revealed by
its vicinity to an antiferromagnetic quantum critical point [33, 247, 248, 249, 250, 34]. In
addition to T-linear resistivity, non-Fermi liquid behavior manifests itself in CeCoIn5 in many
different ways, including the logarithmic increase of the electronic specific heat [251, 249], a
temperature dependent Sommerfeld coefficient [236], an enhancement of the effective mass
at low temperatures with a strong field dependence and a magnetic susceptibility that does
not saturate at low temperatures [33]. This non Fermi-liquid behavior was associated with
the proximity to a zero temperature transition of antiferromagnetic origin [248, 252, 250]
(see Chap.2.2.1). A crossover from positive to negative magnetoresistance is observed in
the normal state for fields applied along the [001] direction close to the superconducting
upper critical field [248]. Although positive magnetoresistance is not expected within the
Kondo systems, it may be associated with an increase of spin disorder and it is observed in
systems with antiferromagnetic correlations. The crossover to negative magnetoresistance
is associated with a field polarized state. Nuclear magnetic resonance spectroscopy have
also suggested the presence of quantum critical fluctuations of antiferromagnetic nature
[250]. For fields sufficiently larger than Hc2, a crossover to Fermi liquid behavior has been
recovered.

There has been some disagreement about the exact location of the possible quantum
critical point in this material. Pressure dependent electrical resistivity measurements and
the fact that CeRhIn5 becomes superconducting when pressure is applied have favored
speculation that the nearby antiferromagnetic quantum critical point may be at an in
accessible slightly negative pressure [253, 254]. The A coefficient of Fermi liquid resistivity
ρ = ρ0 + AT2 diverges at the upper critical field when the current is applied in the basal
plane [248, 255, 252]. This suggests that the quantum critical point coincides with Hc2.
However, electrical transport with current applied along the [0 0 1] direction suggests the
quantum critical point is located inside the superconducting phase, 1.5- 3 T [256]. Hall
effect [257] and thermal expansion measurements [258] have also extrapolated the quantum
critical field to values below the superconducting upper critical field. Finally, a universal
scaling of the magnetic Grüneisen parameter that goes with T/H3/2 points towards a hidden
quantum critical point at zero field [34]. The origin of the magnetic instability is still unclear,
but its presence creates an environment of strong fluctuations where novel ground states
may set in.
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Superconductivity under magnetic fields is Pauli limited. Fig.4.4 shows the H-T phase
diagrams for fields applied in the tetragonal ab-plane and along the c-axis. A reduction
of ∼ 1.1% in the superconducting upper critical field is found when the field is applied
along the [1 1 0] direction as compared to fields along [1 0 0] [38, 259]. The temperature
dependence of Hc2 at temperatures close to Tc yields an orbital limiting field of about
µ0Horb = 35 T and 13 T for fields applied along the H ‖ [100] and H ‖ [001] [38] (see
Eq.2.30), respectively. However, experimental observation reveals much lower upper critical
fields of about 11.8 T and 5 T for these field directions [38], thus providing evidence that
superconductivity is Pauli limited. In addition, a first-order phase transition for fields above
µ0HP = 9.8 T and 4.7 T further point towards the importance of Pauli paramagnetic effects
at high fields. The Maki parameter of CeCoIn5 is ∼ 3.5 for both field directions (see Chapter
2.3).

H ∥ [001]

H ∥ [100]
H ∥ [110]

H ∥ [001]
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(b) (d)
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Fig. 4.4: HT - phase diagrams of CeCoIn5: superconducting phase diagram for field applied on the
ab-plane (a) and along the [0 0 1] crystallographic direction (b) determined from specific
heat capacity. T0 indicates the temperature below which the superconducting transition
becomes first order. Modified from [38]. The green parts indicate anomalies associated with
the high field state of CeCoIn5. For fields in the ab-plane, this anomaly is attributed to the
emergence of an ordeantiferromagnetic state. (c) Vortex lattice phase diagram for fields
applied in the ab-plane (c) and along the [0 0 1] direction (d). Taken from [260, 261].
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The importance of Pauli paramagnetic effects was reinforced by small angle neutron
scattering (SANS). These experiments reveal an increase of the magnetic form factor of
the superconducting vortices [261, 260, 262]. This is in completely contrast with the the
Abrikosov-Ginzburg-Landau model, where a decrease of the magnetic form factor is ex-
pected due to vortex overlap as the field is increased [263, 264]. Those results evidence the
emergence of an additional scattering cross-section that has been attributed to paramagnetic
moments around the vortex cores or to antiferromagnetic fluctuations[261, 262].

The vortex lattice phase diagrams for the different field directions are displayed in
Fig.4.4(c) and (d). For fields along the longest dimension in the unit cell of CeCoIn5

(Fig.4.4(d)), a cascade of geometrical transitions is observed: hexagonal → rhombic →
square→ rhombic→ hexagonal [261]. Two degenerate domains are found in the hexagonal
and rhombic phases. The mechanism behind these phase transitions remains unknown, but
it has been argued that the hexagonal arrangement results from an isotropic interaction
potential attributed to the long distances between vortices and small vortex-vortex interaction
[261]. As the field is increased, more magnetic flux penetrates the crystal, the vortex
separation becomes smaller and the d-wave nature is reflected on the flux line lattice†.
Fig.4.4(c) shows the phase diagram for fields applied along the nodal direction obtained
from small angle neutron scattering measurements. Rotating the field in the ab-plane has a
large effect on the vortex lattice. For H ‖ [100], a single distorted hexagonal phase is found
[260]. For fields applied along the [110] direction, the hexagonal vortex lattice rotates at
fields above 7.5 T. Above 8.7 T, the 90

o reorientation is complete [260].

The vortex lattice transition fields do not coincide with the fields where first order phase
transitions are observed for any of the applied field directions [260, 261, 262]. Antiferro-
magnetic fluctuation in the vortex cores has been shown to provide an increase of the form
factor.

As much as CeCoIn5 seems to be already quite excitingly complex, thermal conductivity
increased the complexity by providing evidence for the emergence of supplementary phases
inside the superconducting state [38] (see Fig.4.4(a) and (b)). These supplementary phases,
found at low temperatures and high magnetic fields, were initially interpreted as evidence
for the spatially modulated Fulde-Ferrel-Larkin-Ovchinnikov state (see Chap. 2.3.2). This
finding triggered a lot of theoretical and experimental work to test whether these high field
phases could be FFLO states.

†Some theoretical studies of the vortex lattice in d-wave superconductors may be able to explain the square
lattice, see for example Refs. [265, 263, 266].
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4.4 cooperative interplay between superconductivity and magnetism

Four years after the discovery of the mysterious phase at high magnetic fields applied
in the tetragonal ab-plane, a nuclear magnetic resonance (NMR) study suggested that this
high field state is associated with magnetic order [267]. At high fields applied along the [1
0 0] direction, a dramatic broadening of the Knight shift of about an order of magnitude
larger than what is expected for orbital currents in a vortex lattice was interpreted as
evidence for magnetism [267]. The fact that the broadening is different for Co and In(1)
sites suggests that its origin is a distribution of hyperfine fields, that could be generated by
quasi-static spin moments within the vortex cores. An incommensurate magnetic structure
was proposed with ordering vector Q = (q, 1/2, 1/2) with Ce moments pointing along the
[1 0 0] crystallographic direction.

This microscopic evidence provided by the NMR study motivated the search for magnetic
order with a direct probe of magnetism, namely neutron scattering (see Chap.3.1). The
measurements this time were done with the field applied along the [110] direction, in
order to access the horizontal (h, h, l) plane. Long range incommensurate magnetic order
was indeed found, but with ordering vector Q = (q, q, 0.5), where q ≈ 0.44 and magnetic
moments pointing along the [001] direction [36]. This high field state was baptized as Q
phase because it is a magnetic order centered at Q.

The magnetic structure is a transverse amplitude modulated spin density wave, as
depicted in Fig.4.5. The amplitude of the ordered moment is ∼ 0.15µB[36], considerably
smaller than the what is expected for the Ce3+ ion, probably due to the Kondo effect. The
magnetic order extends over a length scale larger than 60 nm [36], which is much larger
than the diameter of the vortex cores of ∼ 10 nm ‡, meaning that the magnetic order is not
restricted to the vortex cores. The magnetic signal disappears at the same temperatures
as the anomalies seen by specific heat capacity, reproducing the phase diagram shown
in Fig.4.4. Magnetic order emerges from a second oder phase transition at ∼ 9.8T and
is suppressed in a first order phase transition at the superconducting upper critical field.
The observation that magnetism exists only inside the superconducting state is intriguing
and in contrast to most other materials where these orders simply coexist or compete.
As it has been discussed in Chap.2.4 and Sec.4.1, superconductivity in the RnMmIn3n+2m

family usually appears in the proximity of a quantum critical point where magnetic order is
suppressed. CeCoIn5 under high magnetic fields, on the other hand, evidences a new type
of magnetic order that needs superconductivity for its existence.

‡The vortex cores diameter is of the order of the coherence length [268].
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Fig. 4.5: Q phase magnetic structure: the red arrows indicate the moment direction located on the
Ce3+ ions. Yellow and blue indicate the In and Co ions, respectively.

The origin of the Q phase has been widely studied theoretically, but remains an open
question to this day. The incommensuration q of the magnetic Bragg peak is only very
weakly field dependent [37]. Note that the ordering wavevector is in the same reciprocal
space position as the spin resonance that emerges below the superconducting transition
temperature at zero magnetic field.

Heat capacity measurements have also suggested a high field phase for fields applied
along the c-axis. However, microscopic or direct evidence for magnetic order has not been
found yet. Neutron scattering did not find intensity at Q for fields applied along the [0 0 1]
direction [206]. Indeed, a suppression of the Q-phase is reported when the field is rotated
out of the tetragonal basal plane at a critical angle of 17

o [269]. This angle coincides with the
angle where the superconducting upper critical field decreases to HP = 9.8 T, demonstrating
the importance of Pauli paramagnetic effects for the Q-phase [270]. Thus, the anomaly seen
in heat capacity with H ‖ c could not be attributed to magnetic order centered at Q and
may still be attributed to a pure FFLO state.

Recently, anomalous decrease of Haas van Alphen amplitudes of the α and γ-band has
been interpreted as evidence for an antiferromagnetic state emerging below 20 mK for fields
applied along the [0 0 1] direction [271]. This additional antiferromagnetic phase occurs for
fields higher than the superconducting upper critical field and it has not been yet confirmed
by any other technique due to the complexity that this ultralow temperature brings.

4.4.1 Theoretical proposals to the Q-phase

The theories describing the origin and nature of the high field Q-phase can be divided
into four main classes. In the first class are theories relying on a coupling between the spin
density wave and superconductivity with finite momentum pairs [272], i.e. FFLO or PDW
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(see Chap.2.3.2.2) [273, 274, 275]. The second class includes theories emphasizing the role
of the vortex lattice [272, 276]. Theories from the third class highlight the importance of
Fermi surface nesting in Pauli limiting superconductors [277, 278]. The fourth class theory
attributes the formation of the spin density wave to the field induced condensation of spin
excitations [272] (see Chap.2.3.2.3).

The SDW order is peaked at (q, q, 0.5) which is too large to be a consequence of a long
wavelength FFLO phase (where the modulation has a similar length scale as the coherence
length) [36]. In addition, the phase diagram found theoretically [279] does not resemble
the experimental data [36]. Isothermal measurements of the did not reveal an increase of
the entropy at the Q-phase critical field [34], which would indicate nodal quasiparticles
in the FFLO state. In fact, a reduction of entropy is found [34]. Currently, little is known
experimentally about the role of the vortex lattice in the formation of the high field state.
SANS measurements are limited by a small signal and the difficulty that is to measure
with fields perpendicular to the c-axis due to the plate-like shape of the samples§ [260], as
discussed in Sec.4.3. Below we describe the two most debated theories at present.

4.4.1.1 Triplet P-wave pair density wave

A phenomenological approach is justified at the second-order phase transition from the
normal superconducting phase to the Q-phase. It has been suggested that incommensurate
SDW order in a d-wave superconductor always couples to a pair density wave of mixed
singlet and triplet nature assuming a linear coupling between these orders [36, 275, 273].
Note that the emergence of the additional order parameter does not depend only on the
coexistence between d-wave superconductivity and a SDW, but also on the presence of
strong Pauli pair breaking [280]. The coupling terms for magnetic fields applied in the basal
plane that conserves momentum are [280]

V1 ∝ −iS(∆∗dΠs
−Q − ∆d(Π

s
Q)
∗) + c.c.

V2 ∝ HS(∆∗dΠs
−Q + ∆d(Π

s
Q)
∗) + c.c.

(4.1)

where S is the ordered moment here, ∆d is the d-wave superconducting order parameter,
ΠQ is the additional order parameter featuring triplet pairing and H is the magnitude of
the applied field. The finite momentum triplet PDW (−Q 6= 0) appears as a consequence
of momentum conservation in a ground state with dx2−y2 superconductivity (Q = 0) and a
finite momentum SDW (Q 6= 0). Time reversal symmetry is only broken by the term where
the field does not appear explicitly, i.e. the V1 term.

§Sample forms with the c-axis perpendicular to the surface
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The SDW symmetry in the P4/mmm full space group allows for only four irreducible
representations Γi in the Q-phase. The magnetic ordering vector Q = (0.45, 0.45, 0.5)
remains invariant under the following symmetry operations of the little group GQ within
the P4/mmm: GQ = {E, C2η, σz, σξ}¶. The irreducible representations of GQ along with the
representative basis functions of the spin-singlet pairing (Ψ(k)) and spin-triplet pairing
(d(k)) functions, the triplet gap functions (∆(k)) and the spin density wave order S are listed
in Tab.6. The pair density wave representative functions di,j(k) obey d∗i,j(k)× di,j(k) = 0 for
i = 1− 4 and j = 1, 2 such that the p-wave gap functions are given by |∆i,j(k)|2 = |di,j(k)|2
[280]. Irreps 3 and 4 feature nodeless isotropic gap functions while Γ1 and Γ2 feature nodal
planes along the [h,±h, l] and [h, l, 0] for ∆i,1 and ∆i,2, respectively.

Γi D4h E c2η σz σξ Ψ(k) di,j(k) ∆i,j(k) Si

Γ1
A1g,
B2g

1 1 1 1 s, kxky
d1,1(k) = ẑ(kx − ky)

d1,2(k) = kz(x̂− ŷ)
|∆1,1(k)|2 = (kx − ky)2

|∆1,2(k)|2 = 2k2
z

Γ2
A2g,
B1g

1 -1 1 -1 k2
x-k2

y
d2,1(k) = ẑ(kx + ky)

d2,2(k) = kz(x̂ + ŷ)
|∆2,1(k)|2 = (kx + ky)2

|∆2,2(k)|2 = 2k2
z

Sz

Γ3
A2u,
B1u

1 -1 -1 1 kz(kx+ky) d3,1(k) = x̂kx − ŷky

d3,2(k) = x̂ky − ŷkx

|∆3,1(k)|2 = k2
x + k2

y

|∆3,2(k)|2 = k2
x + k2

y
Sx-Sy

Γ4
A1u,
B2u

1 1 -1 -1 kz(kx-ky)
d4,1(k) = x̂kx + ŷky

d4,2(k) = x̂ky + ŷkx

|∆4,1(k)|2 = k2
x + k2

y

|∆4,2(k)|2 = k2
x + k2

y
Sx+Sy

Tab. 6: Representational analysis of CeCoIn5 with Q = (0.45, 0.45, 1/2) and H ‖ [110]: Ψ(k) indicates
the spin singlet superconducting order parameter, di,j(k) is the spin triplet vector function,
∆i,j(k) is the triplet superconducting gap function, Si are the SDW basis functions.

It is important to notice that the SDW breaks time reversal symmetry. It is argued that
the SDW can be generated by the PDW and d-wave superconductivity in two ways: by
coupling directly to the time reversal symmetry violating phase (V1 term in Eq.4.1) or by
coupling to the applied field and the time-reversal invariant phase (V2 coupling term) [280].
Two possible types of PDW are then possible: in the time reversal broken phase, the PDW
belongs to the Γ1 irrep, and on the time-reversal invariant phase, the PDW belongs to the γ4

irrep [280]. In principle, both representations could appear simultaneously.

¶E = {1|000} is the unity, C2η = {2110|000} is a two-fold rotation around the [110], σz = {m001|000} and
σ110 = {m[110]|000} are mirror operations on the plane perpendicular to [001] and [110], respectively.
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4.4.1.2 Condensation of the spin resonance

The superconducting spin resonance observed with inelastic neutron scattering was
measured as a function of magnetic field applied in the ab-plane. The single peak observed
at zero magnetic field splits into two at 3 T, demonstrating the spin resonance is a doublet
[281]. The lower energy peak position extrapolates to zero at (11.2± 0.5) T. The proximity
of this value to the field where the Q-phase emerges, the similarity of the spectral weight of
the low energy mode to the Q-phase ordered moment and the structure of the fluctuations
were interpreted as evidences corroborating the condensation of spin excitations scenario
[282, 281]. The lower peak of the spin doublet is then interpreted as the soft mode of
the Q-phase. However, the extrapolated field within the errorbar is also close to the
superconducting upper critical field of Hc2 = 11.8 T.

4.5 switching of magnetic domains

The discrepancy between the magnetic structures suggested by NMR and neutron diffrac-
tion could not be attributed to the fact that those measurements were taken with field
aligned along different directions of the d-wave order parameter. In fact, the NMR magnetic
structure has never been confirmed by neutron diffraction. Instead, it was stablished that
the magnetic structure is a transverse spin density wave for fields applied in the ab-plane,
independently of whether the field is applied along the nodal or anti-nodal direction. The
SDW wavevector always points along the nodes of the dx2−y2 gap, suggesting that magnetic
order is mediated by low energy quasiparticles along the nodal [11l] and [11l] directions
[36, 206, 283].

The Q-phase ground state is hypersensitive to the magnetic field direction. Neutron
diffraction experiments reveal that the SDW is single domain with only one of the two
ordering vectors Q+,− = Qh,v = (q,±q,0.5) being populated for a field direction [283, 206].
At the antinodal [100] direction, both domains are equivalent by symmetry. A first order
phase transition with a hysteresis of ∼ 0.2o is found to switch between the two domains,
always choosing the one that is most perpendicular to the field direction [283], as depicted
in Fig.4.6. Since the magnetic moment points along the crystallographic c-axis, always
perpendicular to the field direction, the origin of the domain switching cannot be a Zeeman
term M.H [283].

The switching of the high-field SDW order was also probed by thermal conductivity [284],
a probe sensitive to the superconducting condensate. A discontinuous change of the thermal
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conductivity is observed when applying a heat current along the d-wave node, i.e. J ‖ [110].
As the magnetic field is rotated around the a-axis, the SDW modulation will be either along
the heat current or perpendicular, as depicted in Fig.4.6(d). Fig.4.6(e) shows the thermal
conductivity divided by temperature as a function of the angle between the magnetic field
direction and the heat current. Sharp first order jumps are seen at the switching angle.

(a) (b) (c)

(d) (e) (f)

Fig. 4.6: Switching of magnetic domains in the Q-phase of CeCoIn5: (a) the angle Ψ defines the
angle between the magnetic field direction with respect to the [1 0 0] direction. Rotating
around the antinodal direction switches between two domains characterized by the ordering
vectors (q,±q, 0.5). (b) magnetic Bragg peak intensity of the two domains as a function of
angle. (c) Abrupt first order switching with hysteresis ψ ∼ 0.2o. (d) Schematic diagram
of the thermal conductivity experiment. As the field is rotated, the heat current will be
either parallel or perpendicular to the ordering vector. (e) Thermal conductivity divided by
temperature as a function of field direction. The jumps at ±45o of about 15% correspond to
the switching of magnetic domains. (f) Thermal conductivity over temperature as a function
of magnetic field shows a higher thermal conductivity when Q is parallel to the heat current.
Taken from [283] and [284].

The first explanation proposed to this phenomenon was based on the phenomenologi-
cal theory that the Q-phase is a manifestation of coexisting condensates: d-wave singlet
superconducting state and a SDW coupled to π-triplet pair density wave [275, 273] (see
Subsec.4.4.1.1). The mechanism proposed is as follows: the magnetic field direction controls
the p-wave line node, which in turn determines the direction of the SDW domain [283, 206].
This scenario constrains the symmetry of the PDW to the Γ1 irreducible representation
shown in Tab.6. Another proposed scenario is based on a FFLO superconducting order.
There, the Q-phase is a multiple ordered state consisting of two orders: the SDW and a
FFLO superconducting order with a spatial modulation parallel to the field direction [285].
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The SDW order in this case originates from the interplay between strong paramagnetic
pair breaking effects and d-wave superconductivity [278]. It is argued that the degeneracy
between the domains is lifted by the presence of vortices and the FFLO modulation [285].
The SDW ordering vector tends to be pinned along the FFLO nodal planes which are per-
pendicular to the field. Both interpretations suggest that the switching of magnetic domains
results from a coupling of the SDW with additional order parameters particular to the
superconducting state. The third and most recent interpretation is free from any additional
order parameter and is based on spin-orbit coupling in centrosymmetric multiband metals
[286].

All three theoretical suggestions were developed to explain the neutron scattering data.
However, not all of them may yet account for the thermal conductivity results. Note that
thermal conductivity is higher when Q ‖ J (see Fig.4.6(f)). It was argued that only the
SDW cannot account for this observation, because the SDW gaps quasiparticles along
the ordering vector, and as a result, thermal conductivity should be smaller than the one
perpendicular to it. This observation is resolved with an additional gap perpendicular to the
SDW modulation [284]. The FFLO state is also not compatible with the thermal conductivity
data, because within this theory, the FFLO modulation is parallel to the field direction,
leading to a smooth change when rotating [284]. That means that the SDW influence would
dominate, and again, one would expect a lower thermal conductivity when the current is
along the modulation. Therefore, those results favor the p-wave scenario and an estimation
of the average amplitude of the p-wave gap is approximately 20% that of the primary d-wave
gap [284]. The proposed hierarchy of interactions between the orders is as follows: first,
spin-orbit coupling may drive the switching and orient Q as perpendicular to H as possible,
and the selected Q then orients the pair density wave. The thermal conductivity results are
consistent with a PDW belonging to the Γ1 irrep.

The origins of the domain switching effect and the Q-phase remain debatable up to now.
One possible way to gain further insights into the microscopic nature of the Q-phase and
the SDW properties is the application of additional external parameters complementary to
magnetic field, e.g. pressure and chemical substitution. The next sections are devoted to
describe chemical substitutions on the Ce site and provide the background for our neutron
diffraction study on NdxCe1−xCoIn5.
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4.6 ce-site substituted cecoin5

4.6.1 Degree of charge localization in Ce1−xRxCoIn5

The degree of charge localization is a determinant physical property that dictates a
material’s ground state (see Chap.2, Subsec.2.1.2). Extreme cases are often well described by
the Mott and Kondo frameworks. However, the transition between the extreme localized and
highly itinerant electronic regimes can lead to a plethora of not yet predictable ground states.
The lack of such predictive theory demonstrates that there is still no clear understanding on
the delicate imbalance of multiple intertwined degrees of freedom. Kondo systems are ideal
to investigate transition regimes because they possess small energy scales, being highly
tunable by external parameters such as pressure, magnetic field and chemical substitution,
as discussed in Sec.4.1. These systems display a wide variety of interesting phenomena,
ranging from magnetically ordered states, paramagnetic states with renormalized electronic
effective masses, Kondo impurity ground state, superconductors etc.

Good examples demonstrating the high tunability of the Kondo systems are found in the
CenMmIn3n+2m family. Apart from the examples discussed in Sec.4.1, chemical substitution
on the Ce site in CeCoIn5 directly affects the Kondo coupling strength between the 4f and
conduction electrons.

In CeCoIn5, substitutions of Ce (or In) by nonmagnetic elements such as La (or Hg and
Sn) rapidly suppress Tc, with Tc → 0 K typically within concentrations of ∼10%, ∼15%[287].
When a small amount Ce ions is replaced by nonmagnetic La in CeCoIn5, "Kondo holes"
are created and La acts as a Kondo impurity, incoherently scattering electrons in the
renormalized heavy bands [287]. A collection of incoherently scattering Kondo impurities is
found at a La concentration of about 40%, corresponding to the two dimensional percolation
limit of the square lattice where the La/Ce ions sit. Interestingly, the AFM ordering
transition temperature linearly decreases upon La substitution and reaches the limit TN → 0
at again 40% [288], where the Kondo-hole behavior is observed.

In fact, the superconducting and Kondo coherence temperature (Tcoh, defined as the
maximum in ρ(T)) have been found to be suppressed to zero temperature at similar rates
irrespective of the nature of the rare-earth ion in Ce1−xRxCoIn5, where R is a rare-earth
ion spanning on both magnetic Pr3+, Gd3+, Dy3+, Er3+ and non-magnetic Y3+, Yb3+ and
Lu3+ [289]. Substituting Ce by non-magnetic Y3+, Yb3+ and Lu3+ injects Kondo holes,
while Pr3+, Gd3+, Dy3+, Er3+ injects local moments in the Kondo lattice. Pair breaking
effects in unconventional superconductors arise via both potential scattering and spin-flip
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scattering mechanism, the latter being characterized by an additional exchange interaction
parameter and the de Gennes factor ||. Since the effect of magnetic ions do not seem to add
any scattering rate, it is believed that pair-breaking in substituted CeCoIn5 is dominated
by disorder in the CeIn3 planes [289]. The La case follows the Abrikosov- Gor’kov (AG)
model, where superconductivity is destroyed once the mean free path approaches the
superconducting coherence length.

The Kondo coherence temperature signalizes the onset of the Kondo singlet formation
and the scale where coherent low-energy bands are formed (see Chap.2.2). It has been
shown that in the same way as the superconductivity is destroyed by disorder when the
mean free path approaches the coherence length at a critical scattering length of lcr ∼ 180Å,
Tcoh also vanishes when the mean free path approaches a characteristic coherence length
ξcoh ≡ h̄νF/kBTcoh ∼ 100Å, independent on the nature of the rare-earth ion that is being
substituted [289]. As in the case of La, the Kondo coherence temperature extrapolates to
zero near the 40% percolation limit of the 2D lattice for all substitutions mentioned above.

4.6.2 From the localized to the itinerant limit in NdxCe1−xCoIn5

The Nd substituted CeCoIn5 are an exception to the previous statement of last section. In
this series, the coherent Kondo lattice persists up to about > 50%, exceeding the percolation
limit of the square lattice (see Fig.4.7(a)). Superconductivity is suppressed at ∼ 20%.
Magnetic order is robust and present at zero field for almost the entire series. NdCoIn5

orders antiferromagnetically below TN ∼ 8 K with two symmetry-equivalent commensurate
propagation vectors QCM = (1/2, 0, /2) and (0, 1/2, 1/2). Its Ising-like structure, displayed
in Fig.4.7(c), is representative for NdxCe1−xCoIn5 with x = 1, 0.84, 0.6 and 0.39. A change of
the magnetic structure that is detached from the suppression of superconductivity and from
the Kondo breakdown is seen at a Nd concentration between 25% and 40% [41], as seen in
Fig.4.7.

A ground state with incommensurate magnetic order is observed on the Ce rich side for
0.05 ≤ x ≤ 0.25. Recent neutron studies reveal a spin density wave with similar magnetic
structure as the Q-phase of pure CeCoIn5, i.e. QICM = (q,±q, 1/2), with q ∼ 0.44 and the
moments point along the c-axis [292, 293] (see Fig.4.5). The change of magnetic correlations
that is detached from the emergence of heavy bands and from superconductivity has been
related to the degree of electron mobility [41]. The materials featuring localized-moment

||The de Gennes factor DJ = (g− 1)2 J(J + 1) reflects the classic competition between superconductivity
and magnetism [290].
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Fig. 4.7: xT- phase diagram of NdxCe1−xCoIn5. a) Rich x-T phase diagram of NdxCe1−xCoIn5 at
zero field. (b) Concentration dependence of two critical fields normalized by the ordered
moment. The lines are guide to the eye. The inset shows the real part of ab magnetic
susceptibility χ′ at T ∼2 K. (c) Commensurate magnetic structure with moments along the
c-axis and wave vector QCM = (1/2, 0, 1/2). Modified from [41] and [291].

magnetism can be described by an Ising-type Hamiltonian with antiferromagnetic nearest-,
next-nearest-neighbor and an interlayer exchange coupling [294]. Exchange couplings may
be obtained from field dependent magnetization and susceptibility measurements when
the field is applied along the moment direction (c-axis). These measurements show two
critical fields H1,2 that when normalized by the moment size, give direct information about
exchange couplings. Fig.4.7 (b) displays the doping dependence of H1,2/µP. It is argued that
those results show a significant change of the magnetic interactions for x > 0.5, coinciding
with the suppression of the heavy-fermion ground state. Since the Ce-4f wavefunction
hybridizes mainly with In-p orbitals, it is plausible that the nearest-,next-nearest-neighbor
and interlayer coupling are differently altered as hybridization becomes stronger on the Ce
rich side.

We note here that the magnetic structure found in pure NdCoIn5 persists in systems with
up to only 40% of Nd ions, coinciding with the 2D percolation limit of the square lattice.
Below this threshold, there are not enough Nd ions to stabilize long-range connectivity.
At his point, the magnetic order that survives is the incommensurate one induced at low
Nd concentrations. The origin of the incommensurate order is currently unknown and is a
question we addressed within this work.

Before discussing the theoretical models describing the nature of the SDW induced by
Nd ions, note that this type of magnetic order coexists with superconductivity from x=0.05

up to x = 0.17. Superconductivity in CeCoIn5 is believed to arise from magnetic fluctuations
centered at QICM near a quantum critical point. Notice that Nd series represents a very
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unique playground for the study of the interplay between superconductivity and magnetism
that arise from AFM fluctuations with the same symmetry.

4.6.3 Incommensurate magnetic order in Ce0.95Nd0.05CoIn5 at zero magnetic field

In 2008, measurements of specific heat capacity revealed coexistence between magnetic
order and superconductivity in NdxCe1−xCoIn5 [291]. In 2014, zero field magnetism was
indeed confirmed by neutron diffraction measurements to emerge below TN ∼ 0.8 K [292].
The order was found to have the same symmetry and moment size as the high field Q-phase
[292] present in pure CeCoIn5. Such similarities between the Q-phase and the zero field
spin density wave suggested at first sight that Nd substitution induced the Q-phase at zero
magnetic field, and that it originates from the enhancement of the nesting condition by
the d-wave superconducting order parameter. A few years later, in 2017, the ground state
of Nd0.05Ce0.95CoIn5 as a function of magnetic field revealed a magnetic instability region
inside the superconducting state [293]. A quantum critical point at µ0HQ = 8T separates
these two antiferromagnetic phases with identical symmetry, as shown in Fig.4.8(a). The
high field state shared many properties with the Q-phase of pure CeCoIn5, such as the first
order collapse at the superconducting upper critical field. It was then established that the
Q-phase is stable up to at least 5% Nd substitution on the Ce site and that it is the high field
state shown in Fig.4.8 (a). The origin of the low field SDW remains unknown.

(a) (b)

Fig. 4.8: Superconductivity and magnetic orders in Nd0.05Ce0.95CoIn5 : (a) Quantum critical point
separates two magnetic phases with identical symmetry and moment size inside the super-
conducting condensate. Taken from [293]. (b) Temperature dependence of spin excitation
and magnetic order showing that the superconducting spin resonance is not affected by the
onset of static antiferromagnetism. Taken from [40].
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Furthermore, it was pointed out that although no direct evidence of quantum fluctuations
is provided by the neutron measurements, the HT- phase diagram of Fig.4.8(a) suggests the
presence of a quantum critical region around 8 T that expands as the temperature is increased
[293]. It is striking that inside a superconducting state there are two magnetic phases with
identical symmetry, meaning that the instability at 8 T is not purely driven by magnetic
quantum fluctuations. It has been suggested that a modification of the superconducting
condensate associated with the emergence of p-wave superconductivity induces a change in
the magnetic properties at high magnetic fields.

Two superconducting phases in the presence of additional charge and stripe order that
are separated by critical points have been reported in the xT- phase diagram of a La
based cuprate superconductor [295]. The importance of determining whether the magnetic
instability seen in the Nd substituted CeCoIn5 is caused by one or several quantum critical
points has also been adverted. In order to answer this question, we have studied intermediate
concentrations with x ≤ 0.05 and the results are discussed in Sec.5.3.

At present, there are three main suggestions for the origin of the low field spin density
wave. One of them associates the similarities between the low field and the high field state
to attribute the SDW instability to a magnetic-impurity-driven condensation of spin excitons
[296]. It is shown that 5% of magnetic substitution in CeRhIn5 by either Nd or Gd induces a
zero field magnetic instability similar to what is seen in Nd0.05Ce0.95CoIn5. However, the
spin resonance of Nd0.05Ce0.95CoIn5 is not affected by the onset of static magnetic order [40],
suggesting that the characteristic superconducting spin-1 excitation may not be responsible
for the low field spin density wave. Measurements of the spin resonance under a magnetic
field could help to further investigate this question.

Another suggestion is based on a phenomenological model and reinforces the role of Pauli
limited d-wave superconductors in the vicinity of a quantum critical point [297, 298]. First,
it was shown that finite dilute magnetic impurities cooperate via a RKKY- like interaction
that tends to align the impurity moments, generating long range order that is expanded in
the HT- phase diagram [297]. The minimal model is based on a quasi-nested Fermi surface
where the magnetic impurity induces a local pattern of a spin density wave, the droplets
of SDW. It is assumed that 5% Nd substitution has negligible effect on the Fermi surface.
However, at the time this model was developed, the critical point separating the two SDW
phases was unknown, and it was theoretically shown that the Q-phase space could expand
down to zero magnetic field. This has not been confirmed experimentally.

A second approach relates to the idea that local droplets of SDW form when Nd is
introduced in the system. Within a phenomenological and microscopic approach, it is thus
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argued that sharp peaks are produced by magnetic impurities even when the droplets do
not order in a d-wave superconductor [298]. It is assumed that the impurity moments point
along the longest tetragonal dimension due to an anisotropic RKKY interaction mediated
by conduction electrons with moments in the c-axis. The upper critical field of the droplet
model is mainly determined by the canting of the impurities’ spins towards the ab-plane.
The authors claim that their theory is consistent with specific heat anomalies observed
in Nd and Gd doped CeCoIn5 [297, 296] and suggest that to induce SDW droplets in Gd
substitution, one may apply magnetic field along the c-axis. They argue that the strong
anisotropy of the d-wave pairing symmetry guarantees the presence of sharp diffraction
peaks even when the random impurities do not order magnetically. It is also argued
that quantum fluctuations are not necessary for the stabilization of two magnetic phases
inside the superconducting state. However, this theory cannot explain the presence of
incommensurate magnetic order found at x = 0.25 in the absence of superconductivity.

Moreover, Haas van Alphen measurements indicate a Fermi surface reconstruction from a
quasi-two-dimensional topology at 2% Nd substituted CeCoIn5 to a more three-dimensional
one for 5% Nd [299], reducing the possibility of perfect Fermi surface nesting. The third
suggestion thus speculates that the magnetic order is triggered by an instability in the band
structure [299]. Effective masses remain unchanged with increasing concentration level
up to Nd-10%, despite the rapid suppression of the superconducting temperature. Such
behavior has been interpreted as evidence for the presence of a SDW-type quantum critical
point. In order to test this suggestion, it is necessary to study compounds with intermediate
concentrations of NdxCe1−xCoIn5 with x < 0.05.

Domain population measurements on Nd0.05Ce0.95CoIn5 provided evidence for a distinct
domain switching effect at low fields and at the Q-phase [300]. Applying field along the
H ‖ [110] direction results in a suppression of Q− = (q,−q, 0.5) at µ0HQ− = 3.6(6) T, as
shown in Fig.4.9(a). Rotating the field around the H ‖ [010] direction at µ0H = 2 T does
not imbalance the domains within ±3o range. A switching is found at the Q-phase within
∆(Φ) = 5o, where both domains are partly populated [300].

It has been argued that spin-orbit coupling between the SDW order and the applied
magnetic field is responsible for the hypersensitive switching in the single-domain Q-phase.
A phenomenological Landau theory based on the microscopic spin-orbit coupling theory
evidences that depending on the phenomenological Landau parameters [301], the model
may either predict a slow domain selection by an applied magnetic field, or a mono-domain
state with a sharp switching. Since a sharp switching has been probed only at the high field
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Q-phase, it has been argued that a change in the electronic structure associated with the
emergence of a p-wave order parameter occurs at high fields.

(a) (b)

Fig. 4.9: Switching of magnetic domains in Nd0.05Ce0.95CoIn5: (a) Field dependence of two mag-
netic domains for fields applied along [a10] at T = 40 mK. It reveals that the SDW at low
magnetic fields is a multi domain state, in contrast to the Q-phase which is monodomain.
(b) Angular dependence of thermal conductivity divided by temperature at various fields. θ
is the angle between the heat current applied along the [110] crystallographic direction and
the magnetic field. A jump is observed only at the high field Q-phase at 10 T. Taken from
[300, 302].

Similarly to pure CeCoIn5, thermal conductivity detects a jump corresponding to the
switching of magnetic domains at the Q-phase (see Fig.4.6) [302]. The anomaly size is
about an order of magnitude smaller and the hysteresis narrower, possibly due to impurity
pinning. No detectable step has been found at the low field SDW (see Fig.4.9(b)), meaning
that the mechanism that drives this symmetry breaking is not strong enough to overcome
SDW pinning by impurities. Based on the droplet model that says that the application of in-
plane magnetic field tilts the Nd moments towards the ab-plane, it has been argued that the
hypersensitivity is restored in the high field phase due to the weakening of domain pinning
by Nd impurities [302]. In addition, the authors suggest the existence a pair density wave
order parameter also in the low field SDW phase in order to explain the lower magnitude
of thermal conductivity along the SDW gap. Thermal conductivity measurements in the
low field SDW definitely establish that the anisotropy cannot be explained by an FFLO
phase which does not form at zero and low fields. Therefore, it has been suggested that the
combination of d-wave superconductivity and spin density waves is always accompanied by
a pair density wave [302], independently on the origin of the SDW and its interplay with the
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superconducting state. They propose that this is a general phenomenon with consequences
for many other quantum materials.
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Neutron diffraction was used to study the low field SDW phases of NdxCe1−xCoIn5.
We report the emergence of zero field magnetic order at Nd concentrations as low as
2% and in the absence of superconductivity at Nd- 25% and discuss these observations
in terms of the current scenarios for the origin of antiferromagnetism. The application
of an external magnetic field applied transversely to the moment direction suppresses
antiferromagnetism at high fields for all Nd concentrations. Mapping the more
realistic Hamiltonian into the transverse Ising model on a square lattice yields good
qualitative agreement between the calculated and experimentally obtained critical
fields. Therefore, we argue that the low field phase is suppressed by quantum
fluctuations of magnetic origin. At low concentrations, two quantum phase transitions
separate two SDW phases with identical magnetic structure. It is suggested that
the reemergence of antiferromagnetism at high fields involves quantum fluctuations
associated with the superconducting state. We establish that the Q-phase is suppressed
at a Nd concentration of 7% and that a reduction of the Maki parameter of about∼ 35%
is still enough to stabilize the high field state. In addition, we report evidence for a
new domain selection mechanism that should be universal across multiband materials
with strong spin orbit coupling displaying itinerant antiferromagnetism. We detect
a switching between antiferromagnetic domains through a pronounced anisotropic
magnetoresistance (AMR) in the antiferromagnetic phase of Nd1−xCexCoIn5. We
anticipate that this discovery may be a starting point in the Zeeman coupling-free
control of Q-domains, possibly with applications for antiferromagnetic spintronics.

5.1 scientific questions addressed in this chapter

As discussed in Chap.4.6.3, the origin of antiferromagnetism in NdxCe1−xCoIn5 is cur-
rently unknown, but essential to understand unconventional superconductivity and its
interplay with magnetism. In Sec.5.3, we address the following open questions: (i) is the
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magnetic instability in Nd0.05Ce0.95CoIn5 purely driven by quantum fluctuations associated
with a modification of the superconducting condensate?, (ii) how is the low field magnetic
order suppressed by high magnetic fields applied perpendicular to the magnetic moments?,
(iii) what is the origin of the low field antiferromagnetism in NdxCe1−xCoIn5? and (iv) how
are magnetic order and superconductivity intertwined in these systems? As presented in
Chap.4.5, three main theories have been proposed to explain the switching of magnetic
domains: a pair density wave component coupled to the SDW, AFM modulation interaction
with the FFLO modulation parallel to the magnetic field direction and spin-orbit coupling
in multiband metals. In Sec.5.4, we addressed the following questions: (v) what is the role
of superconductivity in the SDW anisotropy? and (vi) what is the origin of the switching
effect?

5.2 crystal growth and sample quality

Single crystalline samples of Nd1−xCexCoIn5 were grown by the Indium-flux technique.
The samples with nominal concentration of x = 0.98, 0.9 and 0.75 were grown with propor-
tions of 3% of (Ce, Nd), 3% of Co and an excess of In in 94%. For Nd0.035Ce0.965CoIn5 and
Nd0.07Ce0.93CoIn5, doubling the quantity of In flux resulted in bigger single crystals. The
high purity starting materials were placed in an alumina crucible inside a sealed quartz tube
and heated from room temperature to 1150oC at a rate of 300oC/h. A uniform distribution
of the starting elements was ensured by rotating the quartz tube for 30 min at maximum
temperature. After rapidly decreasing the temperature to T1

i = 750oC at a rate of 100oC/h,
the liquid was cooled to T1

f = 450oC at a rate of 3oC/h. The majority of the excess flux is
separated from the desired grown crystals by the method of centrifugation, where the quartz
wool is used as a filter. The rest of the flux that remains on the crystals is removed with the
hydrochloric acid (HCl). The growth is optimized by varying the temperatures mentioned
above for each concentration by Tx

i, f = T0
i, f − (T0

i, f − T1
i, f )x where x is the neodymium content,

T0
i = 800oC and T0

f = 550oC. The largest single crystals resulting from each batch had 2 × 2

× 0.1 mm3 in size in average.

The single crystals used in this work were synthesized at the Paul Scherrer Institut, Villigen
Switzerland (x=0.02, 0.035, 0.07, 0.1, 0.25) and the Commissariat à l’Energie Atomique et
aux Energies Alternatives, Grenoble France (x = 0.05 and x = 0.17).

The crystalline quality of x = 0.02, 0.035, 0.07, 0.1 and 0.25 was investigated via high-
resolution X-ray powder diffraction at the Materials Science (MS-X04XA) beamline at the
Swiss Light Source at PSI and via magnetization measurements. The measurements on the
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x = 0.05 sample were carried out on the same single crystal used in Refs.[292, 303, 293, 300]
with mass 64 mg, and dimensions 7 × 4 × 0.3 mm3. For the powder X-ray diffraction
measurements, single crystals were ground and filled in quartz capillaries of diameter d =
0.1 mm and exposed to a photon wavelength of λ = 0.49229Å (x = 0, 0.035, 0.07, 0.1, 0.25)
and λ = 0.49315Å (x = 0.02, 1). All samples were measured at room temperature and the
results are displayed in Fig.5.1.

Fig. 5.1: Crystalline quality of NdxCe1−xCoIn5: on left panels, the lattice parameters as a function
of concentration show a linear decrease as Nd is added onto the system. On the right,
diffracted X-ray intensity as a function the scattering angle for various concentrations.

The diffraction patterns were analyzed using the FullProf suite [304]. All samples crys-
tallize in the HoCoGa5 structure (space group P4/mmm, see Fig.4.1) with small additional
peaks attributed to the In flux. The concentration dependences of the lattice parameters
shown on the left panels of Fig.5.1 reveal a smooth decrease following Vegard’s law, as
reported elsewhere [291, 303].

The magnetization measurements shown in Fig.5.2(a) did not detect any CeIn3 or NdIn3

contaminations, since no evidence is found for antiferromagnetically ordered states below
10 K and 5.9 K [177, 305] (for CeIn3, see Tabs.2 and 3). Overall these results indicate that
Ce is uniformly distributed in this doping range. High temperature macroscopic transport
measurements were carried out with a Quantum Design PPMS and low temperature
measurements in cryogenic magnets equipped with dilution inserts. The residual resistance
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ratio (RRR) of our compounds vary from 5 for 2% to 2.5 for 10% and then substantially
decrease for 25% Nd substituted CeCoIn5, as indicated in Fig.5.2(b). The influence of
disorder in the suppression of d-wave superconductivity has been discussed in Chap.4.6.1
and is further supported by this decrease of the RRR for Nd0.25CeCoIn5. In addition,
resistivity in the normal state follows a linear temperature dependence from ≈ 15 K down
to Tc, as has been observed for CeCoIn5 and many quantum materials [254, 306, 307].
T-linear resistivity is characteristics of non-Fermi liquid behavior existent in the proximity
of magnetic quantum critical points. This effect is associated with a phenomenon called
Planckian dissipation, that says that the scattering rate per Kelvin is proportional to the
ratio of the Boltzmann constant divided by the Planck constant over 2π [308]. Here, we
observe T-linear behavior up to at least 25% -Nd substituted CeCoIn5 (see Fig.5.7), indicating
proximity to quantum criticality for all systems studied here.

(b)(a)

Fig. 5.2: (a) Magnetic susceptibility of NdxCe1−xCoIn5 as a function of temperature. No additional
magnetically ordered phases from CeIn3 and NdIn3 is observed. (b)Temperature dependence
of electrical resistivity measured in the ab-plane of superconductors Nd0.02Ce0.98CoIn5,
Nd0.1Ce0.9CoIn5, Nd0.17Ce0.83CoIn5 and Nd0.25Ce0.75CoIn5. The inset shows the temperature
dependent part of the resistivity for NdxCe1−xCoIn5. The temperature where the T-linear
behavior is observed decreases for Nd0.25Ce0.75CoIn5, probably influenced by the proximity
to the Kondo coherence peak.

5.3 quantum criticality in nd substituted cecoin5

5.3.1 Emergence of antiferromagnetic order at low concentrations

The field dependent magnetic properties of NdxCe1−xCoIn5 were studied by means of
single crystal neutron diffraction on the triple-axis spectrometers IN12 at the ILL, Rita-II
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and TASP at SINQ, and on the lifting counter diffractometers D23 at the ILL and Zebra
at SINQ. For these measurements, the magnetic field was applied along µ0H ‖ [110]. The
beamlines were equipped with vertical magnets and dilution inserts, such that fields up to
15 T and low temperatures below 100 mK were achieved. For all measurements, the samples
were aligned in the scattering plane perpendicular to the [110] direction and exposed to
λ = 1.28Å for Zebra and D23, and 4.83Å or 4.2Å at IN12, TASP and Rita- II.

Nd0.02Ce0.98CoIn5

(a)

Q- phaseLow field SDW

(b)

Nd0.035Ce0.965CoIn5
Low field SDW

(c) (d)

Q- phase

Fig. 5.3: Emergence of magnetic order at zero magnetic field at very low concentrations: diffracted
neutron intensity along the (q,q,0.5) direction for Nd0.02Ce0.98CoIn5 ((a) and (b)) and
Nd0.35Ce0.965CoIn5 ((c) and (d)) at zero magnetic field (left, blue) and inside the Q-phase
(right, red).

Fig.5.3 shows neutron diffraction data for Nd0.02Ce0.98CoIn5 and Nd0.035Ce0.965CoIn5

measured along the wavevectors (q, q, 0.5) and (1-q, 1-q, 0.5) in the tetragonal plane.
Magnetic intensity was found at zero magnetic field in Nd0.02Ce0.98CoIn5 and
Nd0.035Ce0.965CoIn5, demonstrating that very low concentrations are sufficient to induce
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magnetic order. The magnetic Bragg peaks were fitted with a Gaussian line shape, showing
that the width of the reflections are long-range ordered and resolution limited. A lower
bound for the magnetic correlation lengths of the low field phases ξab are 80 Å and 138 Å
for Nd0.02Ce0.98CoIn5 and Nd0.035Ce0.965CoIn5, respectively.

A symmetry analysis performed for CeCoIn5 revealed that the wavevector Q = (q, q, 0.5) is
invariant under the symmetry operations of the little group GQ = {E, C2η, σz, σξ} belonging
to the full space group P4/mmm. E = {1|000} is the unity, C2η = {2110|000} is a two-fold
rotation around the [110], σz = {m001|000} and σ110 = {m[110]|000}*are mirror operations on
the plane perpendicular to [001] and [110], respectively. According to Eqs. 3.13 and 3.14, the
intensity of a particular magnetic Bragg peak depends on the squared magnetic structure
factor multiplied by the squared magnetic form and polarization factors. Therefore, it is
possible to distinguish between the different possible irreducible representations of the
magnetic structure by analyzing the intensity of multiple magnetic Bragg peaks belonging to
the Q = (q,±q, 0.5) ordering vector. The magnetic structures of CeCoIn5 at high magnetic
fields and NdxCe1−xCoIn5 with x = 0.05 and 0.17 have been refined from several independent
reflections from two magnetic domains in refs. [36, 206, 303, 41]. Antiferromagnetism in
all phases of these samples is associated with transverse incommensurate spin density
waves [36] with moments aligned parallel to the easy-axis along the [001] direction (see
Fig.4.5). Due to the fact that the magnetic structure does not change in the incommensurate
antiferromagnetic phases of Nd substituted CeCoIn5 with x = 0, 0.05 and 0.17 [41], the
Bragg peaks at Q = (q, q, 0.5) reported here (x = 0.02, 0.035, 0.07, 0.10, 0.17 and 0.25) also
indicate the presence of amplitude modulated spin density waves.

The background subtracted and position optimized peak intensity IP − IBG is a direct
measure of the integrated intensity Ii ∝ (IP − IBG)Γ, where Γ is the peak width. The peak in-
tensity as a function of magnetic field for fields applied along the H ‖ [110], shown in Fig.5.4,
provides direct evidence for two distinct magnetic phases separated by a paramagnetic
region inside the superconducting state. The low field phases vanish at µ0HSDW ≤ 6 T and
at around µ0HQ ≈9.8 T magnetic intensity rises again. The reappearance of the magnetic
Bragg peak at high magnetic fields and the sudden collapse at the superconducting upper
critical field demonstrate the presence of the Q-phase. Our results show the presence of
multiple critical points for different Nd concentrations, pointing towards a different origin
of the low and high field phases.

*σ110 = {m[110]|000} for the Q− = (q,−q, 0.5) domain.
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Nd0.02Ce0.98CoIn5 Nd0.035Ce0.965CoIn5

(a) (b)

Fig. 5.4: Two antiferromagnetic instabilities separated by a paramagnetic region: field dependence
of the position optimized peak intensity IP for fields applied along the [110] direction for
Nd0.02Ce0.98CoIn5 at T = 40 mK (a) and Nd0.035Ce0.965CoIn5 at T = 90 mK (b). The
vertical golden dashed line indicates the superconducting upper critical field obtained from
resistivity measured along the a-axis with fields applied along the [100] direction.

The onset of magnetic scattering at high magnetic fields indicates a continuous phase
transition with an intensity that is linearly dependent on the magnetic field strength.
Magnetic neutron intensity is proportional to the square of the probed magnetic moment,
i.e. I ∝ M2(see Chap.3.1). Therefore, the best fit to the data yields a field dependent
ordered moment M ∝ |H/HQ − 1|β with β = 0.5. Such critical mean field exponent of
the antiferromagnetic order parameter has been interpreted as evidence for a quantum
phase transition [283, 293] for which a phenomenological model similar to a classical phase
transition is possible [15, 100]. Thus, our observation of a continuous phase transition in
the onset of the Q-phase depicted in Fig.5.4(a) is consistent with the experiments on pure
CeCoIn5 and Nd0.05Ce0.95CoIn5 and with a magneto-superconducting quantum critical point
located at HQ.

Note that although we do not have direct measurements of the moment size for the low
concentrations, the peak intensity of the low field phase of Nd0.035Ce0.965CoIn5 is comparable
to that of the high field state, similarly to Nd0.05Ce0.95CoIn5. The low field magnetic phase
of Nd-2%, however, shows a much lower intensity than the high field state. We estimate a
moment size based on the comparison of the background subtracted intensities of the two
antiferromagnetic phases. Since the ordered moment of the Q-phase of pure CeCoIn5 and
5% Nd substituted are both ≈ 0.15µB, the Q-phase moment of Nd-2% may be similar. A
lower bound of 0.056 µB is found for the low field SDW of Nd-2%.
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De Haas-van Alphen effect measurements on Nd substituted CeCoIn5 attributed the
emergence of magnetic order in Nd0.05Ce0.95CoIn5 to a Fermi surface reconstruction from a
quasi-two dimensional topology in Nd-2% to a more three-dimensional one on Nd-5% [299].
Since we find zero field magnetic order also on the quasi-two dimensional Nd0.02Ce0.98CoIn5,
the change of dimensionality of the α-band observed only in Nd0.05Ce0.95CoIn5 cannot be
the origin of the low field SDW.

5.3.2 Antiferromagnetic order with increasing Nd-concentrations

Fig.5.5(a) displays neutron diffraction data for wavevectors along the (h, h, 0.5) reciprocal
space direction at µ0H = 11.5 T and T = 90 mK for Nd0.07Ce0.93CoIn5. At this high magnetic
field, the sample is no longer superconducting, as shown in Fig.5.5(c).

(a) (b)

Nd0.07Ce0.93CoIn5

(c)
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Fig. 5.5: SDW phase grows above the superconducting upper critical field with no in
Nd0.07Ce0.93CoIn5: (a) Neutron scattering intensity for (h, h, 0.5) as a function h at T =
90 mK and µ0H = 11.5 T applied along the H ‖ [110]. (b) Field dependence of the integrated
intensity for fields applied along the [110] direction at T = 90 mK. The vertical golden line
indicates the superconducting upper critical field. (c) Temperature dependence of resistivity
at various magnetic fields demonstrate that Nd0.07Ce0.93CoIn5 at T = 90 mK and 11.5T is in
the normal conducting state.

The antiferromagnetic critical field is therefore higher than the superconducting one, as
shown in Fig.5.5 (b). Thus, the low field SDW grows above the superconducting upper
critical field at 7% Nd. This indicates that the Q-phase is not stable for x ≥ 0.07 within our
experimental sensitivity. Nd substitution leads to a lattice contraction that is equivalent to
∼ 1.1 GPa over the entire series considering the bulk modulus of CeCoIn5 of B = 76 GPa
[309]. Since the Q-phase is stable up to at least 1.4 GPa under hydrostatic pressure [310, 311],
the Q-phase suppression at Nd-7% cannot be attributed to chemical pressure effects.
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Fig.4.4 summarizes the HT-phase diagrams of NdxCe1−xCoIn5 with x = 0.02, 0.07, 0.1 and
0.17. The magnetic phase boundaries were obtained from temperature and field dependence
of the Bragg reflection integrated intensity. NdxCe1−xCoIn5 with x ≤ 0.05 displays two
antiferromagnetic phases inside the superconducting d-wave condensate. The cooperative
magneto-superconducting state in stable only up to 5% Nd substitution on the Ce site [293].

μ 0
H

 [T
]

μ 0
H

 [T
]

Nd0.02Ce0.98CoIn5 Nd0.07Ce0.93CoIn5

Nd0.1Ce0.9CoIn5 Nd0.17Ce0.83CoIn5

Fig. 5.6: HT - phase diagrams of Nd1−xCecCoIn5 with x= 0.02, 0.07, 0.1, 0.17: As the Neodymium
concentration increases, the superconducting phase shrinks while the low field SDW in-
creases in phase space.

For x ≥ 0.07, magnetic order is no longer restricted to the superconducting phase
and upon increasing the Nd content to 17%, superconductivity is completely enclosed
by the antiferromagnetism. As shown in Fig.5.7, magnetic order is also observed for
Nd0.25Ce0.75CoIn5 in the absence of superconductivity. The droplet model argues that
magnetic impurities may locally induce droplets of SDW order in Pauli limited d-wave
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superconductors in the vicinity of a SDW quantum critical point. The model reveals that
sharp peaks at Q may be induced by random impurities even when these impurities do not
order, owing to the anisotropy guaranteed by the d-wave pairing symmetry. However, we
find magnetic order in a correlated metal that does not become superconducting, which
implies that Pauli limited unconventional superconductivity is not essential for the formation
of magnetic Bragg peaks.

Nd0.25Ce0.75CoIn5

Fig. 5.7: Sharp peaks in a correlated metal: (b) Diffracted neutron intensity along the tetragonal
plane (q, q, 0.5) of Nd0.25Ce0.75CoIn5 demonstrates that the magnetic ordering wave-vector
of static magnetic order in unaffected by the presence of superconductivity.

The field dependence of the in-plane component of the ordering vector for various
concentrations is shown in Fig.5.8. A linear decrease of the incommensurability q is found
for all concentrations. The field dependent incommensurability observed in NdxCe1−xCoIn5

is in contrast with pure CeCoIn5, where q was found to be independent on the magnetic
field strength [36, 37]. The variation we find over the entire field range of the SDW is much
smaller than what was proposed for a FFLO-type PDW [312].

The disappearance of the order at intermediate fields for x ≤ 0.05 does not affect the linear
dependence. This means that despite the mechanism for the emergence of the spin density
waves, the robust Fermi surface topology of this compound dictates its incommensurability.
Although a prominent band of the Fermi surface changes dimensionality for x = 0.05, the
incommensurability is stable, indicating that untouched parts of the Fermi surface may
provide the necessary nesting condition. Note that the nesting condition remains invariant
in the low doping region up to 5%-Nd substitution. As the Neodymium concentration
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increases to 7% and above, the system is driven further away from commensurability and
the magnetic field tuning of q is less effective, as seen by the decrease of the slope of the
linear field dependence for higher substitutional levels.
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Fig. 5.8: Robust Fermi surface topology: incommensurability as a function of magnetic field at base
temperature of ≈ 90 mK for various Nd concentrations. As the Nd content increase, the
system is driven away from commensurability. Data for 5%-Nd was taken from [293].

5.3.3 Evolution of Pauli paramagnetism upon Nd substitution

Fig.5.9(a) displays the Néel and superconducting critical temperatures for the low field
spin density wave as a function of Nd content. The superconducting transition temperature
monotonically decreases from 2.3 K for pure CeCoIn5 to 1 K for 17%-Nd. The Néel
temperature rapidly increases from 0.4 K for 2%-Nd to 1.25 K for 10%-Nd. For x ≥ 0.1,
TN slightly increases. Here, the results from ref.[291] (open symbols) have been added to
our data (closed symbols). Shaded regions are guides to the eye. The evolution of the
critical temperatures suggests that as soon as the energy scale of the antiferromagnetic
order becomes comparable to the superconducting one, the Néel temperature stabilizes.
These measurements directly demonstrate a competitive character between the SDW and
the condensate. In addition, the antiferromagnetic transition temperature linearly decreases
from Nd-10% and extrapolates to zero at x ≈ 0, providing direct evidence that CeCoIn5 is
located at a zero field SDW quantum critical point.
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(a) (b)

Fig. 5.9: Superconductivity and magnetism in the NdxCe1−xCoIn5 with low concentrations: (a)
The Néel and superconducting temperatures as a function of Nd concentration. Unfilled
data points were taken from [41]. (b) Substitution dependent upper critical fields showing
multiple quantum phase transitions in Nd1−xCexCoIn5.

Fig.5.9(b) shows the evolution of the critical fields as a function of concentration. The
superconducting upper critical field Hc2 and the critical field where the Q-phase emerges
HQ decrease as a function of concentration. On the other hand, the low field SDW critical
field HSDW expands as Nd is introduced into the system.

Let us first discuss the reduction of the superconducting upper critical field in the series.
The decline of Hc2 as a function of increasing x is less effective than the one of the super-
conducting critical temperature, as shown in Fig.5.10. The ground states of spin singlet
superconductors contain equal amounts of spins up and down electrons. In these conden-
sates, Pauli paramagnetism leads to Cooper pair breaking effects. The superconducting
upper critical field is thus reduced as compared to orbital limiting superconductors. The
Chandrasekhar-Clogston limit, likely to occur for clean type-II superconductors with strong
Pauli paramagnetic effects, establishes that the critical field has a scaling relation with the
superconducting gap energy which is proportional to Tc

†. Here, however, we observe a
relation that is not a direct scaling since µ0Hc2/Tc is not a constant. The symmetry of the
superconducting gap structure remains untouched when substituting CeCoIn5 with Nd, as
evidenced by London penetration measurements [313]. The origin of the observed offset
may be attributed to the gradual growing in importance of the orbital limiting effects and
simultaneous loss of Pauli paramagnetic effects as discussed in the following.

†See Eq.2.31 in Chap.2.3
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(a) (b)

Fig. 5.10: Pauli limited superconductivity: (a) The superconducting upper critical field divided by
Tc as a function of concentration increases. (b) The calculated orbital field divided by
the experimental Hc2 decreases as a function of concentration, demonstrating that Pauli
limiting effects are weaker as local moments Nd are added into the system. The data for
pure CeCoIn5 was obtained from Ref.[137].

It has been established that CeCoIn5 is a Pauli limited superconductor with a large Maki
parameter of α‖ = 4.6 ‡[137] for fields applied in the tetragonal ab-plane. This means
that the actual critical field for fields applied in the ab-plane is more than 3 times smaller
than the orbital limiting field in the pure compound. Fig.5.10(b) shows the evolution of
the calculated orbital limiting field divided by the experimental superconducting critical
field as a function of concentration, i.e. a quantity proportional to the Maki parameter §.
The orbital limiting field decreases by a factor of ≈ 3× while the superconducting upper
critical field does not maintain its ratio to Tc. Nd0.1Ce0.9CoIn5 and Nd0.17Ce0.83CoIn5 have
comparable orbital and experimental critical fields, indicating that the substitution augments
the importance of orbital supercurrents as a pair breaking mechanism in detriment of Pauli
paramagnetic effects.

Pauli paramagnetic effects are crucial for the development of the Q-phase, as discussed
in Chap. 4.4. The ratio of the orbital and the experimental upper critical fields are similar
for x = 0.02, 0.035, 0.05 and 0.07. The Q-phase is stable up to 5%-Nd substitution because
the Maki parameter is still high and it would be stable for even higher concentrations up
to at least x ≤ 0.07. Therefore, the disappearance of the Q-phase for x = 0.07 may not be

‡For the definition of the Maki parameter, see Eq.2.32.
§The orbital limiting field is obtained from the temperature dependence of the critical field near Tc, as in

Eq.2.30. The lower bounds for the Maki parameter are obtained as in Eq.2.32 by assuming the Pauli limiting
field is approximately the superconducting upper critical field.
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attributed to the decline of Pauli limiting effect, but it may rather be suppressed by the
increase of the low field SDW energy scale.

5.3.4 Evolution of SDW phase critical field

Fig.5.9(b) shows an increase of the low field SDW critical field that saturates for x ≥
0.07. The observation of a single critical field in Nd0.05Ce0.95CoIn5 separating the two
antiferromagnetic phases lead to the question of whether the suppression of the low field
SDW is driven by an instability associated with the superconducting state. Our observation
of a gradual evolution of the critical fields in NdxCe1−xCoIn5 with x = 0.02, 0.035, 0.07, 0.1
and 0.17 indicates that the superconducting fluctuations associated with the formation
of the Q-phase may not be responsible for the SDW suppression. We now show that
the suppression of the low field phase is described by an antiferromagnetic order being
suppressed by a transverse field and may be modeled by the following Hamiltonian

H = − ∑
α=x,y,z

∑
ij
Jij Jα

i Jα
j − Γ ∑

i
Jx
i (5.1)

where Jij are the coupling constants, the sum in α is taken over all x, y and z directions, Ji

are the total angular momentum operators and the last term indicates the transverse field¶.
The Jα matrices are calculated by considering the ground state wavefunction of CeCoIn5,
the Γ−7 = |α| |±5/2〉+ β |∓3/2〉 doublet, where β = −

√
1− α2 and α = 0.1 [225, 314]. The

Hamiltonian of Eq.5.1 becomes

H = 5α2β2 ∑
α=x,y

∑
<ij>
JijSα

i Sα
j + (

5
2

α2 − 3
2

β2)2 ∑
<ij>
JijSz

i Sz
j + αβ

√
5Γ ∑

i
Sx

i (5.2)

where Si are the Pauli spin operators at site i. Determining the ground state of the
Hamiltonian of Eq.5.2 is obviously a task of major complexity, but this elaborate model may
be mapped to the transverse Ising model on a square lattice for which a solution exists for
nearest neighbor interaction:

HIsing = −∑
i,j
JijSz

i Sz
j − γ ∑

i
Sx

i (5.3)

Since the commutator [H, Sz] is finite when γ 6= 0, zero-point motion arises at low
temperatures. The classical model is recovered when γ = 0, but as the field is applied,

¶Note the similarity of the first term of the Hamiltonian of Eq.5.1 with the Hamiltonian from Eq.2.13.
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zero point fluctuations become more intense triggering an order disorder transition at zero
temperature. Onsager’s exact solution for the two dimensional Ising model yields a critical
temperature that is given by TN = 2|J |

kBln(1+
√

2)
[11]. In fact, the Hamiltonian of Eq.5.3 is

one of the simplest models known to exhibit a quantum phase transition, but the study
of the criticality involving systems with dimensions higher than 1 requires approximate
methods. For the square lattice, the quantum critical point dependence on the nearest
neighbor interaction J can only be determined by a series of different approximations
which yield slightly different upper critical fields [315]. Within an effective field theory
(EFT) approach, the critical field γc is given by the ratio γc

|J | ≈ 2.7510 [316], which can be
compared to results obtained using other methods, for example, γc

|J | ≈ 4 within a mean field
approximation (MFA) [317], γc

|J | ≈ 3.22 with path integral Monte Carlo simulations [318],
γc
|J | ≈ 3 from density matrix renormalization group theory [319] among others.

Fig. 5.11: Low field SDW quantum critical fields: Experimental critical fields and calculated critical
fields (axis on the right) as a function of concentration.

The generic Hamiltonian for the case of CeCoIn5 may be directly mapped to the de
Gennes Hamiltonian of Eq.5.3 by neglecting the first term and considering the pre-factors
of the second and third term in Eq.5.2. The upper critical fields calculated within this
simplified model are shown in Fig.5.11. The critical fields displayed in this figure were
obtained considering the effective field theory model, which yields the lowest critical field
for the pure Ising model. We obtain a good qualitative agreement with our experimental
results and the discrepancy of a factor of 3× is actually remarkable considering the many
approximations we did on the mapping. We neglected the x and y interaction terms,
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which correspond to ≈ 37% of the z term contribution. Our solution was obtained by
considering only nearest neighbor interactions, which in itinerant antiferromagnet is a
humble approximation. Slightly increased critical fields would be obtained by considering
the MFA critical field for the pure Ising model, but it does not yet reproduce the experimental
values. In addition, we assumed that the ground state wavefunction of CeCoIn5 is not
affected by the Nd doping for all substitutions, because the local crystalline electric field
environment of the Ce ions is not expected to be altered at this low doping. Regardless,
the antiferromagnetic order is destroyed by quantum fluctuations driven by an applied
transverse field. The droplet model [298] argues that the low field SDW order is suppressed
by canting of the impurity moments. Our results however, demonstrates that quantum
fluctuations are responsible for the SDW destabilization at high fields. Note that for x ≤ 0.05,
NdxCe1−xCoIn5 presents two quantum phase transitions, one associated with magnetic
fluctuations and one associated with a modification of the superconducting condensate.

5.3.5 SDW phase and fields along the Ising axis

Anisotropy effects of the low field spin density wave may shed light onto the origin of the
low field antiferromagnetism. In particular, the droplet scenario suggests that in order to
induce magnetic order at zero magnetic field in CeCoIn5 one may substitute the Ce ions
with magnetic impurities with moments pointing along the c-axis [298]. The application
of magnetic field along the [0 0 1] may cant impurities moments towards the c-axis, thus
inducing and/or strengthening the local SDW droplets [298]. In addition, in order to
provide further insights into the interplay between the ordered states in NdxCe1−xCoIn5, we
investigated anisotropy effects. By rotating the magnetic field out of the tetragonal ab-plane,
the superconducting phase shrinks and the upper critical field decreases to 4.4 T when the
field is applied along the [001] direction (see Fig.5.12(a)).

Furthermore, macroscopic and microscopic evidences for an additional superconducting
phase in the high-field low temperature corner of the superconducting phase diagram of
pure CeCoIn5 is also found for fields applied along the c-axis, as discussed in Chap. 4.3
(see Fig.4.4(b)). Its magnetic origin has never been confirmed by neutron diffraction [206].
However, since Nd substitution increases the phase space where the Q-phase is stable, there
was a chance this additional superconducting phase also expands for Nd-5% making the
investigation with neutron diffraction even more interesting.
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(a) (b)

Fig. 5.12: Anisotropy effects on the superconducting and magnetic states in Nd0.05Ce0.95CoIn5: (a)
superconducting upper critical field as a function of angle θ between µ0H and the [100]
direction. (b) Background subtracted intensity as a function of magnetic field for fields
applied 15

o from the [001] direction towards the ab-plane.

It is difficult to probe this field direction with neutron diffraction because of the strong
neutron absorption of Indium and the plate-like single crystals||. If a horizontal magnet is
used, the sample can still be mounted with [110]− [001] directions in the scattering plane,
thus avoiding stronger absorption effects. However, a horizontal magnet imposes severe
restrictions on the accessible angular range due to the horizontal split-pair magnet coils. For
the 6T magnet used on our experiment, relatively large angular ranges are accessed thanks
to four neutron windows with opening angles of 45

o. Still, only a selection of nuclear and
magnetic Bragg peaks can be reached. The accessible range can be optimized by changing
the neutron wave length, or by rotating the crystal slightly off H ‖ [001].

Neutron diffraction was carried out on Nd0.05Ce0.95CoIn5 on D23 at a temperature of T =
40 mK. Our experiment was optimized to measure the [0.445,0.445,0.5] peak, one of the most
intense peaks belonging to the (q,q,0.5) domain. In order to have this reflection accessible
with a neutron wavelength of λ = 1.27Å, we had to rotate the magnetic field direction to
15

o degrees away from H ‖ [001]. At this field direction, the superconducting upper critical
field is µ0Hc2 = 4.6 T.

Fig.5.12(b) shows the field dependence of the background subtracted intensity for fields
applied 15o away from the [001] direction. The background of each measurement is deter-
mined by the Bragg peaks’ Gaussian tails. An upper critical field of µ0Hc

SDW = (0.8± 0.3) T
much lower than Hc2 is found. This upper critical field is an order of magnitude smaller

||Single crystals grow with the [0 0 1]-axis perpendicular to the plates.
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than the SDW upper critical field for H ‖ [110] of ∼ 8 T (see Fig.4.8(a) or Fig.5.9) [293]. It is
also seen that the field applied along the ordered moment direction does not strengthen
the low field SDW but rather suppresses it even faster, in complete disagreement with the
predictions of the droplet model [298]. The physical system may be described by an antifer-
romagnet in a mixed transverse and longitudinal field modeled by a similar Hamiltonian of
Eq.5.3 plus a longitudinal term, i.e.

HIsing = −∑
i,j
JijSz

i Sz
j − γ ∑

i
Sx

i − H ∑
i

Sz
i (5.4)

where H is the longitudinal magnetic field. The hT- phase diagrams** for various values of
transverse fields have been calculated using an effect field theory [320]. The applied field can
be decomposed in longitudinal and transverse components, i.e. Hc

SDW in the longitudinal
z direction is ≈ 0.7727 T while the transverse x direction is ≈ 0.207 T. Considering an
approximation within an effective field theory[320], kBTN

J ≈ 3.085. One can calculate the
reduced transverse field, defined as γ̂ ≡ γ/J , which gives γ̂ ≈ 0.5. Within the EFT
approach[320], hc

J ≈ 4 for γ̂ = 0.5. The Ising approximation thus yields a critical field of
≈ 1.5 T, which is almost a factor of 2 larger than the experimental critical field. Considering
the factors brought by the mapping of the real Hamiltonian on the Jx component drives
the longitudinal upper critical field towards slightly higher values. The discrepancies
between the models and the experimental values lie on the difficulty that is to treat itinerant
antiferromagnets in the presence of quantum fields. Nevertheless, our results indicate that
the antiferromagnetic phase is highly anisotropic.

5.3.6 Summary and relevance

Unconventional superconductivity in heavy-fermion materials emerges in an environment
of strong antiferromagnetic fluctuations. Here, we provided evidence that tiny amounts
of magnetic ions in an unconventional superconductor induce magnetic order with the
same symmetry as the fluctuations associated with superconductivity. Only two percent of
Neodymium in NdxCe1−xCoIn5 is found to give rise to static antiferromagnetic order that
deeply penetrates the superconducting dome. Evidence for a subtle competition between
these ordered states is found inside the dome through the observation that the Néel temper-
ature linearly increases with concentration until the energy scale of the antiferromagnetic

**h in hT here means the longitudinal field phase diagram
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order reaches the condensate energy and then TN subsequently saturates. Our results
explicitly show that CeCoIn5 is located at a SDW quantum critical point at zero field.

The capability of predicting whether a ground state will become superconducting or
magnetic is a great question that drives intense research on quantum materials. It has
been discussed in terms of the ratio between the lattice parameters c/a and in terms of the
crystalline electric field ground state wavefunctions, as discussed in Chap.4.1. The latter
findings have suggested that the shape of Cerium wavefunction is determinant for whether a
ground state is superconducting or magnetic. Here however, the local Ce crystalline electric
field environment in the Nd series is not expected to be modified at such low substitutional
levels. Nevertheless, we observe that superconductivity emerging from antiferromagnetic
fluctuations competes with magnetic order of an identical symmetry.

The origin of the low field spin density wave in Nd substituted CeCoIn5 has been
discussed in the literature in terms of a phenomenological droplet model which reinforces
the importance of Pauli limited superconductivity. We observe magnetic order in a correlated
metal in the absence of superconductivity, indicating that an anisotropic condensate is not a
necessary condition for the emergence of zero field antiferromagnetism. Furthermore, the
droplet model predicts that a magnetic field applied along the moment direction, i.e. along
the c-axis, will strengthen the low field SDW. In contrast to this prediction, we observe a fast
suppression of the order close to this field direction. A highly anisotropic low field magnetic
phase is found for x = 0.05, with an upper critical field along the easy axis an order of
magnitude smaller than the upper critical field perpendicular to it. Another scenario for
the origin of low field antiferromagnetism considers an instability in the band structure. de
Haas-van Alphen measurements reveal a Fermi surface reconstruction of the prominent
α-band from a quasi-2D topology at x = 0.02 to a rather 3D-like one for x = 0.05. Here, we
report the emergence of order for the quasi-2D Nd0.02Ce0.98CoIn5 and thus, the instability
of the α-band may not be responsible for the origin of low field magnetism.

The HT- phase diagrams of NdxCe1−xCoIn5 reveal a suppression of the low field SDW
for all x = 0.02, 0.035, 0.07, 0.1 and 0.17 when a magnetic field is applied transverse to the
moment direction. In particular, for x ≤ 0.05, two quantum phase transitions are observed,
revealing that the magnetic instability observed in Nd0.05Ce0.95CoIn5 is driven by multiple
quantum fluctuations of magnetic and superconducting origins. Fluctuations associated with
the superconducting state give rise to the high field cooperative magneto superconducting
Q-phase.

The Q-phase is found to be stable in NdxCe1−xCoIn5 for x ≤ 0.05. For such small
concentrations, a robust Fermi surface provides the necessary nesting condition for the
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SDWs. Although a distinguished band of the Fermi surface undergoes a topology change
for x = 0.05, the incommensurability remains unaltered up to this concentration, indicating
that untouched parts of the Fermi surface may provide the nesting condition. However, for
x ≥ 0.07, the nesting condition is altered and continues to evolve as Nd is introduced into
the system. The suppression of superconductivity in the Nd series indicates a gradual loss
of Pauli paramagnetic effects and orbital supercurrents as a depairing mechanism become
more important. However, no significant loss of Pauli paramagnetic effects is found for
x = 0.07 as compared to 0.02 < x . 0.05, indicating that the Q-phase disappearance cannot
be solely attributed to the decrease of Pauli limiting effects. Indeed, we suggest that the
disappearance of the Q-phase is related to the increase of the low field SDW energy scale.

Despite having the same magnetic structure, the spin density waves at low and high fields
in Nd substituted CeCoIn5 have a very different coupling with the condensate. While the
high field Q-phase needs superconductivity for its existence, the low field SDW competes
with it. Note that for small Nd concentrations, we observe two magnetic phases with the
same magnetic structure, but with a very different relationship with superconductivity:
one which is deeply intertwined with it, and one which can be described by a coexist-
ing/competing scenario. Nd substitution thus change interplay between superconductivity
and magnetism without changing the magnetic structure. This means that the symmetry
property of the magnetic structure is not enough to distinguish whether a magnetic phase
will cooperate or coexist/compete with superconductivity.

5.4 aspects of spintronics

As it has been discussed in Sec.4.5, a small rotation of the magnetic field direction
around the [1 0 0] anti-nodal direction is sufficient to lift the degeneracy of two Q-domains
and provoke a switching [283]. This behavior has been attributed to an anisotropic spin
susceptibility of a triplet superconducting order parameter [283, 206], a field sensitive FFLO
state [285] and to spin orbit coupling in multiband materials [286]. Note that two of the
three scenarios rely on a coupling of the spin density wave with special superconducting
order parameters, while the spin orbit coupling scenario is independent of any additional
order parameter. The origin of the switching of magnetic domains remains elusive and is
the main question we tackle in this Section. Note that the Nd series represents a unique
opportunity for the investigation of the origin of the domain switching, because it offers the
possibility to check the role of superconductivity in it. Upon increasing the Nd concentration
above x ≥ 0.07 in NdxCe1−xCoIn5, the low field SDW occupies a phase space that is no
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longer restricted to the superconducting region, as depicted in Fig.5.6. Therefore, in order
to distinguish the existent theories, we studied the evolution of the Q-domains for fields
applied along the [110] direction for various compositions.

The neutron diffraction experiments shown here were carried out on Zebra and D23

(λ = 1.27Å) using vertical magnets equipped with dilution inserts. The single crystals
were oriented in the scattering plane perpendicular to the field direction [110], as indicated
in Fig.5.13(b). The intensity of the Q−-domain which lies above the scattering plane was
measured with the lifting-arm detectors.

5.4.1 Neutron diffraction study of antiferromagnetic domain switching

The spin density waves of NdxCe1−xCoIn5 emerge with two orthogonal Q-domains. A
real space representation of the two domain structure which are allowed by symmetry
without taking into account the magnetic field direction is shown in Fig.5.13 (a). Both
domains are transverse-amplitude modulated structures with moments pointing along the
c-axis. In reciprocal space, these two domains are described by two subsets of Q-vectors
forming an eightfold star, as shown in Fig.5.13 (b). By mirror and translational symmetry
operations††, the eight vectors are attributed to either the Q+-domain lying in the scattering
plane or Q−-domain which lies out-of-plane.

The magnetic field applied along the [110] direction breaks the symmetry equivalence
between the two domains: Q− has components that are parallel to the field direction
while the components of the Q+ domain are always perpendicular to it. At such field
orientation, only the Q+-domain at the Q-phases of CeCoIn5 and Nd0.05Ce0.95CoIn5 is
populated [283, 300]. Magnetic fields applied exactly along the [100] direction do not break
the symmetry equivalence of the two domains that are observed with equal intensities
[283, 300].

††See Chap.5.3.1 along with Chap.3.1.1.2 for the definition of the invariant symmetry operations of the little
group.
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Fig. 5.13: Schematic of spin density wave domain switching: (a) shows the two domains in real
space with magnetic moments along the [001] direction modulated with two orthogonal
ordering vectors Q+ and Q− at z = 0. The populated domain is always the one most
perpendicular to the field direction, as indicated by the blue and orange arrows. Resistivity
was measured along the J ‖ [110] direction. As the field is rotated around the [100]
crystallographic direction, the SDW modulation switches from perpendicular to parallel to
the applied current direction. (b) The corresponding magnetic Bragg positions in reciprocal
space form an eightfold star. In the neutron scattering experiments, the magnetic field
was applied along the vertical [110] direction. The orange subset corresponding to the
equivalent positions of the Q+-domain lie in the horizontal scattering plane, while the blue
subset representing the Q−-domain has vertical components. Resistivity plane indicates the
magnetic field rotating in the tetragonal ab-plane in the resistivity measurements presented
in Subsec.5.4.2.

Fig.5.14 shows temperature dependence of the magnetic Bragg peak intensity measured at
µ0H = 1 T in zero field cooled (ZFC) and field cooled (FC) conditions for Nd0.17Ce0.83CoIn5.
At zero field cool, both domains have the same intensity below TN . Field cooling the system
at a small field of 1 T greatly influences the domain formation enhancing the intensity
of Q+, which carries most of the moment size. In fact, a common way to manipulate
antiferromagnetic structures is via field cooling.
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μ0H = 1T

Tc

Fig. 5.14: Field cool domain selection: temperature dependence of the magnetic Bragg peak intensity
of Nd0.17Ce0.83CoIn5 at µ0H = 1 T. Dashed lines are guide to the eyes.
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Fig. 5.15: Antiferromagnetic domain selection: magnetic Bragg peak intensity as a function of
field at different temperatures for Nd0.1Ce0.9CoIn5 ((a), (b), (c)), Nd0.17Ce0.83CoIn5 ((d),
(e)) and Nd0.25Ce0.75CoIn5 (f). The vertical brown lines in (a), (b), (c) and (d) indicate
the superconducting upper critical fields, (e) and (f) display data obtained in the normal
conducting state. The vertical green line displayed in (a) indicate the magnetic field at
which the resistivity measurements discussed in Subsec.5.4.2 were performed.
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Fig.5.15 displays the field dependence of magnetic Bragg peak intensities of the two
domains for 10%, 17% and 25% Nd substituted CeCoIn5 at different temperatures inside the
superconducting states (for (a), (b), (c) and (d)) and in the normal conducting states (for (e)
and (f)). The field dependences were obtained from Q-scans and from position optimized
counts on top of the magnetic Bragg peaks. As shown in Fig.5.8, the ab-plane component of
the magnetic propagation vector for higher concentrations has a small variation with the
applied magnetic field, justifying the methodology of counting on the optimized magnetic
Bragg peak position. All field dependences shown were obtained after cooling at zero
magnetic field.

The single crystals of NdxCe1−xCoIn5 cooled below the Néel temperature at zero field
spontaneously breaks into two types of magnetic Q-domains. At low magnetic fields,
equivalent intensities are observed for the two domains. At a certain field, which we define
as the splitting field µ0Hsplit, the domains start to unequally populate before a selection
of the perpendicular Q+-domain occurs. Our experiment reveals a redistribution of the
domain intensity yielding a monodomain antiferromagnetic phase at sufficiently high fields
in all cases. The domain selection is not reversible with the removal of the magnetic field.
The Q−-domain does not form unless the system is reinitialized through zero field cooling
or possibly by rotating the magnetic field direction (see Fig.5.16). This demonstrates that
the antiferromagnet has a non-volatile memory effect.

Nd0.1Ce0.9CoIn5

Q− = (0.56,0.44, − 0.5)
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Fig. 5.16: Non-volatile memory: diffracted neutron intensity along the (q,-q,0.5) direction for
Nd0.1Ce0.9CoIn5 at zero field cool (blue data points) and after the domain selection and
removal of the magnetic field (green data points).

The observation of a domain selection in the normal conducting state of Nd0.17Ce0.83CoIn5

and in the correlated metal Nd0.25Ce0.75CoIn5 shown in Fig.5.15 (e) and (f) is remarkable
and means that superconductivity is not required for the domain imbalance. Therefore, our
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observations directly indicate that the monodomain state formation by an applied magnetic
field does not require a coupling of the spin density wave to any additional triplet p-wave
nor a FFLO order parameter nor any superconducting order. Theoretical descriptions which
depend on a coupling of the SDW to the condensate do not explain the domain selection in
the SDW phase.

In fact, an anisotropic spin susceptibility can arise from spin-orbit interactions [286],
similar to what has been observed for the non-centrosymmetric superconductor CePt3Si
[321, 322]. In non-centrosymmetric materials, Rashba-type interaction introduces a nontrivial
spin orbit coupling which associates parity-violation in momentum space with broken spin
rotation symmetry, resulting in an anomalous anisotropic spin susceptibility [322]. In
centrosymmetric materials, a microscopic two-band model demonstrates that interband
spin orbit coupling gives rise to a dependence of the static susceptibility on the mutual
orientation of the wavevector and the field direction. The orientation dependent part of the
susceptibility takes the form [286]:

χ
i 6=j
zz ∝ µ2

BN0

(
µBγ⊥kF

ε2
F

)2

(H ×Q)2

∝ µ2
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(
µBH

εF

)2
(

γ⊥k2
F

εF

)2 (5.5)
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F
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where µB is the Bohr magneton, εF is the Fermi energy and γ⊥, γ‖ are constants with
dimensionality of 1 over mass that represent the interband spin-orbit coupling of the form
I(k) = γ⊥kz(ky x̂ − kxŷ) + γ‖k̂x k̂y(k̂x

2 − k̂y
2
)ẑ (with k̂i = ki/kF, for i = x, y) [286]. The

superscripts i 6= j and i = j indicate that these terms originate from the non-diagonal
and diagonal terms of the two-band Hamiltonian, respectively. The interband spin-orbit
coupling here possesses inversion and all the symmetry operations of the tetragonal point
group D4h

‡‡. The last terms of Eqs.5.5 and 5.6 indicate that a pronounced anisotropic spin
susceptibility may arise in compounds where the Fermi energy is small (heavy-fermion
materials) and comparable to the spin orbit interaction energy, i.e. when εF ∼ γ⊥k2

F.
This means that in a two-band metal, the susceptibility depends on a term (H ×Q)2.

Depending on the sign and relative value of the Eqs.5.5 and 5.6, the mutual orientation
between Q and H can be either parallel or perpendicular [286]. Based on phenomenological
arguments, the term (H ×Q)2 results in one of the antiferromagnetic domains becoming

‡‡Real situation for NdxCe1−xCoIn5 (space group P4/mmm, point group D4h).
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energetically favorable for a magnetic field applied in the tetragonal ab-plane [286, 301].
The observation of a switching of magnetic domains in CeCoIn5 that always selects the
domain most perpendicular to the field direction [283] in combination with the microscopic
derivation discussed above [286] suggests that the free energy functional takes a coupling of
the form (H ×Q)2 and may be written as [301]:

F = −α

2
m2 +

β

4
m4 − γ(∇2dm)2 + η[(∂2

xm)2 + (∂2
ym)2]− λ[(H ×∇2d)m]2 (5.7)

where the ordered moment is the order parameter in a Ginzburg-Landau description,
∇2d = (∂x, ∂y) and α, β, γ, η and λ are phenomenological coefficients. α and β account for
the strength of the order parameter, while the γ and η terms allow for an anisotropy of
the wavevector and the λ term represents the spin orbit coupling. A monodomain of an
amplitude modulated spin density wave with moments perpendicular to the applied field
direction yields the following modulation magnitude and free energy density [301] :

m± = 2

√
αη + γ2 + H2γλ [1∓ sin(2θ)]

3βη
(5.8)

F± = −
[
αη + γ2 + H2γλ(1∓ sin(2θ))

]2
6βη2 , for m± > 0 (5.9)

where + and − correspond to the Q±-domains, θ is the angle between the applied field
and the [100] direction. m± 6= 0 only when sin(2θ) ≤ G ≡ αη+γ2+H2γλ

H2γλ
and sin(2θ) ≥ −G

for + and - respectively. Depending on the magnitude of the parameter G, the model system
may not present a spin density wave (G ≤ −1), or present a switching from one domain to
another through a paramagnetic state (−1 ≤ G ≤ 0), or present a sharp domain switching
(0 < G < 1), or finally, present a Q± equilibrium state with two coexisting domains that
continuously change their population as the magnetic field is rotated (G ≥ 1). Fig.5.17

depicts the free energy angular dependence for the three different ranges of the parameter
G.
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Q+ ∥ (q, q,0.5) Q− ∥ (q, − q,0.5)

0 < G < 1
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Fig. 5.17: Free energy density in the spin-orbit coupled Ginzburg-Landau phenomenological
model: Angular dependence of the free energy density for −1 ≤ G ≤ 0 (a), 0 < G < 1 (b)
and G ≥ 1 (c). The green line represents the paramagnetic state. Adapted from [301].

Note that while the energy and moment amplitude of the Q+,−-domains go to zero at
θ = 45o,−45o when −1 ≤ G ≤ 0 and 0 < G < 1, for G ≥ 1, they do not. The model
therefore suggests a continuous change of the domain population in the last mentioned
case. At θ = ±45o, i.e. when H ‖ [1,±1, 0], the largest difference in domain population
is predicted. In addition, a double-Q solution yields a free energy density that is not
energetically favorable as compared to the free energy of the single-Q double-domain
solution close the SDW phase boundary [301]. However, the model does not exclude
that a possible double-Q solution may exist in a nonlinear region where the SDW order
parameter is enhanced. As discussed in Chap.3.1.1.3, a double-Q structure presents a
coherent superposition of Q+ and Q− that can usually be distinguished from a domain
scenario by the application of an external tuning parameter. Although no direct evidence
of antiferromagnetic domains is provided§§, our measurements indicate that cooling the
samples in a magnetic field of µ0H = 1 T imbalances the domain distribution (see Fig.5.14),
being probably more consistent with a domain picture. Therefore our experiments reveal a

§§Imaging AFM domains is a relatively new development, and has been demonstrated with scanning,
optical and synchrotron techniques. Note, however, that those are difficult measurements at such low
temperatures and low moment size [323].
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double-domain structure at low magnetic fields that becomes mono-domain as the field is
increased.

We observe that the application of magnetic fields along one of the two most selective
directions H ‖ [110] does not linearly suppress the less energetically favorable domain
from zero field. There is an energetic barrier that the system needs to overcome before the
domain population starts to imbalance. Eq.5.9 indicates that the energy gain in switching
to a monodomain state goes with the magnetic field to the fourth. At fields higher than
the µ0Hsplit, it becomes energetically favorable to change the domain population and the
intensity of the less favored magnetic domain linearly decreases with the magnetic field.
When Q− is completely suppressed, the intensity of the remaining domain linearly decreases
with the magnetic field until the order is completely suppressed at HSDW . The model
discussed above predicts a linear field dependence of the intensities of the two domains¶¶,
which is consistent with our data for fields higher than the splitting field. This further
indicates that spin-orbit interactions trigger an anisotropic spin susceptibility leading to a
continuous change of the domain population at high fields (described in a phenomenological
model with the parameter G ≥ 1***). Fig.5.18(a) shows temperature dependence of the
splitting field for different Nd concentrations. Shaded regions indicate the SDW phase
diagram. We detect a decrease of the domain imbalance field as the temperature increases,
indicating that the redistribution of antiferromagnetic domains is thermally activated.

Moreover, our observations indicate that it gets harder to reorient the domains as Nd
is introduced into the system, as indicated by the increase of the splitting field for higher
concentrations. According to Eq.5.5, this effect could be attributed to an increase of the
Fermi energy due to the weakening of the Kondo coupling as compared to the spin orbit
interaction. Alternatively, impurity pinning could also suppress the domain selection.
Fig.5.18(b) indicates that the increase of the splitting field at low temperatures follows the
increase of the SDW quantum critical field. As we have seen in Sec.5.3, the antiferromagnetic
order is suppressed by quantum fluctuations driven by the applied transverse magnetic
field, and thus the SDW upper critical field is determined by the Néel temperature energy
scale. The observation that µ0Hsplit follows HSDW at low temperatures suggests that also
the splitting field is governed by the Néel temperature energy scale.

¶¶As mentioned in Chap.3.1, the intensity of a Bragg peak goes with the moment squared. Thus, Eq.5.8
indicates a linear dependence of the intensity with the magnetic field.

***Although we do not have angular dependent studies of the domain population with neutron scattering at
high magnetic fields, the linear suppression of the less favored domain indicates a slower domain selection
than a first order transition would require. Such an angular dependent study is not possible at the moment for
a magnetic field angular range larger than ±5o. A rotator is required inside the dilution refrigerator while still
maintaining the magnetic Bragg reflections accessible.
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(a) (b)

μ0Hsplit

Fig. 5.18: Domain imbalance in NdxCe1−xCoIn5: (a) Temperature dependence of the splitting field
for different Nd concentrations. Shaded areas represent the magnetic phase diagrams of
Nd-5%, Nd-10% and Nd-17% displayed in Fig.4.8 and Fig.5.6. The increase of the splitting
field at low temperatures follows the increase of the magnetic upper critical field. (b)
SDW quantum critical field and the splitting field as a function of concentration at base
temperature T ≈ 0.1 K.

Note that while the low field SDW at sufficiently high fields is described by a continuous
change of the domain population with the parameter G ≥ 1, the switching behavior in
the Q-phase of NdxCe1−xCoIn5 cannot be described in the same way. In fact, the sharp
switching at the Q-phase is consistent with the scenario 0 < G < 1, where the modulation
changes at a first order transition as the field is rotated. This requires a change of the
phenomenological Landau parameters at the high field state. Since those parameters are not
field dependent, this also reflects a change of the electronic structure in the system leading
to a stronger coupling between the magnetism and superconductivity. It has been suggested
that a spatially-modulated p-wave order parameter is responsible for this change in the
electronic structure.

Among the models presented in Chap.4.5, only the spin-orbit coupling model remains
to explain our observation of a domain selection in the normal state. But what drives the
orthorhombic anisotropy in a centrosymmetric tetragonal material? The microscopic theory
suggests that the mutual dependence of the magnetic wavevector on the field direction in a
centrosymmetric structure originates from interband spin-orbit interaction or the interaction
of conduction electrons with the ionic crystal field. This means that the spin orbit coupling
scenario implies that the domain switching is a phenomenon that originates in the band
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structure, being therefore a spintronics phenomena that must lead to consequences in the
transport phenomena.

5.4.2 Anisotropic magnetoresistance in the antiferromagnetic phase

Resistivity measurements in a rotating magnetic field have been carried out in order to
probe the angular dependence of the electron transport of NdxCe1−xCoIn5. For this purpose,
we attempted to apply the current along the J ‖ [110] crystallographic direction and the
magnetic field rotated in the tetragonal ab-plane. As the magnetic field is rotated, the SDW
modulation alternates from being perpendicular to the current to being parallel, as indicated
in Fig.5.13(a). For those measurements, samples were aligned with Laue X-ray diffraction
and cut to thin pieces of ∼ 400µm along the in plane direction perpendicular to the current
and thickness < 100µm. The sample was cut very thin in order to maximize the electron
flow along the desired direction and to reduce the cross section, thereby increasing the
measured voltage drops for small currents.

In order to understand the resistivity response to a rotating magnetic field inside an
itinerant antiferromagnetic phase, we first discuss the effects of a rotating field in the normal
paramagnetic state. To achieve this goal, we investigated the paramagnetic state of the
correlated metal Nd0.25Ce0.75CoIn5. The ab-plane resistivity exhibits a slight increase upon
cooling from room temperature followed by a crossover to a coherent Kondo lattice below
Tcoh ≈ 23 K. As shown in the inset of Fig.5.19(a), ρ(T) at zero magnetic field displays a
linear temperature dependence below ≈ 8 K, indicating non-Fermi liquid behavior and
that CeCoIn5 up to 25% of Nd substitution also lies in the vicinity of a quantum critical
point at ambient pressure and zero field. For longitudinal fields applied along the current
direction in the ab-plane, the Kondo coherence peak does not shift in temperature. In fact,
the resistivity at high fields starts to deviate from the low field behavior only in the T-linear
regime, below ≈ 8 K (see Fig.5.19(a)).

Figs.5.19(b), (c) and (d) display the field dependence of the transverse and longitudinal
magnetoresistance ∆ρ/ρ ≡ (ρ(H)− ρ(0))/ρ(0) at different temperatures. A large positive
and isotropic magnetoresistance occurs at very low magnetic fields up to ≈ 0.3 T. Although
a positive magnetoresistance is not expected in Kondo systems††† [326, 327], a large increase
of the resistivity in CeCoIn5 with fields applied along the c-axis has been explained in
terms of spin disorder associated with the suppression antiferromagnetic fluctuations below

†††In Kondo impurity systems, an applied field reduces the incoherent Kondo scattering, resulting in
negative magnetoresistance [324, 325].
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Fig. 5.19: Magnetoresistance in the paramagnetic state of Nd0.25Ce0.75CoIn5. a Temperature depen-
dence of resistivity normalized by its value at T = 200K at µ0H = 0 T and 9 T indicate
that the application of a magnetic field in the ab-plane with J ‖ H influences only the low
temperature T-linear behavior. (b), (c) and (d) depict the magnetoresistance at different
temperatures.

Tcoh
‡‡‡ [330]. We note here that the strong positive isotropic magnetoresistance at low fields

is present only for temperatures lower than ≈ 8 K, suggesting that it is associated with
non-Fermi liquid behavior. At fields higher than 0.3 T, a perceptible basal plane anisotropy
of the magnetoresistance develops (as seen in Fig.5.19(b), (c) and (d)). The transverse
magnetoresistance increases with the magnetic field, while the longitudinal one is constant.
Indeed, the Lorentz force is null in this case, and no dependence on the magnetic field is
expected from a classical perspective. Let’s us now see if such a classical description of the
electronic motion can give an understanding into our magnetoresistance results for the field
range of µ0H ≥ 0.3 T. The Kohler’s rule says that the change of resistivity due to an applied
field can be described as a scaling function of Hτ, where τ is the relaxation time, inversely

‡‡‡An increase of the resistivity with field is observed in antiferromagnetically ordered systems [328] and
systems approaching a coherent Fermi liquid state [329].
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proportional to ρ0 [331]. The scaling expresses a change of the scattering rate 1/τ due to the
shrinking of the orbital length L ∝ 1/H such that Hτ remains invariant. The Kohler’s rule
thus states that ∆ρ/ρ0 is a function of (H/ρ0) [331]. Fig.5.20(a) shows the Kohler’s plot for
the transverse magnetoresistance normalized at 0.5 T, in order to discount the large positive
magnetoresistance at low fields µ0H < 0.3 T. The plot collapses all curves below the Kondo
coherence temperature into one. Such scaling following Kohler’s rule over a wide range of
magnetic field and temperature indicates the presence of a robust classical electronic orbital
motion. Classicaly, positive linear magnetoresistance is observed in normal metals in the
ωcτ � 1 limit, where ωc is the cyclotron frequency and τ is the relaxation time. In this limit,
the characteristic time of the quasiparticle orbital motion is short compared with the time
between collisions and the magnetoresistance reflects the symmetry of the Fermi surface
topology. In fact, an upturn of the magnetoresistance for fields applied along the c-axis at
high fields has been attributed to the realization of the ωcτ � 1 limit [330].
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Fig. 5.20: Electronic scattering in the normal paramagnetic state of Nd substituted CeCoIn5: (a)
Kohler’s plot of the transverse magnetoresistance normalized at µ0H = 0.5 T. (b)Angular
dependence of resistivity normalized by their value at Ψ = −90o at µ0H = 9 T and different
temperatures. Current was applied the [110] direction and when Ψ = 0o, J ‖ H.

For normal metals, a weaker magnetoresistance is expected for currents applied parallel
to the magnetic field direction. Under the application of a magnetic field, the charge
carriers are subjected to a Lorentz force that makes the electrons precess around the field at
the cyclotron frequency ωc =

eB
m∗ modifying their electronic trajectories [332, 333]. When

the current is applied perpendicular to the magnetic field direction, the Lorentz force is
maximal and a longer electronic path results in a relatively increased resistive state. Indeed,
we observe a two fold angular dependence of normalized resistivity at µ0H = 9 T for
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temperatures below ∼ 23 K that resembles the cyclotron effect (see Fig.5.20(b)). A larger
resistivity is found at Ψ = ±90o, where the field is applied perpendicular to the current
direction.

The antiferromagnetic state of NdxCe1−xCoIn5 was probed in a compound with a lower
concentration, such that a single domain could be induced with the horizontal MA11 magnet
available at SINQ. In addition, a reduced scattering due to impurities is achieved at lower
concentrations. The sample was mounted in a conventional four-wire configuration with
the current contacts from the NbTi twisted pair wires soldered onto the crystal edges. This
reduced the contact resistance to ≈ 1Ω and minimized the Joule heating. The voltage
contacts were glued onto the sample with silver epoxy. The superconducting cables were
thermally anchored by wrapping and glueing them around the metal sample holder with
varnish. Sample cooling is mainly provided by the current leads as the main thermal path.
Additional cooling is provided by attaching the sample to a Copper holder with varnish.

We chose Nd0.1Ce0.9CoIn5
§§§, where the SDW phase is present in the normal conducting

state at high magnetic fields, as depicted in the HT- phase diagram of Fig.5.6. The measure-
ments were carried out at µ0H = 10.8 T, above the superconducting upper critical field and
at a field range where a monodomain state was observed in our neutron diffraction studies
for fields applied along the [110] (see Fig.5.15).

Fig.5.21(a) shows the angular dependence of the magnetoresistance ratio defined as
∆ρ/ρ⊥ = [ρ(θ)− ρ⊥]/ρ⊥, where ρ⊥ is the resistivity value when the current is applied
perpendicular to the magnetic field direction. The curves were obtained in zero field cooling
conditions and the field was applied at an angle close to the symmetrical [010] direction.
We applied the current with an ab-plane misalignment of ≈ 13o from [110] direction. The
data at T = 1.5 K> TN displays a two-fold symmetry with resistance minimum for J ‖ H
and a larger magnetoresistance for J⊥H, indicating a classical behavior as observed in
the paramagnetic state of Nd0.25Ce0.75CoIn5 explained above. The similarity of the low
and high temperature magnetoresistance anisotropy at field directions close to θ = −90o

indicate that at that angular range, the Lorentz force dominates the scattering process. The
low temperature anisotropic magnetoresistance (AMR) measured at T ≈ 80 mK< TN is
superimposed on the high temperature one and an increased resistivity is found for fields
applied along the [±1± 10] crystallographic directions.

§§§Note that a thorough characterization with neutron scattering was done for this composition.
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Fig. 5.21: Electronic resistivity inside the antiferromagnetic and in the paramagnetic states of
Nd0.1Ce0.9CoIn5: (a) Angular dependence of resistivity normalized by the transverse
resistivity for T < TN and T > TN at µ0H = 10.8 T. The high temperature curve resembles
the Hall effect observed up to temperatures higher than 20 K. At low temperatures, however,
a relative increase of the resistivity is found for θ ≈ 0o and θ ≈ −180o when the current is
perpendicular to the SDW gap. (b) Angular dependence of resistivity normalized by their
value at θ ≈ −120o at µ0H = 10.8 T and different temperatures.
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Fig. 5.22: Relative increase of resistivity is found inside the antiferromagnetic phase when the
current is perpendicular to the Q-domain: (a) Temperature dependence of electrical
resistivity inside the antiferromagnetic phase above the superconducting upper critical
field for different magnetic field orientations. (b) the difference ∆ρ‖,⊥ for different field
orientations with respect to the resistivity at θ = −128o clearly shows that additional
anisotropic magnetoresistance develops inside the antiferromagnetic phase.



5.4 Aspects of spintronics 137

Fig.5.21(b) displays the angular dependence of the magnetoresistance at different tem-
peratures for a smaller angular range. Notice that the increased resistivity has a peak-like
structure as a function of angle for T < 0.5 K. The antiferromagnetic critical temperature
at µ0H = 10.8 T is TN = (0.54± 0.07) K, suggesting that the increased resistivity at low
temperatures is associated with the antiferromagnetic state of Nd0.1Ce0.9CoIn5.

Additional evidence that the deviation from the two-fold paramagnetic resistivity is a
signature of antiferromagnetism is provided in Fig.5.22. Fig.5.22(a) shows the normalized
temperature dependence of resistivity for several magnetic field directions. The normaliza-
tion at T = 3 K simply means that we are normalizing to the paramagnetic cyclotron effect.
Fig.5.22(b) shows the difference between the normalized resistivities shown in Fig.5.22(a)
with respect to the normalized resistivity at θ = −128o. At this angle, the resistivity at
low temperatures is mostly dominated by the Lorentz force acting in normal metals. The
subtraction of the normal metallic behavior on the temperature dependent resistivity shown
in Fig.5.22(b) reveals a dramatic increase of the resistivity at low temperatures inside the
antiferromagnetic phase. This conclusively proves that the increase of resistivity at θ ≈ 0o

and θ ≈ −180o at low temperatures is related to the emergence of antiferromagnetism.

Field dependent AMR measurements inside the antiferromagnetic phase cannot be
investigated on Nd0.1Ce0.9CoIn5 because the sample becomes superconducting below µ0H =

10 T and therefore the range we can access where the sample is antiferromagnetic and in
the normal state is . 0.5 T.

Fig.5.23 shows the AMR signal from the antiferromagnetic phase, where the paramagnetic
angular dependence has been subtracted. The low temperature signal shows a two-fold
symmetry with peaks for field directions around the H ‖ [±1± 10]. When the field is applied
along the [010] and [100], the magnetic field direction does not lift the degeneracy of the two
magnetic domains which are present with equal intensities in NdxCe1−xCoIn5 [283, 300].
Note that although the angular dependence at the SDW phase shown in Figs.5.21 and 5.23

probe the antiferromagnetic state of Nd0.1Ce0.9CoIn5, they do not display a signature of a
sharp switching of antiferromagnetic domains¶¶¶, as it was seen at the high field Q-phases
of pure CeCoIn5 and Nd0.05Ce0.95CoIn5 by neutron scattering and thermal conductivity
[283, 300].

The two-fold AMR correlates with the domain switching behavior, since the resistivity
increase is observed for currents applied mostly perpendicular to the AFM domain, i.e. the
Q−-domain. Note that an enhanced scattering on the domain walls do not explain our data,
because the largest number of domains is expected around the [010] and the [100] directions,

¶¶¶A sharp switching would lead to a sharp anomaly at the switching angle.
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i.e. at θ around 45o and −135o. Instead, we observe increased magnetoresistance at field
directions around θ = 0o and −180o, where it becomes energetically favorable to switch to
the Q− domain. No enhancement of resistivity is observed for fields applied along the [110]
direction, where the modulation Q+ monodomain is parallel to the current. The increase of
magnetoresistance along the [±1± 10] field direction is also not consistent with a change in
the density of states mostly along the current direction, because the resistivity enhancement
is observed when J is mostly perpendicular to Q. The spin density wave gaps quasiparticles
along the SDW ordering vector direction Q, which is always out-of the plane where the
rotation is performed (see Fig.5.13(b)). Despite the component along the [001] direction, an
increase of the resistivity along J ‖ Q is expected from the gapped Fermi surface along the
same direction, as observed in elemental Chromium [53]. Here however, we notice that no
drastic anomaly is found when entering the antiferromagnetic state for any magnetic field
orientation shown here (see Fig.5.22), indicating that no substantial change in the density of
states is found upon entering the SDW.
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Fig. 5.23: Antiferromagnetic domain switching probed by resistivity: As the magnetic field is
rotated in the ab-plane, a higher resistive state develops when the field is parallel to
the [±1± 10] direction. At this field orientation, the Q− domain becomes energetically
favorable and the current is perpendicular to the domain modulation.
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Our results provide direct evidence for an intrinsic AMR that is determined by the angle
between the magnetic field and the crystallographic directions. This dependence may come
from differences in transport scattering matrices elements with J ‖ Q and J⊥Q and not
from J ‖,⊥H. The misalignment of the current with respect to the [110] direction is what
allows us to conclude that the relative orientation between the magnetic field and the
current direction is irrelevant here. The intrinsic AMR effect is determined by the angle
between the current and the ordering vector. Scattering off antiferromagnetic fluctuations
has been calculated to be stronger along the connected points of the Fermi surface, i.e. along
Q for a sufficiently simple band structure with negligible interband scattering [334, 335].
We, however, observe the opposite, meaning that interband scattering giving rise to an
anisotropic spin-orbit coupling changes the scattering relationship with the ordering vector.
Multiband scattering here leads to an enhanced conductivity along the AFM direction and
a relatively more resistive state along the FM stripes (see Fig.5.13). We thus attribute the
anisotropy of the magnetoresistance to spin-orbit interaction in a multiband material with a
small Fermi energy, as predicted by the spin-orbit coupling theory [286]. In addition, the
anisotropy found here in a bulk antiferromagnet is as high as ∼ 8%, a higher value than
what is commonly found in antiferromagnets (1% or even smaller) [336, 337, 338].

5.4.3 Summary and relevance

The antiferromagnetic phase of NdxCe1−xCoIn5 emerges with two Q-domains at zero field.
The application of magnetic fields stronger than the splitting field along the spin density
wave modulation of one of the domains redistributes the magnetic intensity, populating the
domain that is most perpendicular to the field direction. In the past, this domain imbalance
had been probed only inside the superconducting states of NdxCe1−xCoIn5. Therefore
the first interpretations of its origin were based on a coupling of the SDW to a spatially
inhomogeneous triplet-PDW or to a FFLO state. More recently, a superconductivity-
independent theory based solely on spin orbit coupling in multiband centrosymmetric
materials was proposed as a novel mechanism. Our observation of a domain imbalance in
the normal conducting states of NdxCe1−xCoIn5 rules out the scenarios based on a coupling
to superconductivity and only the spin coupling scenario remains plausible.

In this scenario, the mutual dependence of the ordering vector on the magnetic field
direction oriented perpendicular to the moments originates from interband spin-orbit
interaction. This means that the domain switching is an effect that originates in the
band structure and must therefore affect the transport properties. A two-fold anisotropic
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magnetoresistance was indeed found inside the antiferromagnetic phase with an increased
resistive state for H ‖ [±1± 10], where J mostly perpendicular to the SDW modulation.
We have demonstrated a strong AMR of ∼ 8% in antiferromagnet where the anisotropy
reflects a dependence of the relative orientation between the magnetic ordering vector and
the applied current.

AMR based on the generic principle of magnetocrystalline anisotropy energy due to
spin orbit coupling has been used in the detection side of antiferromagnetic spintronics
[339]. For instance, different resistive states due to the anisotropy induced in the electronic
structure depending on the spin direction have been explored in a variety of spintronics
devices [339, 340, 338]. However, the readout signal is commonly found to be at low levels
of ∼ 1% or even smaller [336, 337], hindering the usage of antiferromagnets in modern
spintronics technologies. In fact, the emerging field of antiferromagnetic spintronics has
been gaining a lot of interest only recently partially because of the great challenge that has
been to detect antiferromagnetic orders electrically. Our work shows an alternative way
to achieve larger AMR in antiferromagnets that rather depends on the relative orientation
between the magnetic field direction and the ordering vector instead of the spin axis.

Moreover, our neutron scattering data demonstrate that the antiferromagnetic phase
present in these compounds is non-volatile, meaning that it keeps the domain configuration
after the removal of the writing magnetic field. It is noted that there are two possible ways
to obtain different memory states: in addition to field cooling through the Néel temperature,
in-situ manipulation of different memory states is achieved by rotating the magnetic field
direction.

In summary, we provided experimental evidence for a novel mechanism to switch between
antiferromagnetic Q-domains without a Zeeman term. Our experimental observations
are consistent with a microscopic and phenomenological model that includes spin orbit
interaction in multiband materials displaying high symmetry crystal structure. Although
our research takes place on Nd substituted CeCoIn5, the phenomenon is quite general
and possibly offers a new route for exploring antiferromagnetic spintronics effects without
relying on a Zeeman coupling.
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T H E S O U N D O F T H E Q - P H A S E O F C E C O I N 5

The Q-phase of CeCoIn5 has been studied for almost 20 years, yet the nature of this
state is still under debate. Since its discovery, there has been multiple propositions for
this state, such as FFLO superconductivity, a pair density wave order parameter, the
condensation of spin excitations driven by a magnetic field and theories emphasizing
the role played by the vortex lattice in Pauli limiting d-wave superconductors [312,
274, 273, 278, 275]. The goal of the experiments shown here were to unravel the
nature of the Q-phase by probing it with ultrasound. We report a detailed study of
the elastic moduli couplings to the Q-phase where we used our digital ultrasound
setup developed within this work. An in-depth study of the stability of the Q-
phase by investigating its critical field anisotropies is reported. Such study was
only possible due to the high sensitivity of the longitudinal sound wave to the high
field state, demonstrating the effectiveness particular to the ultrasound technique in
characterizing phase transitions.

6.1 scientific questions addressed in this chapter

The appearance of an additional superconducting phase at high magnetic fields and low
temperatures in CeCoIn5 has been subject of intense experimental and theoretical research.
The Q-phase, first identified from specific heat measurements, is also observed with many
other experimental probes, such as magnetostriction, magnetization, thermal conductivity,
NMR, neutron scattering etc. As discussed in Chap.4.4, there are four main classes of
theories describing the nature of this state. Experimental evidences in favor and against
each of the interpretations can be found. One of the biggest challenges to unravel the nature
of the high field state is to reconcile the large amount of experimental signatures that this
high field state leaves through its distinct couplings to the different techniques.

In particular, neutron scattering has been an important technique to explore the magnetism
in CeCoIn5, for that it has identified the transverse spin density wave in the Q-phase [36],
the switching effect [283, 206], a spin resonance centered at the same wavevector as the

141
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magnetic order whose energy is driven to zero at high magnetic fields [24, 281] and the
vortex lattice structure [260, 261]. The small value of the Q-phase magnetic moment on the
Ce site of 0.15µB [36] makes the experiments difficult and hinders the study of anisotropies
in the critical fields. Furthermore, an in-depth neutron study of the role played by the vortex
lattice (VL) in the Q-phase requires that fields are applied in the ab-plane, making these
experiments challenging because of the difficulty to obtain samples with a favorable shape.

Underlying many of the scenarios for the origin of the magnetic order particular to the
superconducting state is the concept of the Zeeman coupling of the paired electrons to the
magnetic field. As explained in Chap.2.3.1, superconductivity is broken by the polarization
of the Cooper pairs in Pauli limited superconductors [134, 135]. A big picture open question*

is whether the Pauli paramagnetic limit can be exceeded by the formation of a pairing state
with finite momentum and whether the Q-phase is an example of such an exotic condensate.

As mentioned in Chap.4.3, specific heat among other microscopic and macroscopic
probes identified a high field state for H ‖ [001] [38, 137, 341, 342] (see Fig.4.4). Even less
is known about this phase as compared to the Q-phase, because neutron scattering has
never identified magnetism in it. In fact, neutron diffraction reported the disappearance of
antiferromagnetism at fields oriented ∼ 17o away from the basal-plane [269], fact that has
been used to point out different origins for the high field states with H ‖,⊥[001]. So far,
there is no discernment on how the Q-phase disappears at that field orientation and whether
there are commonalities among the high field phases at the two extreme orientations.

Experimentally, little is known about the role played by the vortex lattice in the high
field state formation. Specific heat, thermal conductivity, magnetostriction measured along
the c-axis and magnetization have all shown small anomalies at the phase transition to
the intriguing high field state. However, decoupling the contributions of the several
proposed order parameters as well as the vortex lattice is not straightforward for these
techniques. Ultrasound spectroscopy, however, is a directional technique that allows a
thorough investigation of different elastic moduli across phase transitions. The elastic
moduli, being the highest symmetry level on which all the materials’ properties live†, contain
a lot of information and have the potential to identify order parameter symmetries. The
appearance of an additional lattice of vortices is directly reflected in the sound measurements
under specific conditions, because the latter interacts with the crystal lattice via pinning (see
Chap.3.2.4.1). By measuring different configurations of sound propagation, polarization

*See Chap.2.3.2 for reference.
†All properties are also invariant with respect to the symmetry operations of the material’s crystal lattice

[189].
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and magnetic field direction, one can distinguish different effects, thus making ultrasound a
powerful technique to investigate the interplay between the Q-phase and the vortex lattice.

Below we report an extensive ultrasound investigation of the Q-phase of CeCoIn5. In
Sec.6.3, we focus on looking for indications of the role played by the vortex lattice on the
sound coupling to the high field state. We show that the (c11−c12)

2 elastic constant does not
couple to the Q-phase, while the c66, c44 and the longitudinal modes do. Indeed, we observe
that the longitudinal shear vortex lattice mode (c44VL) within the ab-plane enhance the
sound coupling to the Q-phase. For the attenuation, such coupling is entirely dependent on
the vortex lattice motion within the ab-plane.

In addition, the longitudinal mode is very sensitive to the intriguing high field state,
showing strong couplings on both the sound velocity and attenuation. This strong coupling
allowed us to perform precise experiments in rotating magnetic fields, as discussed in
Sec.6.4. We identified a fourfold oscillation of the second order quantum critical field HQ,
reflecting the dx2−y2 symmetry of the main superconducting order parameter. In order to
shed light into the question of whether the Pauli limiting field is exceeded by the formation
of the Q-phase and understand its disappearance at fields oriented 17o away from the
ab-plane we present our highly sensitive angular dependence of the Q-phase with fields
varying from the [110] to the [001] direction in Subsec.6.4.2. Our results solve the issue of
the conflicting measurements of magnetostriction, magnetization [270, 343] and neutron
diffraction measurements [36, 283].

6.2 experimental details

The ultrasonic pulse-echo method described in Chapter 3.3.1 was used for obtaining
the change in sound velocity and ultrasound attenuation coefficient. Piezoelectric LiNbO3

transducers with a Z-cut and X-cut were used for generating longitudinal and transverse
waves with the fundamental frequency of 30 and 40 MHz, respectively. All measurements
shown here were obtained with our new digital setup developed within this work (described
in Chap.3.3.3). The experiments were done with the horizontal 11 T magnet at the SINQ
with a dilution insert. For more details on the dilution wiring or the digital ultrasonic setup,
refer to Chap.3.3.3. The high data quality shown here is for us also a demonstration of the
high performance of our technical development.

Our experiments were done in two different samples acquired in collaboration with
Los Alamos National Laboratory. For measurements where the sound propagation was
applied along the [110] direction, the sample was aligned with Laue X-ray diffraction in back
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reflection mode and cut using a Tungsten wire saw. Both samples were polished finishing
with a 1µm roughness.

6.3 ultrasound in a dx2−y2 type-ii superconductor with an exotic high

field magnetic phase
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Fig. 6.1: Irreducible strains in CeCoIn5: CeCoIn5 crystallizes in the tetragonal crystal structure
P4/mmm (point group D4h). A sixth elastic modulus c13 arises from the coupling of the
two A1g modes. The elastic constants are obtained by the elastic response of the material
to particular ultrasonic waves with different propagation and polarization directions (see
Chap.3.2.2.1 for reference).

There are five irreducible representations of elastic strains in the tetragonal lattice as-
sociated with point group D4h: two volume changing strains that transform as the A1g

representation (compression modes) and three volume conserving strains transforming as
the Eg, B2g and B1g (shear modes) [344], as described in Fig.6.1 and Tab.7. The different
acoustic modes along with the sound waves propagation (k) and polarization (u) directions
are also listed in Fig.6.1. Tab.7 lists the irreducible strains of the D4h group, the basis
functions, elastic moduli, an estimation of the sound velocity of each mode obtained from
the delay between echoes measured at T ≈ 0.1 K and the correspondent elastic constants‡.
The sound velocities can be converted to elastic constants using C = ρv2, where v is the

‡The large discrepancies between our elastic moduli and the ones of CeRhIn5 and CeIrIn5 measured at
room temperature are attributed to a large temperature dependent effect [345, 224]. For the c66 mode and the
c11−c12

2 , changes in the sound velocity of ≈ 1.75% were observed upon cooling from ∼ 180 K down to 6 K.
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speed of sound and ρ = 8.036 g/cm3 is the mass density of CeCoIn5. Here we always show
the change of sound velocity, but note that it contains information about the change of the
elastic constants in a material (see Chap.3.2.2). The corresponding multiplication table of
the D4h point group is shown in Tab.8.

Γ Basis Function Strain component Elastic moduli v (m/s) C (GPa)

A1g α(k2
x + k2

y) + βk2
z εxx + εyy, εzz (c11 + c12)/2, c33

B1g k2
x − k2

y εxx − εyy (c11 − c12)/2 ∼ 2400 ∼ 46

B2g kxky εxy c66 ∼ 1700 ∼ 23

Eg kxkz, kykz εxz, εyz c44 ∼ 2500 ∼ 50

Tab. 7: Irreducible representations of the D4h point group in terms of the strain tensor εij. α and β are
constants. Sound velocities at low temperatures obtained from the echo spacing are indicated.
Eg mode was calculated for a wave traveling along the [100] direction and polarization along
the [001] direction.

Γ A1g B1g B2g Eg

A1g A1g B1g B2g Eg

B1g B1g A1g A2g Eg

B2g B2g A2g A1g Eg

Eg Eg Eg Eg A1g + A2g + B1g + B2g

Tab. 8: Multiplication table of the D4h point group with the A1g, B1g, B2g and Eg irreps.

Before discussing the coupling of sound to the high field state, it is necessary to investigate
the sound coupling to the d-wave order parameter. This provides us ground expectations of
the zero field behavior of the elastic constants in the material. The results are presented in
Fig.6.2. All elastic constants were measured in the hydrodynamic limit where ql < 1§ and all
of them show the superconducting transition at Tc = 2.3 K. As discussed in Chap.4.3, several
techniques have revealed that the condensate has a dx2−y2 order parameter that is compliant
with the symmetry operations of the B1g irreducible representation. Indeed, our sound
velocity measurements reveal large changes for the (c11−c12)

2 (B1g) and the (c11+c12)
2 + c66

¶

(A1g + B2g, longitudinal) modes inside the superconducting state. The transverse c44 elastic
constant (Eg), obtained in two different configurations, and the c66 reveal a linear increase

§In the hydrodynamic limit, defined by ql � 1, i.e. l � λ, the electrons scatter with the wave and are
always brought back to equilibrium. Here q = 2π/λ is the ultrasound wavevector and l is the electronic mean
free path, 1.6µm for CeCoIn5 at T < 500 mK [346]. The electrons behave as a viscous fluid from the sound
wave viewpoint.

¶Solving Christoffel’s determinant and Eq.3.31 for a longitudinal wave traveling along the [110] direction
gives the mixed mode (c11+c12)

2 + c66.
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upon cooling in the normal state and a change of slope across the transition. Note that the
c66 mode shown here was obtained at µ0H = 2 T, but a fast cooldown at zero field|| yields
the same behavior. Discontinuities in sound velocities indicate a coupling of the strain to
the square of the order parameter (see Chap.3.2.4)[192, 193, 194, 195]. The dip observed
in the longitudinal sound velocity is therefore expected, since the A1g mode couples as
F ∝ εA1g · ∆2 = εA1g · (B1g)

2 (see product table 8). In contrast, the shear strains couple
quadratically to the order parameter as well as on the strain ( F ∝ ε2

k · ∆2) and show at most
a change of slope across the transition.
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Fig. 6.2: Coupling to the dx2−y2 condensate: (a) relative change of sound velocity and (b) ultrasound
attenuation coefficient as a function of temperature at zero magnetic field.

The attenuation coefficient also shows small anomalies at Tc for all modes except the c66

mode (B2g). A decrease of the attenuation particularly inside the condensate is observed
only for the c44 mode (Eg) where the sound travels along the nodal [110] direction, while
all the other modes show an increase. The attenuation, being a transport property, de-
pends on the electronic scattering times and is proportional to the density of states at low
temperatures. The formation of a gap leads to a reduction in the density of states and a
decrease of the attenuation is therefore expected [193]. For an isotropic gap, an exponential
decrease of the attenuation is predicted while power law temperature dependences indicate
complex gap structures of unconventional superconductors [193, 347]. Here, the complex
electronic structure of the heavy-fermion superconductor near a quantum critical point gives
rise to stronger attenuations inside the superconducting ground state for the (c11−c12)

2 , c44

||The fast cooldown data set is not shown here due to the lack of intermediate data points. For a transverse
wave with propagation and polarization perpendicular to the field direction, the sound does not couple to the
vortex lattice, as discussed in Chap.3.2.4.1. This will be exemplified in more details in Subsec.6.3.2 (the sound
velocity change shown in Fig.6.8 is minor in this field range).
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with k aligned along the antinodal direction and the longitudinal modes. This indicates
that a simple constant relaxation time approximation for impurity scattering may not be
appropriate. In fact, ultrasound measurements in heavy-fermion superconducting materials
near quantum critical points reveal a variety of effects, which have not been described
quantitatively in most cases. The changes are tiny and only detectable when the data quality
is very high [192]. There are rare cases where the sound shows typical attenuation effects
due to the fact that usually the measurements are done in the qle � 1 limit in these materials.
Nevertheless, our measurements provide the ground expectations for the elastic moduli and
attenuation of CeCoIn5 at zero field.

6.3.1 Transverse sound with k ‖ [110] , u ‖ [110] - c11−c12
2

For this shear mode, both the sound propagation and polarization are oriented along
the nodal directions of the superconducting order parameter. Fig.6.3 depicts the magnetic
field dependence of the sound velocity and ultrasound attenuation coefficient at different
temperatures taken at f = 177 MHz. The magnetic field was applied in field cooled
conditions along the wave propagation direction parallel to the [110], while the polarization
was perpendicular to the field in the ab-plane. In the normal state, a linear softening of the
sound velocity as a function of increasing magnetic field is found above Hc2 (see T = 1 K
data displayed in Fig.6.3(a)). In the superconducting state, the sound velocity is enhanced
with respect to the normal state**. In addition, there is no indication of a coupling between
this elastic constant to the Q-phase, which is stabilized at µ0HQ ≈ 9.8 T.

CeCoIn5 under magnetic fields applied in the ab-plane presents a distorted hexagonal
vortex lattice [260], as discussed in Chap.4.3 (see inset Fig.6.5). For H ‖ k ‖ [110], the
transverse sound propagates along the flux bundles and couples to the longitudinal shear
c44VL vortex lattice elastic modulus, as explained in Chap.3.2.4.1. The transverse attenuation
coefficient follows a quadratic dependence with the magnetic field at low fields, in agreement
with the thermally assisted flux flow model discussed in Chap.3.2.4.1 (see Eq.3.44). The
attenuation curve presents a maxima that decreases in field as the temperature is increased.
Such maxima may be associated with a partial overlap of vortices at high fields††, as

**Note that a hardening is observed in the superconducting state after subtracting the linear field depen-
dence of the sound velocity in the normal state (see Fig.6.3(a) for T = 1 K).

††Although this maxima may seem to be associated with a FLL meltdown, SANS measurements show a
well formed VL up to high fields very close to Hc2. In fact, an increase of the VL form factor has been observed
for µ0H ≤ 10 T applied along the [100] direction [260]. If the sound attenuation did not couple to the Q-phase
through the coupling to the vortex lattice, it is possible that the attenuation maxima would correlate with the
VL form factor maximum.
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Fig. 6.3: Sound coupling to the Q-phase for the (c11−c12)
2 mode: (a) relative change of sound veloc-

ity and (b) ultrasound attenuation coefficient as a function of magnetic field for various
temperatures. The curves shown were obtained with the magnetic field oriented parallel to
the sound wave propagation k and perpendicular to the sound polarization u. The sound
velocity and attenuation changes shown are the calculated changes (as in Eqs.3.46 and 3.49)
with respect to the zero field data. The inset of (b) depicts a schematic diagram of the
irreducible representation of the strain along with the SDW modulation direction Qab (along
the nodal directions and switchable by a rotating field).

discussed in more detail in Sec.6.3.5. At low temperatures T ≤ 250 mK, the attenuation
falls drastically inside the Q-phase, indicating the suppression of an attenuation mechanism
when entering the high field phase.

In order to investigate this attenuation mechanism, we rotated the magnetic field in
the ab-plane. By varying the magnetic field orientation, different configurations of H, k
and u are obtained and the sound coupling to the VL is modified. For k⊥H, the shear
wave with polarization along the flux bundles does not couple to the VL, since it involves
displacements along the length of the flux tubes[203]. Fig.6.4 depicts the sound velocity and
attenuation of the transverse mode as a function of field applied at different orientations.
The application of magnetic field decreases the superconducting density and a softening of
the elastic constant is found for k⊥H. An enhanced sound velocity is found for k ‖ H and
the difference between these two configurations shown in Fig.6.5 can be used as an estimate
for the elastic constant coupling to the vortex lattice‡‡.

‡‡Supposing the field dependence in the normal state is isotropic in the plane of rotation. When this is not
the case, the subtraction will still have a contribution from the anisotropic conducting state. Here, the normal
sound velocity seems to linearly decrease with the field for H ‖ [110] (see Fig.6.3(a), T = 1 K) and increase for
H ‖ [100] (not shown), meaning that the curve shown in Fig.6.5(a) may have a tiny anisotropy background
coming from the normal conducting state.
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Fig. 6.4: (c11−c12)
2 mode at different field orientations: (a) relative change of sound velocity and (b)

ultrasound attenuation coefficient as a function of magnetic field for various magnetic field
orientations. No strong coupling of the shear c11 − c12/2 elastic moduli is found at the
Q-phase for any orientation. Instead, a strong softening is found at a field where the vortex
lattice changes its orientation. The anomaly corresponding to the Q-phase is seen on the
attenuation when the wave propagation direction has a component along the vortex lines.
The clearest anomaly at the Q-phase entrance is observed on the Lorentz mode.

The vortex lattice elastic constant displayed in Fig.6.5(a) shows a pronounced softening for
fields higher than ≈ 8.7 T, but it does not show any coupling to the Q-phase§§, in contrast
to the attenuation. Indeed, the field dependence of the attenuation evidences a coupling to
the Q-phase only when the sound is coupled to the VL (see the inset of Fig.6.4(b)). Note
that the relative orientation of the sound wave polarization and propagation direction with
respect to the SDW modulation changes when the field is rotated due to the switching of
Q-domains (see Fig.6.6(a)), as discussed in Chaps.4.5 and 5.4. Therefore, the fact that the
coupling of the attenuation to the Q-phase is only observed for k ‖ H may be attributed
to two different effects: (1) it may indicate that the relative orientation between the sound
polarization direction with respect to the ordering vector matters, therefore one would
expect a sudden change of behavior when the system switches domains or (2) that the
Q-phase-attenuation coupling is secondary and happens through a coupling to the vortex
lattice.

§§As mentioned in Chap.3.2.4, the vortex lattice c44VL elastic constant is expected to follow a quadratic
dependence with the magnetic field [201, 202, 348, 200]. In contrast, our measurements reveal a linear
dependence of the VL c44VL. This may be due to an angular dependent normal "background" velocity or it
may indicate that simple thermodynamic arguments do not apply here.
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Lorentz configuration of the (a) change of sound velocity and (b) ultrasound attenuation
coefficient as a function of magnetic field. The inset shows the distorted hexagonal vortex
structures for H ‖ [110] (taken from [260]).
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Fig. 6.6: Attenuation anisotropy for k ‖ [110] and u ‖ [110]: (a) schematic diagram of the switching
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component of the ordering vector, i.e. the SDW modulation direction) and (b) ultrasound
attenuation coefficient as a function of angle at T ≈ 0.1 K for various fields. The changes are
calculated with respect to ultrasound quantities at Ψ = 0o. Blue and orange shades indicate
the regions where the Q−-domain and Q+-domain are populated, respectively.

In order to answer this question, we performed angular dependent measurements at
a fixed field and temperature and the results are depicted in Fig.6.6. Ψ is defined as
the angle between the magnetic field and the wave propagation direction. We observe a
gradual decrease of the attenuation when rotating from k ‖ H and no abrupt change at
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Ψ = ±45o. Since the switching of magnetic domains happens within a fraction of a degree
[283, 284, 301] when the field is rotated around the [100] and [010] direction at Ψ = ±45o,
the lack of an abrupt anomaly at these angles invalidates scenario (1). Instead, a two-fold
angular dependence is consistent the modification of the strain-vortex lattice interaction
[349, 266, 350]. This investigation is continued on the next subsections.

It is worth mentioning that we probed pronounced acoustic Haas-van Alphen oscillations
in the mixed state for fields applied along the [100] direction (see green curve in Fig.6.4(a)).
This demonstrates the high data quality obtained with our recently developed setup. Those
oscillations are peaked at 230 T and have a cyclotron mass me f f = (4.3± 0.3)me, where me

is the electron mass. By comparison with the Haas-van Alphen measurements shown in
Tab.5 [236], we associate this oscillation with the γ-pocket of the Fermi surface.

6.3.2 Transverse sound with k ‖ [100], u ‖ [010] - c66

In order to further investigate the sound coupling to the Q-phase through the vortex
lattice and thus investigate the vortex lattice/Q-phase interplay, we measured the c66 mode.
Here a transverse sound wave propagates along the [100] direction and therefore the relative
orientation between k and the SDW modulation is maintained at H ‖ k and H⊥k, while
the coupling to the vortex lattice is not.

Fig.6.7 depicts the magnetic field dependences of the changes of sound velocity and
attenuation for the c66 mode at different temperatures taken at f = 112 MHz ¶¶. In those
measurements, the transverse sound wave propagates along the magnetic field direction
and thus along the vortex lines while the sound polarization is along [010]. Here we also
probe the vortex lattice c44VL elastic constant for k ‖ H***. At temperatures higher than
the superconducting critical temperature, the sound velocity is almost independent on
the magnetic field strength. As shown in Fig.6.7(a), a stiffened lattice is found at low
temperatures deep inside the condensate where the sound velocity dependence on the
magnetic field is quadratic†††. At T = 130 mK, a deviation from the quadratic dependence
of sound velocity is found for µ0H ≥ 8.7 T, where a slight softening is observed upon
increase of the magnetic field. Note that the ultrasound coupling to the vortex lattice shown

¶¶The presence of strong acoustic Haas van Alphen oscillations are discussed in the end of this subsection.
***Even though the elastic constant measured in both cases where k ‖ H ‖ [110] and k ‖ H ‖ [100] is the

c44VL, they might differ because the VL structure is different, rotated for H ‖ [110] at high fields [260].
†††Quadratic field dependences are found for both the change of sound velocity and attenuation, as predicted

by the TAFF model (see Chap.3.2.4.1). Fits of the quadratic behavior are not shown because the analysis
requires a subtraction of the normal state velocity. Here it is important to show the raw change of the elastic
constants.
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in Fig.6.5 obtained from the (c11−c12)
2 shows a clear softening at µ0H ≥ 8.7 T. Such deviations

from the quadratic behavior resulting in a softening usually indicate an elastic response
to vortices overlapping [202, 192]. Therefore, this behavior seems to be associated with a
partial overlapping of vortices, as discussed in further detail in Sec.6.3.5 ‡‡‡.
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Fig. 6.7: Shear c66 mode couples to the vortex lattice and the Q-phase: (a) relative change of sound
velocity and (b) ultrasound attenuation coefficient as a function of magnetic field for various
temperatures.

The c66 mode largely softens into the Q-phase. Our measurements contrast to the
ones reported in Refs.[350, 351], where no Q-phase signature has been found in the field
dependence of the relative change of c66. There, a coupling of the c66 was found only in the
temperature dependence of the change of sound velocity. Here we point out that we obtain
higher data quality and we in-situ aligned the sample axis with respect to the magnetic field
direction, thus resulting in a stronger sensitivity to the high field state.

In the normal state, the attenuation increases as the field is increased. Subtracting the
normal state "background" sound velocity gives an attenuation that quadratically depends
on the magnetic field strength for µ0H . 9 T. At high fields, the attenuation forms a broad
maximum. The entry into the Q-phase is marked by a sudden change in slope and a more
pronounced attenuation decrease (see Figs.6.7(b) and 6.8(b)).

‡‡‡Interestingly, µ0H = 8.7 T coincides with the field where the hexagonal vortex lattice finishes its rotation
(for fields applied along the nodal direction) [260]. However, the field was applied along the antinodal
direction in our measurements of c66 displayed in Fig.6.7, where no VL rotation has been probed by SANS
[260]. The origin of this softening cannot be the VL rotation and must therefore be something else. Our
suggestion, described in Sec.6.3.5 is a partial vortex overlapping.
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Fig. 6.8: Coupling to the vortex lattice on the c66 mode: (a) relative change of sound velocity and (b)
ultrasound attenuation coefficient as a function of magnetic field for various field orientations
measured at T ≈ 0.1 K§§§. The inset shows the diffraction pattern of the distorted hexagonal
vortex lattice obtained at 9 T and 50 mK taken from [260]. At this field orientation, the
vortex lattice does not rotate, in contrast to H ‖ [110].

Similarly to the previous section, we rotated the magnetic field direction in order to
further investigate the nature of the sound coupling to the Q-phase and the results are
presented in Fig.6.8. No detectable Q-phase anomaly on the attenuation was observed for
k⊥H (see Fig.6.8(b)). Since the angle between k and SDW modulation is always 45

o for both
k ‖ H and k⊥H, the Q-phase-sound attenuation coupling in the c66 mode does not depend
on the relative orientation between the sound propagation and polarization direction with
respect to the magnetic ordering vector. We have seen the same effect for the (c11−c12)

2 mode
and therefore we conclude that the coupling of the attenuation of these shear modes to
the Q-phase is secondary and happens through a coupling to the vortex lattice. The sound
velocity changes across the phase transition into the high field state are also clearer for
k ‖ H, i.e. when the sound is coupled to the VL (see Fig.6.8(a)). In conclusion, the Q-phase
coupling to transverse sound waves with propagation and polarization in the ab-plane is
augmented when the sound is also coupled to the flux line lattice.

§§§The discrepancy of the scales of the change of sound velocity between this measurement and the one
from Fig.6.7 may be attributed to different cool downs. Note that these values are on the ppm scale, but the
overall field dependence shows the same behavior as before. A loss of the data quality is observed for the
measurements shown in this figure.
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Fig. 6.9: Acoustic de Haas-van Alphen oscillation observed in the c66 elastic constant: (a) fre-
quency dependence of the Fast Fourier Transform amplitude of the AdHvA oscillation at
different temperatures. (b) Temperature dependence of the AdHvA amplitude fitted with
the Lifshitz-Kosevich formula gives a very light mass of me f f = 0.2± 0.02 me .

Figs.6.7 and 6.8 reveal a clear dHvA effect in both the change of the elastic constant and
sound attenuation from deep inside the mixed state for µ0H & 4 T. Fig.6.9(a) depicts the
1/H periodic behavior (inset) and the FFT spectra at several temperatures. The frequency
observed here is ∼ 620 T, which corresponds to the ε branch (see Tab.5) [236], as measured
by the Haas van Alphen oscillations obtained from magnetic susceptibility measurements.
Ref.[236] reported that the ε branch at H ‖ [110] has a frequency of 620 T and a mass of
5.6 me that changes to 670 T and 12 me when H ‖ [100]. However, our acoustic Haas van
Alphen oscillations reveal a frequency of 620 T for H ‖ [100] and a field independent mass
of me f f = 0.20± 0.02 me. Further investigations are necessary in order to unravel the nature
of this discrepancy and correctly attribute the observed frequencies to their Fermi surface
bands.

In summary, the coupling of the c66 mode to the Q-phase is enhanced in the configuration
where the sound is coupled to the vortex lattice. In fact, the attenuation coupling to the
high field state in both the c66 and (c11−c12)

2 lattice modes is entirely dependent on the sound
coupling to the vortex lattice, i.e. it comes from c44VL. In order to further investigate c44VL,
we applied a transverse wave with k ‖ H and polarization pointing along the [001]. In
that case, the vortex lattice strain includes the c-axis. The results are presented in the next
subsection.
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6.3.3 Transverse mode including the c-axis - c44

As shown in Fig.6.1, there are different ways to measure the elastic constant c44: by
propagating a transverse sound wave in the ab-plane with polarization along the c-axis or by
applying the transverse wave along the longest unit cell dimension with polarization in the
ab-plane. By doing so and varying the magnetic field direction, we obtain different couplings
to the vortex lattice, the SDW and the condensate. In the following, two configurations will
be discussed separately.

6.3.3.1 c44 - Transverse sound propagating along the antinodal direction - k ‖ [100], u ‖ [001]
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Fig. 6.10: Coupling of the c44 elastic mode with k ‖ [100] and u ‖ [001] to the Q-phase: (a) relative
change of sound velocity and (b) ultrasound attenuation coefficient as a function of
magnetic field for different field directions. A change of slope is found in the change of
attenuation when the sound travels perpendicular to the flux lines and intermediate angles.
For k ‖ H, the Q-phase anomaly is not visible. The inset of (a) shows the curve at Ψ = 90o

where the sound wave is coupled to the c66VL. The schematic diagrams in (b) depict the
sound propagation and polarization with respect to the vortex lattice for k ‖ H (c44VL) and
k⊥H (c66VL).

We begin by presenting the results of the transverse sound wave with propagation
along the antinodal [100] direction and polarization along the c-axis. Fig.6.10 shows field
dependences of the change of sound velocity and attenuation coefficient for different field
directions always in the ab-plane. Ψ represents the angle between the sound propagation
direction and the magnetic field, as previously. The measurements were taken in field
cooled conditions and at a frequency of 112 MHz. As in the (c11−c12)

2 and c66 modes, when
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the sound is propagated along the flux tubes, the VL elastic constant probed is c44VL. Here,
however, the polarization u is along [001], while in Subsecs.6.3.1 and 6.3.2, u was always
applied in the ab-plane.

Note that indeed, the sound measurements reflect this difference, i.e. the anisotropy of
the cyrstallographic ac-plane. Here the scale of the sound velocity change is much larger
than in the c44VL mode probed with (c11−c12)

2 and c66 lattice modes (see Figs.6.3(a) and 6.7(a)
for comparison with Fig.6.10(a)). In addition, no signature of a softening at µ0H ≈ 8.7 T is
observed in Fig.6.10(a) at Ψ = 0o, in contrast to the measurements of c44VL with u in the
basal plane. This further indicates a difference in the vortex lattice behavior in the basal
plane and along the c-axis, as it will be discussed in details in Sec.6.3.5.

Furthermore, differently than in the previous subsections, here when the field is rotated
toward H⊥k, the sound is still sensitive to the vortex lattice and the elastic constant probed
is the VL transverse shear mode c66VL, because the polarization, along the [001], is still
perpendicular to the flux tubes (see schematic diagram displayed in the inset of Fig.6.10(b))*.

This directional dependent vortex lattice dynamics is also reflected in the attenuation
measurements. While the attenuation of c44VL measured with polarization in the ab-plane
displays a maxima at high fields (see Fig.6.3(b) and 6.7(b) for comparison with Fig.6.10(b)),
here no maxima is found. In contrast to c44VL with u⊥[001], here c44VL with u ‖ [001] is
not sensitive to the Q-phase transition (see Fig.6.10(b) at Ψ = 0o). This means that the
attenuation coupling of shear modes probing the c44VL to the high field state depends on the
direction of the wave polarization. As it will be discussed in Sec.6.3.5, so far all these results
of the sound velocity and attenuation combined suggest a correlation between vortices in
the ab-plane. Such correlation facilitates the sound coupling to the high field state. The
Q-phase transition here is eminent when Ψ ≈ −90o, i.e. when the field direction is close to
being perpendicularly to the wave propagation direction.

The coupling of the c44 lattice elastic moduli to the high field state is robust to a rotating
field, as seen in Fig.6.10(a). The sound velocity softens at the Q-phase for both k ‖ H and
k⊥H. The softening observed with k⊥H may originate from a coupling to the Q-phase via
c66VL or it may be intrinsic to the lattice c44 mode. In order to further elucidate this coupling
to the high field state for k⊥H, we performed temperature scans at different fields. The
results are shown in Fig.6.11.

*The vortex lattice deformations are displayed in Fig.3.8.
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Fig. 6.11: Coupling of the c44 elastic mode with k ‖ [100] and u ‖ [001] to the Q-phase: tempera-
ture dependence of (a) relative change of sound velocity and (b) ultrasound attenuation
coefficient at different fields for k⊥H.

The sound velocity increases upon cooling in the normal state and then softens inside the
superconducting state. As the field is increased, the softening becomes more pronounced
and a step-like anomaly of ≈ 10ppm at T ≈ 250 mK takes place for µ0H = 10.5 T, i.e. at
the Q-phase transition. Also the field dependence of c44 with k⊥H shows a softening of
≈ 10ppm (see inset of Fig.6.10(a)). A discontinuity in temperature dependences of the elastic
constants, such as the one observed in Fig.6.11(a), are frequently related to a coupling of the
associated strain to the square of the order parameter in a Landau theory (see Chap.3.2.4).
Here, we need to consider the SDW, the d-wave condensate, the vortex lattice and possibly
a p-wave order parameter. Such discontinuity requires that any of these order parameters
transform according to the two dimensional Eg irrep†. However, the representational
analysis of CeCoIn5 with Q = (q, q, 0.5) shown in Tab.6 does not include a 2D irrep (Eg),
and therefore the coupling terms ∝ εEg∆2 are null. Of course, the nature of the anomaly

†Discontinuities in the elastic moduli indicate a coupling of the form F = εk.∆2. If ∆ is a one-component
order parameter described by any irrep other than an Eg mode, ∆2 will be described by an A1g irrep (see
multiplication table 8). Thus, only the elastic moduli corresponding to A1g compressional strains will give
rise to a discontinuity. If however, the Q-phase is described by a multi-component order parameter which
includes an Eg representation, a discontinuity of the Eg strain is possible. However, since no Eg irrep has
ever been suggested to occur in CeCoIn5, this scenario at present seems unlikely or quite extraordinary if
turns out to be true. An Eg mode coupling ∝ εEg∆2 with ∆ as proposed in Tab.6 could indicate symmetry
breaking of operators of the little group GQ that could be either the mirror plane along the [110] and the
mirror plane along z (c2η , σz) or the two mirror planes (σξ , σz). Since Eg projected into the little group GQ is
Γ3 + Γ4, the matrix element < ∆|εEg|∆ > seems to be non-zero only if ∆ is a sum of the irreps present in GQ.
If the two-fold rotation or the mirror plane along the [110] rotation is preserved, a coupling of the Eg mode to
the order parameter is allowed. This means that in order to couple to an Eg mode in first order, either the
(σz, σξ) or the (c2η , σz) symmetry operators have to be broken. I do not dare to make any statement here apart
from saying that this in principle looked quite interesting.
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may be simply related to the material’s magnetic properties [352]. Alternatively, this could
be another indication of a coupling between the c66VL vortex lattice elastic modulus and the
high field state. In order to determine whether this sharp softening is related to the vortex
lattice and understand whether the coupling of sound to the high field state is enhanced by
c66VL, temperature dependent measurements with k ‖ [110]⊥H can be performed. In this
configuration, the hexagonal vortex lattice rotates. If the softening is related to the vortex
lattice, some difference to the measurements shown in Fig.6.11 may be noticed. If, instead
it is intrinsic to the c44 lattice strain, the sharp softening may be still occur. However, the
best strategy to determine the contribution of the c66VL coupling to the high field state is to
investigate the c44 mode with sound wave applied along the c-axis polarized in the ab-plane
under a rotating field. The rotation of the field in this case will lead to a change of the
sound coupling to the vortex lattice, where c66VL is probed when u⊥H and no coupling to
the flux line lattice is found for u ‖ H. The results of this measurement are discussed in the
next subsection.

The sharp drop of the attenuation coefficient at low temperatures and high fields shown
in Fig.6.11(b) is also naturally attributed to the transition into the Q-phase.

6.3.3.2 c44 - Transverse sound propagating along the c-axis - k ‖ [001], u ‖ [110]
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Fig. 6.12: Coupling of the c44 elastic mode with k ‖ [001] and u ‖ [110] to the Q-phase: field de-
pendence of (a) relative change of sound velocity and (b) ultrasound attenuation coefficient
at different temperatures. In this configuration, the sound is coupled to the c66VL vortex
lattice mode.

Fig.6.12 depicts the field dependence of the ultrasound quantities at different temperatures
for H ‖ [110], k ‖ [001], u ‖ [110], i.e. H⊥u and H⊥k. At high temperatures T > Tc, the
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lattice softens upon the increase of the magnetic field in the normal state. The bump at low
fields is present up to high temperatures in the normal state and therefore it is not related
to the superconducting ground state. Thus, it is not of our interest here to describe it further.
Slight softening is also found in the superconducting state, and a change of slope is found at
the transition into to the normal state. At low temperatures inside the Q-phase, a hardening
is found. The attenuation decreases at the Q-phase, demonstrating a coupling of this mode
with the intriguing high field state. Note that while the attenuation showed a similar drop at
the Q-phase transition measured with k ‖ [100] (see Fig.6.10(b)), the behavior of the elastic
moduli is very different from the previous case, because here we find a clear hardening
instead of a sharp softening.
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Fig. 6.13: Coupling of the c44 elastic mode with k ‖ [001] and u ‖ [110] to the Q-phase: field (a) and
temperature (b) dependences of relative change of sound velocity at different orientations
of the magnetic field with respect to the crystal axis. The schematic diagrams in (a) show
the sound propagation and polarization with respect to the vortex lattice for u ‖ H (no
coupling) and u⊥H (c66VL).

Since the wave is always applied perpendicularly to the vortex lines in this configuration,
the ab-plane rotation here does not show a strong angular dependence as the previous
configurations of the c44 mode. Here we rotate from a configuration where the polarization
is along the flux bundles at Ψ = 0o and the sound is not coupled to the vortex lattice to a
configuration where we are sensitive to the c66VL (see inset of Fig.6.13(a)).

The change of sound velocity as a function of field and temperature for the two field
orientations is depicted in Fig.6.13(a) and (b). Ψ here denotes the angle between the magnetic
field and the polarization direction parallel to [110]. The normal superconducting state at
Ψ = 0o of this mode presents a small field dependence, as shown in Fig.6.13(a). At high
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fields however, an abrupt hardening indicates a direct coupling of the lattice c44 mode to the
Q-phase even when the sound does not couple to the vortex lattice. This is also evident in
the temperature dependences shown in Fig.6.13(b). Within the sensitivity of our experiment,
we do not detect a difference of hardening magnitude between Ψ = 0o and Ψ = 90o at the
Q-phase transition, indicating that the coupling of this mode to the high field state is robust
and does not depend on c66VL. The strong hardening at the Q-phase of ≈ 25 ppm contrasts
with the measurements when k is applied in the ab-plane, for which a step-like softening
transition of . 10 ppm is found. Clearly, the coupling of this mode to the high field state
depends on the orientation in which the sound is applied with respect to the crystal lattice.
Therefore the steplike softening and hardening observed in two different configurations of
the c44 mode are most likely related to the material’s magnetic properties and crystalline
electric field effects. We determine that the vortex lattice does not seem to enhance the
sound coupling of c44 to the high field state.

6.3.4 Longitudinal mode, k ‖ [110] - (c11+c12)
2 + c66
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Fig. 6.14: Strong coupling of longitudinal wave into the Q-phase: Temperature dependence of (a)
relative change of sound velocity and (b) the ultrasound attenuation coefficient ∆α =
α(µ0H)− α(µ0H = 0T) at various magnetic fields. The measurements were performed at
f = 122 MHz.

The last mode we present was obtained from a longitudinal wave traveling along the [110]
crystallographic direction. Fig.6.14 shows the temperature dependence of sound velocity
and attenuation at various fields. The magnetic field was applied along the [100] direction
and the measurements were performed at a frequency of 122 MHz. Upon cooling, the
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sound velocity shows a softening in the normal state and a dip denotes the transition into
the superconducting state. Inside the superconducting state, a strong hardening of this
mode is found. Both the dip and the increase of sound velocity are observed at all the
field range applied. The dip is associated with the direct coupling of strain and the d-wave
order parameter, and it is also present in the zero field data shown in Fig.6.2. At fields
larger than HQ = 9.8 T, the sound velocity strongly softens when entering the Q-phase.
The HT- phase diagram obtained from these measurements shown in Fig.6.17 is in very
good agreement with the phase diagram obtained with specific heat capacity and neutron
scattering (see Fig.4.4), thus demonstrating that the longitudinal wave propagating along
the [110] direction strongly couples to both superconductivity and the Q-phase.

The increase of the attenuation in the normal state upon cooling may be attributed to
an increase of the electronic mean free path and the strong increase on the right side of
the attenuation peak could be understood as a transition from the hydrodynamic into the
quantum limit (ql � 1 and ql > 1). At the superconducting transition, the attenuation
suddenly drops due to the gap formation. Inside the superconducting state at high magnetic
fields, the sound interaction with the vortex lattice yields an increase of the attenuation. At
low temperatures below TQ ≈ 270 mK, the longitudinal attenuation develops a peak like
structure around the transition into the Q-phase. Such λ-shape peak is characteristics of
longitudinal waves near antiferromagnetic phase transitions [353, 193].

0 2 4 6 8 10
µ0H [T]

�0.5

0.0

0.5

1.0

1.5

�
↵

[d
B
/c

m
]

0 2 4 6 8 10
µ0H [T]

�250

�200

�150

�100

�50

0

@
v
/v

[p
pm

]

(a) (b)

�  applied �  away from �H 20o H ∥ k∥ [110]
�  applied �  away from �H 20o H ∥ [100]
�  applied �  away from �H 20o H ⊥ k

Q-phase

Q-phase

7.5 8.0 8.5 9.0 9.5 10.0 10.5
µ0H [T]

�200

�150

�100

�50

0

@
v
/v

[p
pm

]

T = 1.2K

T = 0.9K

T = 0.1K

Fig. 6.15: Strong coupling of longitudinal wave to the Q-phase: Field dependence of (a) relative
change of sound velocity and (b) the ultrasound attenuation coefficient ∆α = α(µ0H)−
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performed at f = 198 MHz. The inset depicts the change of sound velocity at different
temperatures. The dips observed in the green and orange curves mark µ0Hc2.
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In order to investigate the coupling of this mode to the vortex lattice, we performed field
sweeps at different field directions oriented in the ab-plane. The results are shown in Fig.6.15.
The slope of the sound velocity as a function of field in the superconducting state changes
due to the wave interaction with the vortex lattice. For waves traveling perpendicular to the
flux lines, the vortex lattice elastic moduli probed is the c11VL where a stronger hardening
is found. For waves traveling along the flux lines, the sound does not couple to the vortex
lattice and a softening is found. A strong kink in the elastic constant and a peak like
structure in the attenuation mark the transition into the Q-phase at µ0HQ ≈ 10 T for all field
directions. The inset of Fig.6.15(a) shows the sound velocity change across the transition
from the superconducting state into the Q-phase (at T = 0.1 K) and from the condensate
into the normal conducting state through the first order phase transition (at T = 0.9 K) and
the second order phase transition (at T = 1.2 K). The longitudinal velocity exhibits a step
function at Hc2.
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Fig. 6.16: No sharp switching signature on the longitudinal mode: (a) relative change of sound
velocity and (b) attenuation coefficient as a function of angle at different fields inside the
main superconducting state and the Q-phase.

The phase transitions across different ground states is so well marked in the longitudinal
mode that it motivated us to perform anisotropy studies and look for an evidence for the
switching of the SDW domains. Fig.6.16 depicts the change of the sound velocity and
attenuation coefficient as a function of angle between the magnetic field and the wave
propagation direction. As the field is rotated around the symmetrical [010] and [100]
directions, the magnetic ordering vector switches such that its projection in the ab-plane
is either parallel or perpendicular to wave propagation (see inset of Fig.6.16(b)). In the
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Q-phase ground state, our measurements reveal a large anisotropy in the ab-plane, but no
sharp switching behavior. Since the two-fold angular dependence is similar to the 8 T data,
the anisotropies reflect the coupling of sound to the vortex lattice. It is very surprising that
no switching effect is seen in the attenuation, while thermal conductivity measurements
show a sharp transition. Possibly the lack of a switching on the ultrasound measurements
is related to the fact that ultrasound is a very directional probe. With this mode, we probe
the attenuation within the ab-plane, while the ordering vector Q = (q,±q, 0.5) has an
out-of-plane component. Alternatively, the lack of a switching signature in the ultrasound
measurements may be attributed to the interaction of sound with the vortex lattice which
may present a much stronger effect than the switching of Q-domains.

6.3.5 Overview of the strain couplings in CeCoIn5
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Fig. 6.17: HT- phase diagram of CeCoIn5 obtained from elastic constants. All elastic constants
couple to the d-wave condensate. The only elastic constant which is not coupled to the
Q-phase is the 1

2 (c11 − c12).

We summarize the strain coupling of ultrasound to the ground states of CeCoIn5 by
constructing the HT- phase diagram from the sound velocity anomalies of the different
modes presented (see Fig.6.17). The transition from the normal state to the superconducting
phase is observable for all modes. This coupling is manifested by the strain-order parameter
coupling - wherein all the shear modes exhibit couplings of the form ∝ ε2

k · ∆2 and the
longitudinal mode ∝ εk∆2 - and by the interaction of sound with the Abrikosov vortex
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lattice. The latter is manifested when the sound polarization is perpendicular to the applied
magnetic field.

∂v/v Q-phase
VL No VL

(c11−c12)
2 7 7

c66 3 ?
c44, k ‖ [100] 33

c44, k ‖ [001] 3 3

L, k ‖ [110] 3 3

∆α
Q-phase
VL No VL

(c11−c12)
2 3 7

c66 3 7

c44, k ‖ [100] 7 3

c44, k ‖ [001] 3 3

L, k ‖ [110] 3 3

Tab. 9: Couplings of the different modes to the Q-phase: Couplings of the sound velocity and
attenuation are summarized on the left and right respectively. 3and 7 denote finite and the
absence of coupling, respectively. The cells with two checkmarks on the vortex lattice cell
denote the coupling to the c44VL and the c66VL on the left and right. L indicates the longitudinal
mode, where the coupling to the vortex lattice reflects the c11VL. The interrogation point
means that the coupling is not clear from our data, but suggestive.

Tab.9 summarizes the sound coupling to the Q-phase, which is manifested either by a
direct coupling to the crystal lattice or an indirect coupling through the vortex lattice. The
only elastic constant which clearly shows no coupling to the high field state is the (c11−c12)

2 .
Indeed, this mode with both polarization and propagation in the ab-plane (perpendicular to
the magnetic moment), involves a displacement of ions in the ab-plane but not along the
SDW modulation direction and therefore the absence of a coupling to the high field state is
comprehensible.

The interplay between the Q-phase and the vortex lattice is manifested in different ways
in our investigation. The elastic modulus c66 exhibits a coupling to the high field state that
is clearer when the sound is also coupled to the vortex lattice‡. Since the flux line lattice
elastic moduli measured in this configuration is the c44VL as in the lattice elastic constant
(c11−c12)

2 where no coupling to the Q-phase was found, we propose that the c44VL vortex
elastic moduli augments the already present interaction of the c66 strain with the Q-phase.

The influence of the vortex lattice in the sound coupling to the high field state is also
manifested in the attenuation of transverse modes with k ‖ H. For waves with polarization
in the ab-plane (see (c11−c12)

2 and c66 modes), the attenuation coefficient increases with the
magnetic field and maxima develop at high fields just below the Q-phase transition. The
presence of maxima in the attenuation suggests an overlapping between vortices along the
ab-plane, as it explained in the next paragraph. Such overlapping is also seen as a loss of

‡In fact, it is difficult to determine from our data whether a coupling to the Q-phase takes place when the
sound is not coupled to the VL.
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the stiffness of the vortex lattice at fields larger than ≈ 8.7 T (see Fig.6.5 and 6.7). For these
modes, the Q-phase transition is clearly marked as a drop in the attenuation. However, the
attenuation of the c44VL with polarization along the [001] crystallographic direction does not
present a maxima (see c44), suggesting the presence of well separated vortices up to very
high fields. In fact, the attenuation coefficient of this mode does not couple to the Q-phase.

In the Ginzburg-Landau model of a superconductor, the superconducting order parameter
and the magnetic field decay to zero at the spatial scale of the coherence length and the
penetration depth at the interface between the superconductor and the normal phase. The
diameter of the vortex cores is of the order of the coherence length ξ0 ∼ 60Å [147, 354]
and the London penetration depth is estimated to be λL ≥ 2300Å [355]. Our ultrasound
results with polarization in the ab-plane reveal a reduction of stiffness and a maximum
of the attenuation at fields that are comparable with the maximum of the VL form factor
measured by SANS. Softening and a turn from the H2 behavior to a decreasing attenuation
at high fields have been usually interpreted as the elastic response of the FLL to a tilt strain
when the vortices start to overlap [356, 201, 357]. Vortices overlapping in the ab-plane may
occur as a result of the increase of the vortices density as the field is increased and/or
due to an increase of the vortex core size. Indeed, the understanding of the anomalous
behavior of the vortex lattice form factor of CeCoIn5 with H ‖ [001] has been explained in
terms of an increase of the vortex core size and large paramagnetic effects on the vortex
cores [358, 262]. An anomalous behavior of the form factor has also been confirmed to be
present for fields applied in the ab-plane [260]. A quasiclassical theory predicts an increase
of the flux cores size and the internal field around the core as the field is applied, due
to enhanced paramagnetic moments at the vortex core[358]. At larger fields, the vortex
width becomes comparable to the flux line lattice spacing, and the suppression of the
order parameter allows a paramagnetic moment to spread through the VL unit cell. Such
additional paramagnetic moment then leads to a reduction of the form factor, a jump in
the magnetization at the upper critical field [354] and our measurements are also consistent
with this picture.

A simple relationship between the minimum distance between flux tubes and the applied
field is given by the flux quantization, as discussed in Chap.2.3.1 (see Eq.2.29) [9, 203].
Considering a simple hexagonal structure where α =

√
3/2, one finds that d ≤ 150Å for

µ0H ≥ 8 T, which is only a bit more than twice larger than the estimated zero field coherence
length. Therefore, it is plausible to consider a partial overlap between vortices in the ab-
plane, specially considering the enlargement of the vortex cores. In addition, the vortex
structure has been calculated using a quasi-classical Eilenberg theory [359]. Considering a
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two dimensional Fermi surface (a fair approximation, considering the main α and β bands
of the Fermi surface of CeCoIn5 - see Fig.4.3), it was shown that the local density of states
around the core have tails that extend outside the core [359]. The connection of zero-energy
electronic states between vortices are weak along the c-axis but very strong in the ab-plane.
This picture is consistent with our measurements of c44VL, which show overlapping when
the wave polarization is in the ab-plane and well separated vortices for polarization along
the c-axis. Our ultrasound results reveal a stronger coupling to the Q-phase in the sound
velocity and a decrease in the attenuation coefficient when the sound probes the partial
vortices overlap.

The longitudinal elastic constant reveals a sharp drop at the Q-phase transition. The
high sensitivity of this mode to the high field ground state allows us to perform anisotropy
studies with the largest resolution among the different techniques. The results are shown in
Sec.6.4.

6.4 anisotropy effects and the stability of the q-phase

6.4.1 Field rotation within the ab-plane

The full basal plane angular dependence of the longitudinal sound velocity as a function
of magnetic field is displayed in Fig.6.18. Ψ indicates the angle between H and the sound
propagation direction (k ‖ [110]). All curves shown correspond to up sweeps obtained in
field cooled mode and the sample was rotated in a field of 9.25 T. The difference in sound
velocity has been normalized with respect to its value at 9.25 T, but it should be noted that a
two-fold anisotropy due to the sound wave interaction with the vortex lattice is found in the
superconducting (see Fig.6.15) and the Q-phase ground states. Fig.6.18(b) depicts a map of
∂v/v× H ×Ψ. The blue and orange regions represent the normal superconducting and the
Q-phase ground state, respectively. The transition between these states displays a fourfold
modulation with a field variation of ∼ 2%, with larger upper critical fields for fields applied
along the antinodal direction. This fourfold behavior of the Q-phase critical field provides
yet another evidence that the SDW state at high fields is intertwined with the d-wave nature
of the condensate.

The angular dependence of the superconducting upper critical field obtained at T = 0.9 K
is presented in Fig.6.18 (c) and (d). All measurements were obtained on up field sweeps
while the system was prepared in field cooled mode and the field was rotated inside the
condensate. As the upper critical field is approached, a decrease of the sound velocity
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is found inside the condensate. The magnitude of the discontinuity at the upper critical
field depends on the direction of the magnetic field with respect to the wave propagation
direction, as depicted in Fig6.18(c). For waves traveling along the vortex lines, a stronger
softening leads to a larger dip at the transition. For orientations very close to H⊥k, the
softening is less pronounced due to the sound interaction with the c11VL and the dip becomes
smaller. Nevertheless, the transition to the normal state can be well identified in all cases.
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Fig. 6.18: Basal plane symmetry of phase transitions in CeCoIn5: (a) Change of sound velocity
as a function of field for fields applied along different crystallographic directions in the
ab-plane at base temperature T = 0.1 K. (b) Change in sound velocity as a function of field
and angle at base temperature. The critical field required to establish the intriguing high
field state is larger for fields aligned along the antinode directions. Ψ represents the angle
between the magnetic field and the wave propagation direction always applied along the
[110]. (c) Change of sound velocity as a function of field for fields applied along different
crystallographic directions in the ab-plane at a high temperature T = 0.9 K. (d) Critical
fields as a function of angle. Hc2 at T = 0.1 K was taken from Ref. [259].

Fig.6.18(d) summarizes all the critical fields obtained from the measurements of longitudi-
nal sound. The data points shown here were extracted from the maximum of the derivative
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of the sound velocity at T = 0.1 K and from the position of the dip at T = 0.9 K and T = 1.2
K. The attenuation measurements yield the same critical fields (not shown). As already
mentioned, we detected fourfold oscillation for the transition between the superconducting
state and the Q-phase. Surprisingly, the superconducting upper critical field presents a
two-fold oscillation at T = 0.9 K and T = 1.2 K of amplitude ∼ 3%.

This result is unexpected, since previous studies of the upper critical field at T = 0.1 K
obtained from resistivity measurements (with current applied along I ‖ [100]) revealed a
fourfold symmetry [259] (green data points added to Fig.6.18(d)). This fourfold oscillation
of with a transition field variation of 1.2% has been interpreted as evidence for a dx2−y2

superconducting order parameter. For our measurements, we can exclude effects originating
from the sample geometry. Approximating our sample by a rod with a rectangular cross
section within the ab-plane, we calculated the demagnetization factor § for a rectangular
strip¶. In our particular case, the demagnetization factor is largest for fields applied close
to Ψ = 0o. This means that the field experienced by the sample is slightly smaller than the
applied field. Therefore larger fields would need to be applied to reach the upper critical
field and the transition would be registered at a higher value which is the opposite of our
observation. A small misalignment of the sample with respect to the rotation axis cannot
explain our data either, since a small misalignment would reduce the upper critical field
(as will be discussed in Subsec.6.4.2) and the value obtained is in good agreement with
previous reports (see Fig.6.17). Although measurements of the upper critical field transition
in a rotating field seem relatively straightfoward, there have been conflicting reports. While
Ref.[361] reports a higher upper critical field for H ‖ [110] direction, Refs.[38, 259] report
reduced upper critical fields by ∼ 1.2% at this field direction. Neutron scattering results
report an upper critical field anisotropy of ∼ 4% for H ‖ [110] and no detectable anisotropy
at µ0HQ [283, 206].

The discrepancy between our measurements and the ones from Ref.[259] may be attributed
to: 1) the different couplings of these two techniques with the condensate or 2) a temperature
dependent effect. While resistivity is a transport property that probes electrons close to
Fermi level, ultrasound spectroscopy is sensitive to conduction electrons, as well as inner
f-electrons. A discrepancy between the superconducting transition probed by different
techniques has also been evidenced for CeIrIn5 [220]. Two distinct transition temperatures
obtained with resistivity and specific heat have been interpreted in terms of a pseudo-gap

§Demagnetization factors correct for distortions of the magnetic field inside and around a sample.
¶Correcting for a sample shape other than ellipsoidal is not a trivial task, but we have utilized the results

available in Ref.[360] for a rectangular strip. A rectangular strip is a good approximation for our sample, since
our sample dimensions are 1.3× 2.6× 0.3mm3.
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phase, contamination by a secondary phase and filamentary superconductivity [220]. There,
however, the critical field anisotropy between H applied in the plane and out of plane agreed
among the different techniques, suggesting that the quasiparticles that give rise to bulk
superconductivity and those who induce the zero-resistive state originate in the same parts
of the Fermi surface [220]. For our sample, however, the basal plane anisotropy of the upper
critical field measured with ultrasound and resistivity are distinct while Tc is maintained
(the superconducting HT-phase diagram obtained from the sound measurements depicted
in Fig.6.17 resembles the ones obtained by other techniques, as seen in Fig.4.4). We also
exclude the possibility of additional phase contaminations, as no magnetic order has ever
been detected at 10 K for this sample||and the presence of acoustic de Haas van-Alphen
oscillations observed in the measurements on the same sample shown in Figs.6.4 and 6.10

indicate high sample quality.

The upper critical fields of d-wave superconductors have been calculated within the weak-
coupling limit to exhibit fourfold symmetry with the anisotropy vanishing as (Tc − T)2

[362]. From this, we would expect for our measurements at T = 0.9 K and T = 1.2 K to
present oscillations with amplitudes lower than the 1.2% from the resistivity results [259],
in contrast to our observation. The anisotropy we find at high temperatures is 2× the
anisotropy probed by resistivity [259]. Furthermore, the magnitude of the oscillation does
not change from T = 0.9 K to T = 1.2 K, while the character of the phase transition changes
from 1st to 2nd order. Scenario 2 would therefore imply a strong temperature effect taking
place at very low temperatures that is most probably unrelated to the d-wave nature of the
condensate. In contrast, if scenario 1) takes place, that could indicate that the loss of the zero
resistive state happens at a slightly lower field than the vortex lattice disappearance in this
Pauli limited superconductor. Note that at Ψ = 90o, the c11VL elastic constant is measured,
while at k ‖ H, the sound is not coupled to the vortex lattice.

In order to fully distinguish between the two different scenarios for the discrepancy
between the upper critical field anisotropies, we would need to probe the upper critical
field at low temperatures with ultrasound in a cryomagnet where fields larger than 12 T
can be reached. Performing experiments in a horizontal magnet where the sample stick
rotates in the magnetic field is easier because one avoids the sample rotation inside the
mixing chamber of a dilution. Alternatively, one could attempt an experiment where
resistivity and ultrasound with k⊥H are simultaneously measured. Both experiments are
difficult, but feasible and could provide insights into fundamental physics of Pauli limited

||CeIn3 orders antiferromagnetically at 10 K (see Chap.4.1).
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superconductors. At present, the origin of the two-fold behavior of the upper critical field
observed with the very sensitive longitudinal sound velocity defies explanation.

6.4.2 Exploring the Q-phase and superconducting anisotropy with fields rotating from the ab-plane
towards the c-axis

The experimental upper critical field of CeCoIn5 is much lower than the estimated orbital
limiting field**[38, 39, 137]. Therefore, it is a common sense that superconductivity is broken
by the polarization of the Cooper pairs at the Pauli limiting field [38, 39, 137]. In a simple
Pauli limiting model, the upper critical field is described by the equation ††

∆ ∝ |χ⊗ H| =
∣∣∣∣
χa 0 0

0 χa 0
0 0 χc

H

cosθ

0
sinθ

 ∣∣∣∣ (6.1)

where ∆ is the superconducting gap, χ is the susceptibility tensor and H is the applied
magnetic field. The susceptibility tensor can be estimated from magnetization measurements
for the two inequivalent directions in the tetragonal lattice H ‖ [001] and H⊥[001] [354].
From this, the Pauli limiting field may be described by the equation

HPauli
c2 ∝

∆√
χ2

acos2θ + χ2
c sin2θ

(6.2)

This means that varying the field direction from the ab-plane towards the c-axis provides
a way to investigate Pauli limiting effects in CeCoIn5. Even though it is known that
the condensate of CeCoIn5 presents a highly anisotropic critical field in the ac-plane, as
discussed in Chap.4.3, this anisotropy has not been characterized within a Pauli limiting
paradigm [361]. Moreover, the importance of Pauli paramagnetic effects on the formation of
the Q-phase has been extensively discussed in the literature [38, 247, 269, 39]. In particular,
a crucial question that underlies the origin of this high field state is if the Pauli limiting
field is exceeded by the formation of the Q-phase at high fields. If this is valid, it may be
assumed that the Q-phase critical field may also follow a Pauli limiting model. It is thus of
extreme importance to characterize the Q-phase critical field with high accuracy. The strong
coupling of the longitudinal mode provides a unique opportunity for this characterization.

**See Chap.5.3.4 and Fig.5.10 for reference.
††See the Chandrasekhar-Clogston limit in Chap.2.3.1, Eq.2.31.
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Fig. 6.19: Longitudinal sound velocity at various magnetic field orientations from the ab-plane
(θ = 0o) towards [001] (θ = 90o) : The field dependences relative change of sound velocity
were taken at T ≈ 110 mK.

Here we present our angular dependent studies of the critical fields when the field is
rotated from H ‖ [110] towards H ‖ [001]. Field dependences of the longitudinal sound
velocity with k ‖ [110] at various magnetic field orientations are shown in Fig.6.19. These
measurements were taken at f = 117 MHz. θ is defined as the angle between the magnetic
field and the [110] direction. As we have seen in the previous section, the basal plane
rotation with the sound wave propagating in the same plane reveals a two-fold anisotropy
due to the change of sound coupling to the vortex lattice. In order to keep the sound
coupling to the vortex lattice constant, in this experiment, we propagated the sound always
perpendicularly to the rotation plane.

Several features are noted: 1) in the normal state, the sound velocity linearly increases
as a function of magnetic field (see Fig.6.19 with θ = 90o, i.e. H ‖ [001]), 2) in the Q-phase,
the sound velocity linearly decreases as a function of field, 3) the sound velocity presents
maxima in the superconducting state at high fields for all directions, 4) for fields applied
along [110] and up to ∼ 10o away from it, the sound velocity presents an additional anomaly
at µ0H ∼ 7.5 T. This field range of features 3) and 4) coincides well with the vortex lattice
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reorientation that has been probed to occur in the field range 7.5 T < µ0H < 8.7 T‡‡ [260].
Since feature 4) vanishes at ≤ 10o, we can expect that the hexagonal vortex lattice reorients
up to when the field is rotated 10o away from it towards the c-axis. We associate the maxima
of the sound velocity with the vortex dynamics, because at θ = 0o, µ0Hmax equals to the field
value where the large softening of the c44VL from shear modes is observed (see previous
section). In addition, we can exclude vortex lattice transitions as the origin of such maxima,
because it occurs within the rhombic phase and far from any vortex lattice transition§§ [261].
It also does not coincide with the observed peak effect in magnetization measurements [343]
nor with the field where the superconducting transition becomes first order.

For fields oriented close to the ab-plane, the transition into the high field state is well
marked by a kink of the sound velocity and the subsequent linear softening as the field is
increased inside the Q-phase. The transition from the Q-phase into the normal state is well
marked by a sharp jump (only seen for θ ≥ 17o due to the magnetic field limitation). As the
field is rotated out of the ab-plane, the general softening observed for fields higher than
µ0Hmax becomes weaker and the transition from the superconducting state into the normal
state is no longer observed as a sharp jump for θ > 17o. For θ ≥ 23o, this transition changes
its sign and is now observed as a kink in the change of the sound velocity.

By mapping the distinct features identified on our sound velocity data, we constructed
the detailed H-θ phase diagram depicted in Fig.6.20. Our results show a decrease of the
upper critical field as the field is rotated that is consistent with magnetization measurements
for fields rotating from the [100] to the [001] direction [361] (empty stars data points in
Fig.6.20(a)).

The Pauli limiting field is well described with Eq.6.2 shown by the black dashed line in
Fig.6.20. The Q-phase critical field, however, presents a distinct angular dependence. It is
impossible to obtain a good fit of the Q-phase critical field within the simple Pauli limiting
model described above. The Q-phase transition field diminishes as the field is rotated up to
θQ ≈ 17o. Above this angle, no clear signature of the Q-phase can be identified in our data.
In fact, neutron diffraction experiments revealed a drastic reduction of the Q-phase moment
size at θQ ≥ 17o [269], while magnetostriction and magnetization measurements showed
its eventual disappearance at θ ≥ 20o [270, 343]. Overall our measurements confirm these
published observations. However, the transition field values of the second order transition
differ by ≈ 0.5 T. For the data published in Ref.[270], we measure a lower critical field and

‡‡SANS measurements are discussed in Chap.4.3 - see Fig.4.4(c). This is plausible because at this field
orientation and with k⊥H we probe the uniaxial compression mode c11VL of the hexagonal vortex lattice.

§§See Fig.4.4(d) for a reference of the vortex lattice transitions with fields applied along the c-axis. For fields
applied along the c-axis, the transition fields are H1 = 0.55 T, H2 = 1.1 T, H′2 = 3.4 T, H3 = 4.4 T.
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Fig. 6.20: µ0Hc× θ phase diagram for fields varying from H ‖ [110] to H ‖ [001]: the phase diagram
was constructed from longitudinal sound velocity field and angle dependences. Diamond
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for the data from Ref.[343] we obtain a ≈ 0.5 T higher value. In addition, our rotation
reveals a much lower reduction of µ0HQ of ≈ 0.3 T contrasting to ≈ 1 T in Refs. [270, 343].
We note that the sensitivity we obtain with the longitudinal mode to the high field state
transition is much higher than the one obtained with magnetostriction, magnetization or
neutron scattering.

Finally, our detailed angular dependence shown in Fig.6.20 demonstrates that the Q-
phase is stable up to the point where µ0Hc2 decreases below the second order Q-phase
critical field HQ. This means that the magnetic order is not destroyed by a longitudinal
component of the field with respect to the moment direction¶¶, but is rather robust against
a small Zeeman component. In fact, the existence of an additional phase at high fields for
H ‖ [001] provides a good description of our HQ angular dependence. Such a phase has
been predicted from microscopic and macroscopic probes (see Chap.4.3, Fig.4.4). The red

dashed line is a simple geometrical function
√
(HQ

abcosθ)2 + (Hcsinθ)2, where Hc denotes
the critical field of this high field phase with H ‖ c. It is interesting that such a simple
geometrical function connecting the Q-phase second order critical field with the critical field
observed for H ‖ [001] describes our data so well and also the disappearance of the Q-phase

¶¶Note that the low field SDW phase of Nd0.05Ce0.95CoIn5 is very anisotropic, with the upper critical field
decreasing ∼ 10× when the field is rotated from H ‖ [110] to H applied 15o away from [001] (see Chap.5.3.5).
On the Q-phase of pure CeCoIn5, a turn of ∼ 17o away from the ab-plane decreases the second order critical
field by only ≈ 0.3 T.
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at θ ≈ 17o. Even though magnetism has not been found in this phase, our results suggest a
connection between the high field ground states. The absence of an anomaly at high fields
in our measurements at θ = 90o (see Fig.6.19) may be attributed to the fact that our base
temperature is very close to the transition temperature of this phase [38].

6.5 summary and relevance

We investigated the ground state of CeCoIn5 at high magnetic fields using a probe that is
well suited for the study of phase transitions and the multiple aspects of the Q-phase, namely
a spin density wave in a type-II superconductor with strong Pauli limiting effects. Our
measurements of the shear elastic modes in rotating magnetic fields provide evidence for
vortices that are well separated along the c-axis but are interconnected in the ab-plane. This
anisotropy is related to the two-dimensional Fermi surface topology [359]. Such overlapping
in the basal plane may provide the necessary conditions for the appearance of magnetic
correlations in the Q-phase.

Our measurements reveal that the longitudinal mode with k ‖ [110] is extremely sensitive
to the Q-phase, allowing an in-depth study of the transitions anisotropies that is not
commonly available with other techniques. The Q-phase is stabilized following a fourfold
symmetry of its second order critical field in the ab-plane (from the main superconducting
phase to the high field phase). This result further indicates that the nature of the SDW state is
intertwined with the d-wave nature of the condensate. Surprisingly the same measurements
provided evidence for a two-fold superconducting upper critical field at higher temperatures,
in contrast to resistivity measurements at T ≈ 0.1 K which show a fourfold oscillation [259].
In order to fully understand the discrepancy between the ultrasound and resistivity results
[259], ultrasound measurements of the upper critical field are required at base temperature
in a magnet where larger fields are obtained. Our results for the Q-phase transition are
consistent with the phase diagrams presented in [38], although a fully in depth study of the
in-plane anisotropy had not been available, to the best of our knowledge.

Our measurements of the longitudinal mode for fields varying from the ab-plane toward
the [001] direction indicate that the upper critical field can be explained by a simple Pauli
limiting model while the Q-phase critical field cannot. We find that the Q-phase is only
suppressed when the Pauli limiting field decreases below the Q-phase critical field. Our
data agree well with the assumption that in addition to the Q-phase for fields applied in the
ab-plane, a similar high field state exists for H ‖ [001]. These two states define an ellipse
and its angular dependent radius defines HQ. With this simple model, we can explain the
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critical tilt angle and provide indirect evidence for a small Q-phase for H ‖ [001] at fields
slightly lower than Hc2 where an anomaly in specific heat has been observed.

In summary, our study demonstrates that ultrasound is a valuable technique for studying
the ground state of Pauli limited superconductors with multiple orders. Since it is extremely
sensitive to phase transitions and the symmetries of the underlying orders, a careful
ultrasound study allows an investigation of the interaction among these intertwined ordered
states. Last but not least, this chapter presented very high quality data obtained with our
flexible digital ultrasound setup. Therefore, this chapter also represents to us the success of
our technical development.





7
C O N C L U S I O N S A N D P E R S P E C T I V E S

This PhD thesis addressed the emergent behavior in pure and neodymium substituted
CeCoIn5, particularly emphasizing the investigation of the interaction between superconduc-
tivity and magnetism. Two approaches have been taken: a neutron diffraction investigation
of NdxCe1−xCoIn5 and an in-depth ultrasound study of the pure compound for which an
innovative and flexible digital setup was developed.

As discussed in Chap.2.3.1, unconventional superconductivity is found at the brink where
magnetic order is suppressed and in an environment of strong electronic fluctuations. The
NdxCe1−xCoIn5 series notably exemplifies this physics, as shown in Chap.5.3. In this work,
we show that the low field spin density wave pervades the superconducting state as soon
as Nd is added into the system, providing direct evidence that CeCoIn5 is close to a spin
density wave quantum critical point at zero magnetic field. As exemplified by the Kmetko-
Smith phase diagram shown in Fig.2.9, the neodymium ions are slightly more localized than
the cerium which are placed in the crossover region between highly itinerant and localized
trends. The series exhibits a competition between superconductivity and magnetism inside
the superconducting dome. The Néel temperature linearly increases with concentration
until the antiferromagnetic energy scale becomes comparable with the condensate energy.
TN saturates for larger Nd concentrations.

Prior to this work, the origin of the spin density wave at low fields had been discussed in
terms of an instability of the Fermi surface for x ≥ 0.05 and in terms of a phenomenological
model that emphasizes the importance of Pauli limited superconductivity. Since we find
order at x = 0.02 where the prominent α-band in the Fermi surface is rather two dimensional
as in the pure compound, we rule out the Fermi surface reconstruction of the α-band as the
main responsible for the emergence of static order. In addition, antiferromagnetism is found
at Nd-25% in the absence of superconductivity, indicating that an anisotropic condensate is
not a necessary condition for the emergence of magnetic order.

The low field SDW is suppressed by quantum fluctuations driven by an applied transverse
field which is ≈ 10 times larger than the longitudinal critical field. For 0.02 ≤ x ≤ 0.05, two
separate phase transitions are observed when a transverse field is applied in the tetragonal
ab-plane. It is suggested that additional quantum fluctuations associated with the condensate
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give rise to a high field state where magnetic order cooperates with superconductivity at
the Q-phase.

In order to induce unconventional superconductivity, it seems that one must suppress
antiferromagnetic order in favor of having only short lived snapshots of nascent order.
We observed that some electrons may condense these short lived excitations into antifer-
romagnetism while still leaving part of the fluctuations related to superconducting order.
Remarkably, two magnetic phases with the same magnetic structure are observed in this
series but with a very different relationship with superconductivity. So far, it is conceivable
that antiferromagnetic fluctuations centered at Q give rise to superconductivity and the
Q-phase while the low field phase, also centered at Q, competes with superconductivity.
Although the d-wave gap allows low-energy quasiparticles to mediate magnetic order
without a direct competition with the condensate, it is apparent that the magnetic structure
does not determine the different relationship between superconductivity and magnetism.
In addition, the identical symmetry of the spin density waves in this compound indicates
that the magnetic instability that originates the Q-phase is not only driven by magnetic
fluctuations. A modification of the superconducting condensate may induce a change on
the magnetic properties at high fields.

In this thesis, we have investigated the stability of the cooperative magneto-superconducting
high field state against perturbations in order to unravel the necessary conditions for its
existence. In particular, Nd substitution leads to a decrease of the orbital limiting field,
moving the system away from a strong Pauli limited superconductor to a system where
orbital effects can become considerable as a pair breaking mechanism. The Q-phase in
Nd substituted CeCoIn5 seems to be slightly affected by the reduction of Pauli limiting
effects but it is rather suppressed by the increase of the low field SDW energy scale. This
interpretation is supported by measurements of the Maki parameter which remains constant
in the region where the Q-phase is destabilized. Our results reveal that a reduction of ∼ 35%
of the Maki parameter is still enough for the stabilization of the high field state. The broad
range of Maki parameters where the Q-phase is observed provide an important benchmark
for theories.

Intrinsic properties of these spin density waves have been investigated through domain
population measurements. Magnetic order at the Q-phase emerges with two Q-domains
that are switchable by rotating the magnetic field. The origin of the switching effect was
investigated with neutron scattering. In Chap.5.4, we solved this long standing question
by probing a domain selection in the normal conducting state of NdxCe1−xCoIn5 and thus
ruled out the interpretations based on a coupling of the SDW to the condensate. Moreover,
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we have measured a strong anisotropic magnetoresistance signal in the antiferromagnetic
phase that reflects the relative orientation between the current and the antiferromagnetic
ordering vector. The antiferromagnetic phase present in NdxCe1−xCoIn5 has the advantage
of being non-volatile. It is also manipulable in two different ways: field cooling through
the Néel temperature or in-situ switching by rotating the field direction. In summary,
we provided evidence for a domain selection mechanism without a Zeeman coupling
term that should be universal across multiband materials with high symmetry crystal
structure displaying itinerant antiferromagnetism and large spin orbit interaction. This
study represents an advancement on our fundamental understanding of the mechanisms to
switch antiferromagnetic domains and may offer a new route for exploring antiferromagnetic
spintronics effects.

It should be noted that although the domain selection effect is general, the Q-phase of
CeCoIn5 is still special in that it presents a hypersensitivity of the modulation that requires
a modified magneto-superconducting coupling. The emergence of a spatially modulated
p-wave order parameter at high fields is proposed as the origin of this modified coupling
[300].

Pauli paramagnetic effects have also been studied by the investigation of the angular
dependence of critical fields for field orientations varying from the ab-plane towards
the c-axis. The high resolution of our longitudinal ultrasound measurements enabled a
precise determination of the the critical fields in pure CeCoIn5. The upper critical field
is described within a Pauli limiting paradigm while the second order critical field from
the main superconducting phase to the high field state cannot. The Q-phase critical field
dependence follows the angular variation of an ellipse defined by the ab-plane Q-phase
critical field and the out-of-plane critical field suggested by specific heat measurements
[363]. Indeed, a high field state inside the condensate has also been probed for H ‖ [001] by
microscopic and macroscopic techniques [38, 137, 341, 342]. Our results not only suggest a
connection between the ground states observed for H⊥[001] and H ‖ [001], but also clearly
demonstrate that magnetism needs superconductivity for its existence at the Q-phase, i.e.
the Q-phase is only destabilized when Hc2 decreases below the Q-phase critical field at fields
oriented ∼ 17o away from the tetragonal plane. Our data suggest that the disappearance
of the Q-phase at this critical angle can no longer be interpreted as evidence for distinct
origins of the high field states ⊥[001] and ‖ [001], as previously suggested [270]. The deeply
intertwined nature of superconductivity and magnetism in CeCoIn5 is further revealed by
the basal plane angular dependence of the high field state critical field. Our longitudinal
sound measurements reveal a fourfold oscillation of the Q-phase second order critical field,
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following the d-wave order parameter. The oscillation of amplitude ∼ 2% presents larger
upper critical fields for fields applied along the antinodal direction.

The interplay between the vortex lattice and the Q-phase was studied by ultrasound
spectroscopy. By measuring different configurations of sound propagation, polarization
and magnetic field direction, it is possible to distinguish the contributions coming from
the multiple aspects of the Q-phase, i.e. a spin density wave in a d-wave condensate of
a type-II superconductor. Our study of shear modes provide evidence for vortices that
are well separated along the c-axis but interconnected in the ab-plane. Such connection
of vortices in the basal plane may provide the necessary conditions for the emergence of
long-range order at the higher fields. This anisotropy in the vortex lattice originates in the
two-dimensional Fermi surface topology. Moreover, the sound coupling to the Q-phase is
strongly augmented or entirely dependent on the c44VL vortex lattice mode polarized in the
ab-plane.

Ultrasound spectroscopy was shown in Chap.6 to be a valuable technique for probing
the high field state of CeCoIn5. Therefore, it has the potential to be a great probe for the
investigation of substituted samples and other compounds in the RnMmIn3n+2m family.
Moreover, the development of our flexible digital setup, described in Chap.3.3.3, represents
an important advancement in the instrumentation of the ultrasound technique. Our design
attempts to perform the majority of the required signal processing in the digital domain,
eliminating the use of analog components to a minimum. We have managed to reduce
the costs by at least 50% as compared to conventional setups and enhance the instrument
capabilities by maximizing the data collection in a user selectable time window. In addition
to that, efforts have been made to have an implementation that allows the user to perform as
in conventional setups, simplifying the immediate data process during an experiment and
at the same time leaving the user with additional information that can be post processed.
This simplifies the adaptation of scientists to the new digital methodology.

Looking forward

Below I summarize some of the main questions that may foment research on the emergent
behavior in CeCoIn5:

• Is it possible and how could one predict a magnetic/ or a superconducting ground
state when substituting on rare-earth site? What is the origin of the low field SDW
induced by Nd substitution? How can magnetic orders with the same magnetic
structure have opposite interplay with the superconducting state?
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• What originates the high field states in CeCoIn5? Does it involve additional order
parameters? What do the phases with H⊥[001] and H ‖ [001] have in common?

These are very exciting questions*. The first set of questions may be addressed by resonant
elastic X-ray scattering. It is currently unknown why Nd substitution leads to magnetic order
at so low doping levels and how the Ce3+ electronic states contribute to it. Two scenarios
are proposed: 1) Nd substitution changes the Fermi surface, leading to magnetic order
that is mostly associated with the Ce3+ electronic states, and 2) the substitution nucleates
magnetization density which due to RKKY interaction leads to magnetic order. In order to
distinguish between these scenarios, one needs an element sensitive probe of magnetism, i.e.
resonant X-ray magnetic scattering. This experiment is difficult, as it involves X-rays at low
temperatures below 1 K. We have tried to perform this experiment, but additional efforts
have to be made in order to obtain a better thermal anchoring on the sample. Strategies may
include the addition of a cooling path like a wire soldered onto the holder and the sample.

Moreover, an investigation of the low field SDW with ultrasound, similarly to what has
been done in this thesis, could also provide insights into the nature of the SDW and its
differences to the Q-phase ground state. At the moment, we do not know whether the
low field SDW phase leaves a signature on the ultrasound measurements. The c44 elastic
constant measured on a 3.5%-Nd substituted CeCoIn5 does not show the low field transition
but the Q-phase is still visible (not shown in this thesis). Alternatively, substitution by other
localized magnetic moment ions such as Sm and Gd may offer alternative routes for the
investigation of the emergence of zero field magnetic order.

We note that an investigation of the stabilization of the Q-phase in such compounds
may not require neutron diffraction unless one needs to know the magnetic structure. The
presence of the high field state may also be investigated with longitudinal ultrasound, thus
avoiding to deal with strong absorption effects and small magnetic signals. Yet another
alternative to study the underlying physics of the Q-phase ground state is to study it under
pressure. It is currently known that the Q-phase is stable up to at least ≈ 1.4 GPa [311, 310].
Neutron scattering under pressure is difficult because of the additional background coming
from the pressure cell. Ultrasound under pressure could be attempted instead.

There are also studies where it is interesting to use pressure as a tuning parameter. For
instance, the spin-orbit coupling theory suggests that the selection of the domain most
perpendicular to the magnetic field direction can be changed to the most parallel one at a
certain pressure. One could attempt to do neutron diffraction under hydrostatic or uniaxial
pressure. In addition, the origin of the magnetic structure change from incommensurate at

*I sincerely hope that we scientists answer these questions in the next years. This field is so fascinating.
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low Nd concentrations to a an Ising-like commensurate structure at x ≥ 0.39 is not fully
understood [41]. In fact, it is also not known whether there is a suppression of magnetism
in xT-phase diagram for 0.25 ≤ x ≤ 0.39. Considering the lattice parameters of CeCoIn5 and
NdCoIn5 and the bulk modulus of pure CeCoIn5, the whole xT-phase diagram corresponds
to a change of ≈ 1.1 GPa. One could study the pressure dependence of the low field phase
of NdxCe1−xCoIn5 and determine if it is possible to induce the commensurate structure on
a Nd substituted sample.

One way to tighten the spin resonance to the origin of the Q-phase would be to investigate
the inelastic neutron scattering signal of the second domain. Now that higher resolution has
allowed a measurement of the inelastic signal on the incommensurate ordering vector [35],
a field dependent study of the spin resonance of CeCoIn5 on the second domain is possible.
In addition, inelastic neutron scattering in a Nd substituted sample that does not present
the Q-phase and that has the SDW critical field detached from the superconducting upper
critical field (eg. Nd0.1Ce0.9CoIn5) could answer the question of whether the energy of the
resonance is driven to zero at Hc2 or at HQ [281].

Thermal conductivity measurements suggest the presence of an additional pair density
wave order parameter at the Q-phase as well as the low field phase of Nd0.05Ce0.95CoIn5 [302].
This suggests that a pair density wave occurs whenever a SDW emerges in the presence
of a d-wave condensate. Understanding if this phenomenon has a general character,
independent on the type of interplay between superconductivity and magnetism, is of
paramount importance as it may have consequences for many other strongly correlated
superconductors such as copper-oxide, organic and iron-based superconductors [141].
In addition, it also affects the interpretation that the sharp switching is driven by the
emergence of the PDW at the Q-phase. In order to solve these important questions, the
thermal conductivity anisotropy could be measured in the normal conducting state of
NdxCe1−xCoIn5, in the antiferromagnetic phase and in the paramagnetic state.

The nature of the high field phase with H ‖ c could be studied with ultrasound. Such
investigation also requires low temperatures below 50 mK. Since the Q-phase region of the
HT-phase diagram is larger at 5%-Nd concentration, it would be interesting to study the
stability of the high field phase along the c-axis on this sample.

In summary, the physics discussed within this thesis ask for the continuation of the
research in the field. The next steps on this journey are promising and stimulating. Perform-
ing research in quantum materials not only leads to technological progress and provides
comprehension of the laws of physics, but it also leads to fundamental and somewhat philo-
sophical breakthroughs. As it is demonstrated by this and many other works, the research
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in the low energy scale heavy-fermion materials will keep unraveling new phenomena that
transform our fundamental understanding of nature. I hope that, in the same way as we
shape the ground state of heavy-fermions materials with a rich variety of phenomena, we
can shape the future of science in a prosperous way. With this in mind, I finish by wishing a
heavy-future ahead.
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[239] Inada, Y. and Ōnuki, Y. ‘De Haas–van Alphen oscillation in both the normal and super-
conducting mixed states of NbSe22, CeRu2,URu2Si2, and UPd2Al3’. Low Temperature
Physics 25, 573 (1999).

[240] Curro, N.J., Simovic, B., Hammel, P.C., Pagliuso, P.G., Sarrao, J.L., Thompson, J.D.,
and Martins, G.B. ‘Anomalous NMR magnetic shifts in CeCoIn5’. Phys. Rev. B 64,
180514 (2001).

[241] Movshovich, R., Jaime, M., Thompson, J.D., Petrovic, C., Fisk, Z., Pagliuso, P.G., and
Sarrao, J.L. ‘Unconventional Superconductivity in CeIrIn5 and CeCoIn5: Specific Heat
and Thermal Conductivity Studies’. Phys. Rev. Lett. 86, 5152 (2001).

[242] An, K., Sakakibara, T., Settai, R., Onuki, Y., Hiragi, M., Ichioka, M., and Machida, K.
‘Sign Reversal of Field-Angle Resolved Heat Capacity Oscillations in a Heavy Fermion
Superconductor CeCoIn5 and dx2−y2 Pairing Symmetry’. Phys. Rev. Lett. 104, 037002

(2010).

[243] Allan, M.P., Massee, F., Morr, D.K., Van Dyke, J., Rost, A.W., Mackenzie, A.P., Petrovic,
C., and Davis, J.C. ‘Imaging Cooper pairing of heavy fermions in CeCoIn5’. Nature
physics 9, 468 (2013).

[244] Park, W.K., Sarrao, J.L., Thompson, J.D., and Greene, L.H. ‘Andreev Reflection in
Heavy-Fermion Superconductors and Order Parameter Symmetry in CeCoIn5’. Phys.
Rev. Lett. 100, 177001 (2008).

[245] Seyfarth, G., Brison, J.P., Knebel, G., Aoki, D., Lapertot, G., and Flouquet, J. ‘Multigap
Superconductivity in the Heavy-Fermion System CeCoIn5’. Phys. Rev. Lett. 101, 046401

(2008).

[246] Rourke, P.M.C., Tanatar, M.A., Turel, C.S., Berdeklis, J., Petrovic, C., and Wei, J.Y.T.
‘Spectroscopic Evidence for Multiple Order Parameter Components in the Heavy
Fermion Superconductor CeCoIn5’. Phys. Rev. Lett. 94, 107005 (2005).

[247] Bianchi, A., Movshovich, R., Vekhter, I., Pagliuso, P.G., and Sarrao, J.L. ‘Avoided
Antiferromagnetic Order and Quantum Critical Point in CeCoIn5’. Phys. Rev. Lett. 91,
257001 (2003).

[248] Paglione, J., Tanatar, M.A., Hawthorn, D.G., Boaknin, E., Hill, R.W., Ronning, F.,
Sutherland, M., Taillefer, L., Petrovic, C., and Canfield, P.C. ‘Field-Induced Quantum
Critical Point in CeCoIn5’. Phys. Rev. Lett. 91, 246405 (2003).



206 BIBLIOGRAPHY

[249] Kim, J.S., Alwood, J., Stewart, G.R., Sarrao, J.L., and Thompson, J.D. ‘Specific heat in
high magnetic fields and non-Fermi-liquid behavior in CeMIn5 (M = Ir, Co)’. Phys.
Rev. B 64, 134524 (2001).

[250] Kohori, Y., Yamato, Y., Iwamoto, Y., Kohara, T., Bauer, E.D., Maple, M.B., and Sarrao,
J.L. ‘NMR and NQR studies of the heavy fermion superconductors CeTIn5(T = Co
and Ir)’. Phys. Rev. B 64, 134526 (2001).

[251] Ikeda, S., Shishido, H., Nakashima, M., Settai, R., Aoki, D., Haga, Y., Harima, H.,
Aoki, Y., Namiki, T., Sato, H., and Onuki, Y. ‘Unconventional superconductivity in
CeCoIn5 studied by the specific heat and magnetization measurements’. Journal of the
Physical Society of Japan 70, 2248 (2001).

[252] Ronning, F., Capan, C., Bauer, E.D., Thompson, J.D., Sarrao, J.L., and Movshovich, R.
‘Pressure study of quantum criticality in CeCoIn5’. Phys. Rev. B 73, 064519 (2006).

[253] Nicklas, M., Borth, R., Lengyel, E., Pagliuso, P.G., Sarrao, J.L., Sidorov, V.A., Sparn,
G., Steglich, F., and Thompson, J.D. ‘Response of the heavy-fermion superconductor
CeCoIn5 to pressure: roles of dimensionality and proximity to a quantum-critical
point’. Journal of Physics: Condensed Matter 13, L905 (2001).

[254] Sidorov, V.A., Nicklas, M., Pagliuso, P.G., Sarrao, J.L., Bang, Y., Balatsky, A.V., and
Thompson, J.D. ‘Superconductivity and Quantum Criticality in CeCoIn5’. Phys. Rev.
Lett. 89, 157004 (2002).

[255] Tanatar, M.A., Paglione, J., Petrovic, C., and Taillefer, L. ‘Anisotropic violation of the
Wiedemann-Franz law at a quantum critical point’. Science 316, 1320 (2007).

[256] Malinowski, A., Hundley, M.F., Capan, C., Ronning, F., Movshovich, R., Moreno, N.O.,
Sarrao, J.L., and Thompson, J.D. ‘c-axis magnetotransport in CeCoIn5’. Phys. Rev. B
72, 184506 (2005).

[257] Singh, S., Capan, C., Nicklas, M., Rams, M., Gladun, A., Lee, H., DiTusa, J.F., Fisk, Z.,
Steglich, F., and Wirth, S. ‘Probing the Quantum Critical Behavior of CeCoIn5 via Hall
Effect Measurements’. Phys. Rev. Lett. 98, 057001 (2007).

[258] Zaum, S., Grube, K., Schäfer, R., Bauer, E.D., Thompson, J.D., and v. Löhneysen, H.
‘Towards the Identification of a Quantum Critical Line in the (p, B) Phase Diagram of
CeCoIn5 with Thermal-Expansion Measurements’. Phys. Rev. Lett. 106, 087003 (2011).



BIBLIOGRAPHY 207

[259] Weickert, F., Gegenwart, P., Won, H., Parker, D., and Maki, K. ‘In-plane angular
dependence of the upper critical field in CeCoIn5’. Phys. Rev. B 74, 134511 (2006).

[260] Das, P., White, J.S., Holmes, A.T., Gerber, S., Forgan, E.M., Bianchi, A.D., Kenzelmann,
M., Zolliker, M., Gavilano, J.L., Bauer, E.D., Sarrao, J.L., Petrovic, C., and Eskildsen,
M.R. ‘Vortex Lattice Studies in CeCoIn5 with H ⊥ c’. Phys. Rev. Lett. 108, 087002

(2012).

[261] Bianchi, A.D., Kenzelmann, M., DeBeer-Schmitt, L., White, J.S., Forgan, E.M., Mesot,
J., Zolliker, M., Kohlbrecher, J., Movshovich, R., Bauer, E.D., Sarrao, J.L., Fisk, Z.,
Petrovic, C., and Eskildsen, M.R. ‘Superconducting vortices in CeCoIn5: Toward the
Pauli-limiting field’. Science 319, 177 (2008).

[262] White, J.S., Das, P., Eskildsen, M.R., DeBeer-Schmitt, L., Forgan, E.M., Bianchi, A.D.,
Kenzelmann, M., Zolliker, M., Gerber, S., and Gavilano, J.L. ‘Observations of Pauli
paramagnetic effects on the flux line lattice in CeCoIn5’. New Journal of Physics 12,
023026 (2010).

[263] Ichioka, M., Hasegawa, A., and Machida, K. ‘Field dependence of the vortex structure
in d-wave and s-wave superconductors’. Phys. Rev. B 59, 8902 (1999).

[264] Clem, J.R. ‘Simple model for the vortex core in a type II superconductor’. Journal of
low temperature physics 18, 427 (1975).

[265] Ichioka, M., Hayashi, N., Enomoto, N., and Machida, K. ‘Vortex structure in d-wave
superconductors’. Phys. Rev. B 53, 15316 (1996).

[266] Lin, S.Z. and Kogan, V.G. ‘Strain-induced intervortex interaction and vortex lattices in
tetragonal superconductors’. Phys. Rev. B 95, 054511 (2017).

[267] Young, B.L., Urbano, R.R., Curro, N.J., Thompson, J.D., Sarrao, J.L., Vorontsov, A.B.,
and Graf, M.J. ‘Microscopic Evidence for Field-Induced Magnetism in CeCoIn5’. Phys.
Rev. Lett. 98, 036402 (2007).

[268] DeBeer-Schmitt, L., Dewhurst, C.D., Hoogenboom, B.W., Petrovic, C., and Eskildsen,
M.R. ‘Field Dependent Coherence Length in the Superclean, High-κ Superconductor
CeCoIn5’. Phys. Rev. Lett. 97, 127001 (2006).

[269] Blackburn, E., Das, P., Eskildsen, M.R., Forgan, E.M., Laver, M., Nieder er, C., Petrovic,
C., and White, J.S. ‘Exploring the Fragile Antiferromagnetic Superconducting Phase
in CeCoIn5’. Phys. Rev. Lett. 105, 187001 (2010).



208 BIBLIOGRAPHY

[270] Correa, V.F., Murphy, T.P., tin, C., Purcell, K.M., Palm, E.C., Schmiedeshoff, G.M.,
Cooley, J.C., and Tozer, S.W. ‘Magnetic-Field-Induced Lattice Anomaly inside the
Superconducting State of CeCoIn5: Anisotropic Evidence of the Possible Fulde-Ferrell-
Larkin-Ovchinnikov State’. Phys. Rev. Lett. 98, 087001 (2007).

[271] Shishido, H., Yamada, S., Sugii, K., Shimozawa, M., Yanase, Y., and Yamashita, M.
‘Anomalous Change in the de Haas–van Alphen Oscillations of CeCoIn5 at Ultralow
Temperatures’. Phys. Rev. Lett. 120, 177201 (2018).

[272] Michal, V.P. and Mineev, V.P. ‘Field-induced spin-exciton condensation in the dx2−y2-
wave superconductor CeCoIn5’. Phys. Rev. B 84, 052508 (2011).

[273] Agterberg, D.F., Sigrist, M., and Tsunetsugu, H. ‘Order Parameter and Vortices in the
Superconducting Q Phase of CeCoIn5’. Phys. Rev. Lett. 102, 207004 (2009).

[274] Yanase, Y. and Sigrist, M. ‘Antiferromagnetic order and π-triplet pairing in the Fulde-
Ferrell–Larkin–Ovchinnikov state’. Journal of the Physical Society of Japan 78, 114715

(2009).

[275] Aperis, A., Varelogiannis, G., and Littlewood, P.B. ‘Magnetic-Field-Induced Pattern of
Coexisting Condensates in the Superconducting State of CeCoIn5’. Phys. Rev. Lett. 104,
216403 (2010).

[276] Suzuki, K.M., Ichioka, M., and Machida, K. ‘Theory of an inherent spin-density-wave
instability due to vortices in superconductors with strong Pauli effects’. Phys. Rev. B
83, 140503 (2011).

[277] Kato, Y., Batista, C.D., and Vekhter, I. ‘Antiferromagnetic Order in Pauli-Limited
Unconventional Superconductors’. Phys. Rev. Lett. 107, 096401 (2011).

[278] Ikeda, R., Hatakeyama, Y., and Aoyama, K. ‘Antiferromagnetic ordering induced by
paramagnetic depairing in unconventional superconductors’. Phys. Rev. B 82, 060510

(2010).

[279] Hatakeyama, Y. and Ikeda, R. ‘Emergent antiferromagnetism in a d-wave supercon-
ductor with strong paramagnetic pair-breaking’. Phys. Rev. B 83, 224518 (2011).

[280] Hosoya, K. and Ikeda, R. ‘Possible triplet superconducting order in a magnetic
superconducting phase induced by paramagnetic pair breaking’. Phys. Rev. B 95,
224513 (2017).



BIBLIOGRAPHY 209

[281] Stock, C., Broholm, C., Zhao, Y., Demmel, F., Kang, H.J., Rule, K.C., and Petrovic,
C. ‘Magnetic Field Splitting of the Spin Resonance in CeCoIn5’. Phys. Rev. Lett. 109,
167207 (2012).

[282] Panarin, J., Raymond, S., Lapertot, G., and Flouquet, J. ‘Evolution of the spin resonance
in CeCoIn5 under magnetic field’. Journal of the Physical Society of Japan 78, 113706

(2009).

[283] Gerber, S., Bartkowiak, M., Gavilano, J.L., Ressouche, E., Egetenmeyer, N., Nieder er,
C., Bianchi, A.D., Movshovich, R., Bauer, E.D., Thompson, J.D., and Kenzelmann, M.
‘Switching of magnetic domains reveals spatially inhomogeneous superconductivity’.
Nature Physics 10, 126 (2014).

[284] Kim, D.Y., Lin, S.Z., Weickert, F., Kenzelmann, M., Bauer, E.D., Ronning, F., Thompson,
J.D., and Movshovich, R. ‘Intertwined Orders in Heavy-Fermion Superconductor
CeCoIn5’. Phys. Rev. X 6, 041059 (2016).

[285] Hatakeyama, Y. and Ikeda, R. ‘Antiferromagnetic order oriented by Fulde-Ferrell-
Larkin-Ovchinnikov superconducting order’. Phys. Rev. B 91, 094504 (2015).

[286] Mineev, V.P. ‘Antiferromagnetic order in CeCoIn5 oriented by spin-orbital coupling’.
Low Temperature Physics 43, 11 (2017).

[287] Bauer, E.D., Yang, Y.-f.and Capan, C., Urbano, R.R., Miclea, C.F., Sakai, H., Ronning,
F., Graf, M.J., Balatsky, A.V., Movshovich, R., Bianchi, A.D., Reyes, A.P., Kuhns, P.L.,
Thompson, J.D., and Fisk, Z. ‘Electronic inhomogeneity in a Kondo lattice’. Proceedings
of the National Academy of Sciences 108, 6857 (2011).

[288] Pagliuso, P.G., Moreno, N.O., Curro, N.J., Thompson, J.D., Hundley, M.F., Sarrao,
J.L., Fisk, Z., Christianson, A.D., Lacerda, A.H., Light, B.E., and Cornelius, A.L.
‘Ce-site dilution studies in the antiferromagnetic heavy fermions CemRhnIn3m+2n

(m = 1, 2; n = 0, 1)’. Phys. Rev. B 66, 054433 (2002).

[289] Paglione, J., Sayles, T.A., Ho, P.C., Jeffries, J.R., and Maple, M.B. ‘Incoherent non-
Fermi-liquid scattering in a Kondo lattice’. Nature Physics 3, 703 (2007).

[290] Maple, M.B. and Fischer, Ø. ‘Magnetic superconductors’. In ‘Superconductivity in
Ternary Compounds II’, pages 1–10. Springer (1982).

[291] Hu, R., Lee, Y., Hudis, J., Mitrovic, V.F., and Petrovic, C. ‘Composition and field-tuned
magnetism and superconductivity in Nd1−xCexCoIn5’. Phys. Rev. B 77, 165129 (2008).



210 BIBLIOGRAPHY

[292] Raymond, S., Ramos, S.M., Aoki, D., Knebel, G., Mineev, V.P., and Lapertot, G.
‘Magnetic order in Ce0.95Nd0.05CoIn5: The Q-phase at zero magnetic field’. Journal of
the Physical Society of Japan 83, 013707 (2014).

[293] Mazzone, D.G., Raymond, S., Gavilano, J.L., Ressouche, E., Nieder er, C., Birk, J.O.,
Ouladdiaf, B., Bastien, G., Knebel, G., Aoki, D., Lapertot, G., and Kenzelmann, M.
‘Field-induced magnetic instability within a superconducting condensate’. Science
advances 3, e1602055 (2017).

[294] Van Hieu, N., Shishido, H., Takeuchi, T., Thamizhavel, A., Nakashima, H., Sugiyama,
K., Settai, R., Matsuda, T.D., Haga, Y., Hagiwara, M., et al. ‘Unique Magnetic Properties
of NdRhIn5, TbRhIn5, DyRhIn5, and HoRhIn5’. Journal of the Physical Society of Japan
75, 074708 (2006).

[295] Hücker, M., v. Zimmermann, M., Gu, G.D., Xu, Z.J., Wen, J.S., Xu, G., Kang, H.J.,
Zheludev, A., and Tranquada, J.M. ‘Stripe order in superconducting La2−xBaxCuO4

(0.095 6 x 6 0.155)’. Phys. Rev. B 83, 104506 (2011).

[296] Rosa, P.F.S., Kang, J., Luo, Y., Wakeham, N., Bauer, E.D., Ronning, F., Fisk, Z., Fernan-
des, R.M., and Thompson, J.D. ‘Competing magnetic orders in the superconducting
state of heavy-fermion CeRhIn5’. Proceedings of the National Academy of Sciences 114,
5384 (2017).

[297] Martiny, J.H.J., Gastiasoro, M.N., Vekhter, I., and Andersen, B.M. ‘Impurity-induced
antiferromagnetic order in Pauli-limited nodal superconductors: Application to heavy-
fermion CeCoIn5’. Phys. Rev. B 92, 224510 (2015).

[298] Lin, S.Z. and Zhu, J.X. ‘Impurity-induced magnetic droplet in unconventional super-
conductors near a magnetic instability: Application to Nd-doped CeCoIn5’. Phys. Rev.
B 96, 224502 (2017).

[299] Klotz, J., Götze, K., Sheikin, I., Förster, T., Graf, D., Park, J.H., Choi, E.S., Hu,
R., Petrovic, C., Wosnitza, J., and Green, E.L. ‘Fermi surface reconstruction and
dimensional topology change in Nd-doped CeCoIn5’. Phys. Rev. B 98, 081105 (2018).

[300] Mazzone, D.G., Yadav, R., Bartkowiak, M., Gavilano, J.L., Raymond, S., Ressouche, E.,
Lapertot, G., and Kenzelmann, M. ‘Distinct domain switching in Nd0.05Ce0.95CoIn5 at
low and high fields’. Scientific reports 8, 1 (2018).



BIBLIOGRAPHY 211

[301] Kim, D.Y., Lin, S.Z., Bauer, E.D., Ronning, F., Thompson, J.D., and Movshovich, R.
‘Switching dynamics of the spin density wave in superconducting CeCoIn5’. Phys. Rev.
B 95, 241110 (2017).

[302] Kim, D.Y., Lin, S.Z., Weickert, F., Rosa, P.F.S., Bauer, E.D., Ronning, F., Thompson, J.D.,
and Movshovich, R. ‘Multiple phases with intertwined magnetic and superconducting
orders in Nd-doped CeCoIn5’. Phys. Rev. B 97, 245120 (2018).

[303] Mazzone, D.G. Intertwined degrees of freedom in the series Nd1−xCexCoIn5. PhD thesis,
ETH Zurich and Paul Scherrer Institut (2017).

[304] Rodríguez-Carvajal, J. ‘Recent advances in magnetic structure determination by
neutron powder diffraction’. physica B 192, 55 (1993).

[305] Amara, M., Galéra, R.M., Morin, P., Veres, T., and Burlet, P. ‘Incommensurate
antiferromagnetic structures in NdIn3’. Journal of magnetism and magnetic materials 130,
127 (1994).

[306] Hu, T., Liu, Y., Xiao, H., Mu, G., and Yang, Y. ‘Universal linear-temperature resistivity:
possible quantum diffusion transport in strongly correlated superconductors’. Scientific
reports 7, 1 (2017).

[307] Legros, A., Benhabib, S., Tabis, W., Laliberté, F., Dion, M., Lizaire, M., Vignolle, B.,
Vignolles, D., Raffy, H., Li, Z.Z., Auban-Senzier, P., Doiron-Leyraud, N., Fournier, P.,
Colson, D., Taillefer, L., and Proust, C. ‘Universal T-linear resistivity and Planckian
dissipation in overdoped cuprates’. Nature Physics 15, 142 (2019).

[308] Bruin, J.A.N., Sakai, H., Perry, R.S., and Mackenzie, A.P. ‘Similarity of scattering rates
in metals showing T-linear resistivity’. Science 339, 804 (2013).

[309] Normile, P.S., Heathman, S., Idiri, M., Boulet, P., Rebizant, J., Wastin, F., Lander,
G.H., Le Bihan, T., and Lindbaum, A. ‘High-pressure structural parameters of the
superconductors CeMIn5 and PuMGa5 (M = Co,Rh)’. Phys. Rev. B 72, 184508 (2005).

[310] Tayama, T., Namai, Y., Sakakibara, T., Hedo, M., Uwatoko, Y., Shishido, H., Settai,
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