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Abstract

The heavy fermion compound CeRhlnjs offers an ideal playground to investigate the rich physics of
strongly correlated electron systems. It can be readily tuned to a quantum critical point by hydro-
static pressure, chemical doping, and magnetic fields. While the pressure-induced quantum critical
point is long accepted to be of the Kondo-breakdown type, the one induced by the magnetic field
at B. ~ 50 T was suggested to be of the spin-density-wave type. This assumption is based on the
observation of additional de Haas—van Alphen frequencies deep inside the antiferromagnetic state,
above B* = 30 T, where a novel phase of enhanced in-plane electronic anisotropy emerges. These
additional frequencies were interpreted as a signature of an abrupt Fermi-surface reconstruction
due to the field-induced itineracy of the f electrons at B*.

Our comprehensive angular-dependent de Haas—van Alphen study of CeRhIns and its non-
f reference compound LaRhlIns establishes the localized character of the f electrons inside and
outside of the antiferromagnetic phase. This rules out any significant field-induced Fermi-surface
reconstruction, particularly across B*. We suggest the field-induced quantum criticality in CeRhlIns
does not conform with the established theoretical models.

A part of the thesis is dedicated to understanding the origin of the elusive state above B*.
Our observation of a distinct specific-heat anomaly at B* suggests it to be a real phase transition,
probably weakly first-order. Further, our ultrasound study for a field applied at 2° from the ¢ axis
revealed anomalies at B* in all the symmetry-breaking ultrasonic modes, suggesting additional
broken symmetries. Similar anomalies of the opposite sign were observed at the well-established
metamagnetic transition at B,, ~ 20 T. In conjunction with the observation of both anomalies
strictly within the antiferromagnetic state, this suggests that the transition at B* corresponds to
a field-induced change of the magnetic structure from commensurate to incommensurate. Finally,
the angular-dependent behavior of the anomaly at B*, contradictory to the previously reported
transport studies on microfabricated samples of CeRhlns, emphasize the crucial role of the uniaxial
strain inherently present in the latter.

Our de Haas—van Alphen measurements on the related heavy fermion superconductor CeColns
revealed anomalous quantum oscillations between 20 and 24 T, where some of the effective masses
also show an unusual field-dependence. Similarly, our magnetoresistance measurements revealed a
clear anomaly at 23 T, further suggesting that a field-induced instability occurs in CeColns at this
field.

The final part of the thesis is dedicated to growing high-quality single crystals of the Ce-
218 family. The samples of CesColng were grown of sufficiently high quality to show quantum
oscillations for the first time. The Fermi surface is found to be qualitatively similar to CeColns,
but with larger orbits. Some of the effective masses are found to be strongly enhanced.

Key Words :
High magnetic field Fermi surface
Specific heat Ultrasound velocity

CeRhlIns CeColnj



Abstract in French

Le composé a fermions lourds CeRhlng constitue un terrain de jeu idéal pour étudier la riche
physique des systemes a électrons fortement corrélés. Il peut facilement étre pousser a travers un
point critique quantique par pression hydrostatique, dopage chimique et champ magnétique. Alors
que le point critique quantique induit par la pression est communément reconnu étre de type <
suppression de Kondo >, celui induit par champ magnétique a B, = 50 T est suggéré étre de
type < onde de densité de spin >. Cette hypotheése est basée sur 'observation de fréquences
de Haas-van Alphen supplémentaires au cceur de ’état antiferromagnétique au-dessus de B* =
30 T, ou une nouvelle phase de forte anisotropie électronique dans le plan apparait. Ces nouvelles
fréquences ont été interprétées comme la signature d’une soudaine reconstruction de la surface de
Fermi due a l'itinérance des électrons f induite par le champ a B*. Nos études détaillées de la
dépendance angulaire de 'effet Haas-van Alphen sur CeRhlns et son composé de référence sans
électrons f, LaRhIns, établissent le caractere localisé des électrons f de part et d’autre du point
critique quantique antiferromagnétique. Ceci élimine toute possibilité de reconstruction de surface
de Fermi sous champ, notamment de part et d’autre B*. Nous suggérons que le comportement
critique quantique induit sous champ dans CeRhlIns n’est pas conforme avec les modeles théoriques
existants.

Une partie de cette theése est dédiée a la compréhension de l'origine de ce mystérieux état au-
dessus de B*. Notre observation d’une claire anomalie de chaleur spécifique a B* suggere qu’il
s’agit d’une réelle transition de phase, probablement faiblement du 1¢" ordre. Par ailleurs, nos
études d’ultrasons pour un champ appliqué a 2° de 'axe ¢ montrent des anomalies a B* dans tous
les modes acoustiques qui brisent la symétrie, suggérant des ruptures de symétrie supplémentaires.
Des anomalies similaires mais de signe opposé ont été observées a la transition méta—magnétique
bien connue & B, = 20 T. Comme par ailleurs, les deux anomalies ne surviennent que dans 1’état
antiferromagnétique, la transition a B* semble correspondre a une modification induite sous champ
de la structure magnétique d’un état commensurable a un état incommensurable. Finalement, en
contradiction avec les précédentes études de transport sur des microéchantillons de CeRhlns, le
comportement angulaire de ’anomalie a B* souligne le réle crucial de la contrainte uni-axiale
intrinsequement présente dans ces derniers.

Nos mesures de Haas-van Alphen sur le supraconducteur & fermions lourds apparenté CeColns
montrent des oscillations quantiques anormales entre 20 et 24 T, 1& ou certaines masses effectives
montrent également une dépendance en champ inhabituelle. De fagon similaire, nos mesures de
magnétorésistance montrent une nette anomalie a 23 T, suggérant qu’une instabilité induite sous
champ survient dans CeColng a ce champ.

La partie finale de cette these est dédiée a la croissance de monocristaux de haute qualité
de la famille Ce—218. Les échantillons de CeoColng obtenus sont de suffisamment haute qualité
pour observer des oscillations quantiques pour la premiére fois. La surface de Fermi semble étre
qualitativement similaire & celle de CeColns, mais avec des orbites plus grandes. Certaines des
masses effectives sont particulierement élevées.

Mots Clés :
champ magnétique intense surface de Fermi
chaleur spécifique vitesse de 1'ultrason

CeRhlns CeColns
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Chapter 1

Introduction

1.1 A brief review of electronic systems

1.1.1 General introduction

The physical properties of an electronic system are driven by the behavior of its electrons. Be it
a metal, a semi-conductor, or a strongly-correlated-electron system, each owe its unique physical
properties to a distinct electronic behaviour resulting from the interaction of its electrons with their
environment, i.e., the ionic lattice and the rest of the electrons.

For instance, a free electron can attain arbitrary energy due to the absence of an environment
to interact with and alter its character. But when present in an atom, it can only acquire a discrete
energy of the atomic orbital it occupies. Subsequently, when atoms are clustered together into
a lattice to form a matter, the electrons tend to behave in a distinct manner as a result of the
electron-lattice and electron-electron interactions.

In a matter such as a metal, the electrons are bundled together into groups known as ‘energy
bands’, that are separated from other energy bands by an energy gap. The electrons in the most
‘energetic’ group, the conduction band, are responsible for the macroscopic properties, such as the
electrical conductivity, thermal conductivity, heat capacity, magnetic susceptibility, electrodynam-
ics, etc.

Such properties solely dependent on the conduction electrons, wandering through the lattice,
can be understood within a simple ‘free-electron model” or the Drude-Sommerfeld model [I, 2} 3].
This model treats the conduction electrons in a metal as an ensemble of free electrons neglecting
electron-lattice interactions. The electronic wave-function is represented by a plane wave extending
throughout the lattice, analogous to the itineracy of the conduction electrons. However, this model
can not explain other classes of matter, such as semiconductors, insulators, semi-metals or even
some metallic properties, such as Hall effect and magnetoresistance, in which the electron-lattice
interactions cannot be ignored.

Therefore, came to the rescue, a ‘nearly free model’ that laid to the foundations of the band-
theory of solids. This theory comprehensively took into account the interactions between the
conduction electrons and the ionic lattice. Within this theory, the periodic lattice potential mod-
ulates the free electron wave-function leading to the formation of energy bands and band gaps,
unlike the continuous parabolic energy dispersion relation of the free electron model. With the
ideas of energy bands and energy gaps, the physics arising due to electron-lattice interactions could
be comprehensively accounted for to explain systems like semi-conductors and insulators.

1.1.2 Strongly correlated electron systems

In a certain special class of electronic systems, the electron-lattice interactions are much weaker
than the interactions amongst the electrons themselves that play the most dominant role in shaping
the overall macroscopic properties. These interactions amongst the electrons are referred to as
correlations. Such materials are known as strongly correlated electron systems (SCES). These
strong electronic correlations lead to exotic physical properties, such as long-range magnetic order,
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unconventional superconductivity, and heavy-fermion state. Since they possess such exotic and
novel states of matter, SCES are also colloquially referred to as Quantum Materials.

Usually, strongly correlated electron systems are intermetallic compounds containing elements
with partially filled d or f orbitals. The spatial confinement of these orbitals leads to an increased
electronic repulsion causing stronger correlations. Most materials containing transition metals (d
orbital electrons) are either magnetic or superconducting, depending on the electronic shell in which
d electrons lie [4].
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4f (et 54! 1
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Figure 1.1: Spatial distribution of charge densities in 3d, 4f and 5f orbitals, taken from Ref. [5]

Strongly correlated electron systems with elements containing 4f or 5f electrons house rich
physics due to special character of these electrons [5l 6 [7, [8, 9]. Due to the huge positive nuclear
charge, the f-orbital is pulled inside the ionic core rendering it localized, much more than the
d orbitals as is evident from the spatial distribution of electric charge in 3d, 5f and 4f orbitals
shown in Fig. Further, the large spin-orbit coupling in f-orbitals combines the spin (S) and
angular momentum (L) of the f-states into a state of definite total angular momentum J. The
interaction of large spin degrees of freedom of the f orbitals with conduction electron degree of
freedom can lead to a remarkable physics, such as a non-magnetic delocalized character to the
f orbitals. Therefore, intermetallic systems with elements like cerium and uranium reside in a
crossover region between the localized and itinerant character and form an exotic class of strongly
correlated electron materials.

It is pertinent to comprehensively take into account the electronic correlation effects to under-
stand the overall macroscopic properties of strongly correlated electron systems. In this regard,
several extensive theories were developed treating such systems as a many-body ensemble of elec-
trons. While these theories have been able to successfully explain many-body effects to a certain
degree, a comprehensive model accounting for the electronic correlations in entirety is still lacking.

In the following section, I will discuss the theoretical attempts to capture the many-body effects in
SCES.

1.1.3 Theoretical approaches to many-body effects in SCES

Initial attempts to describe electron-electron repulsion were inspired from the semi-empirical meth-
ods aimed at describing many-electron atoms, where the modified atomic energy levels were ob-
tained by including empirical parameters to Bohr’s model [I0]. Later on, more formal methods
were devised to tackle the complicated many-body problem. There are essentially two pathways.
The first is a computational approach from the first principles - the so called ab-initio method, and
the other is an analytic one - the model Hamiltonian approach.

ab-initio methods: The ab-initio methods started in 1926 with the Schrodinger equation that
gave motivation to the so called mean-field approach. In such an approach, the mean-field approx-
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imation is implied, i.e., a particle in a many-body system experiences an effective potential (V)
created by the rest of the particles.

In 1927, D. Hartree came up with his self-consistent field method to approximate wavefunctions
of atoms and ions [I1]. Within this method, the time-independent Schrodinger equation (non-
relativistic approximation) for each particle, taking V,¢s created by the rest of the particles, was
solved self-consistently by an iterative method running on an Ansatz/seed solution. Although, the
method was theoretically sound, it didn’t respect the anti-symmetry of the wave-function (Pauli
principle), a consequence of quantum statistics. Therefore, it failed to account for the exchange
interactions associated with the anti-symmetry, which was later corrected by Fock and Slater in
their renewed Hartree-Fock method [12), [13]. Although, the Hartree-Foch method was successful in
explaining many-body effects in a number of systems, in many other systems, certain deviations still
arose from the mean-field approximation. The deviations were collectively termed as correlations.

These ‘correlations’ have in parts contributions from the Coulomb correlations and from the
Fermi correlations. The Fermi correlation is basically the contribution arising from the electronic
exchange interaction, and was accounted for in the Hartree-Fock method. However, the Hartree-
Foch method failed to account for the Coulomb correlations.

Later, several approaches were developed to account for the Coulomb correlation effects due
to the electronic repulsion. These are known as the post Hartree-Fock methods. In this regard,
a huge advancement was made with the development of the Hohenberg-Kohn theorem that led to
uniquely defining a system’s wave-function by its charge density p. This laid to the foundation of
the highly successful density functional theory (DFT). A differential equation, referred to as the
Kohn-Sham equation, is derived by the variation of energy functional E[p] depending on the local
electronic charge density p = p(r).

Blol = 01+ [ poVeuteydPr+ [ A2 13y 4 (L.1)

r-r

Here T'[p] is the kinetic energy, V. is the external potential acting on the electrons, the third term
is the Hartree-term for Coulomb interaction between electrons, and Ey.[p] is the so-called exchange
or correlation term. The Kohn-Sham equation for single electron wave functions are solved in an
effective potential Vs, self consistently just like in the Hartree-Fock method. Simply put, the
DFT is a direct generalization of the Hartree-Fock approach. The DFT approach would be exact
if the explicit form of E,.[p] was known, but it is not the case. However, approximations like the
local density approximation (LDA) and its spin counterpart, the local spin density approximation
(LSDA) for exchange correlation energy have been highly successful in the DFT methods. Using
these approximations, the DFT has been successfully applied to describe electronic properties of
atoms, molecules and solids, where correlations are not too strong.

By 1989, it was realized that the problem can be further simplified by considering a large
number of nearest neighbors, and then can be solved for any strength of the Coulomb repulsion as
the spatial fluctuations can be neglected, leaving only time dependent on-site fluctuations [14} [15].
This laid the foundations of the dynamical mean-field theory (DMFT), which mapped lattice models
to an effective impurity problem with correlated electrons experiencing a mean-field, which, this
time, is dynamic, i.e., time or energy dependent. Dynamical mean-field methods clearly represent
a new advance in the many-body physics, but they are still unable to capture numerous many-
body effects in strongly correlated electron systems, such as the divergent behavior of the effective
masses. This is why the generalization of DMFT to account for real materials is an active area of
research. The above considerations demonstrate that ab-initto methods alone, in principle, cannot
provide sufficient insights in the physics of the strongly-correlated electron systems because of their
computational complexity and the unknowns involved.

Model Hamiltonian approach: The model Hamiltonian approach simplifies the full many-
body Hamiltonian to take into account only the relevant degrees of freedom, i.e., the valence
electron orbitals near the Fermi level. New insights have been achieved through model assumptions
and simplification of initial many-body Hamiltonian. For example, one of the simplest models
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of correlated electrons, the Hubbard-Hamiltonian, simplifies the many-body problem by simply
accounting for the interplay between electron hopping (¢;;) and local on-site repulsion U. But the
model Hamiltonian approach can be used only for a limited number of simpler systems.

Quasiparticle approach: The much needed breakthrough to explain the behavior of strongly
correlated electron systems came with a complimentary approach, the so-called quasiparticle ap-
proach. This approach replaced the many-body interacting particle ensemble by long-lasting ex-
citations, interacting with each other, above a certain vacuum ground state. These excitations
are referred to as the quasiparticles. The quasiparticle approach laid down the foundations of the
renowned Landau theory of quasiparticles or the Landau Fermi-liquid theory.

1.1.4 Landau Fermi-liquid theory

The impleading problem to understand many-body interactions in a matter at low temperatures,
that had been a bone of contention, was resolved to a great extent by the renowned Fermi-liquid
(FL) theory. This theory was a significant advancement over established models for simpler sys-
tems, such as metals, where the electronic interactions are negligible. Simple statistical models,
such as the Drude-model, that treated electrons in metals as a gas of non-interacting classical
particles, and the Sommerfeld-model that treated metals as an ensemble of fermions, successfully
explained metallic properties such as

1. a well defined Fermi surface [16],

2. the temperature dependence of the specific heat C' o< 7T,

3. the temperature dependence of the susceptibility Xpqrq(T') =~ constant,

4. Wiedemann—Franz law i.e., k/o o< T, where k and o are the thermal and electrical conductivi-
ties, respectively.

Since only non-interacting fermions are involved, these models are also referred to as the Fermi-
gas models. However, these models are not useful when complex many-body interactions, such as
the electron-electron interactions, become significant, like in SCES. Therefore, in an attempt to
overcome the shortcomings of the Fermi-gas model, Landau proposed a revamp to the Fermi-gas
model to account for electronic correlation effects in his Fermi-Liquid (FL) theory.

In his theory, Landau treated interacting electronic system’s low energy excitations as quasipar-
ticles. These quasiparticles are analogous to non-interacting fermions of the Fermi-gas model with
the same spin, charge, momentum but have their dynamical properties, such as mass and magnetic
moment modified or renormalized to take into account the interaction with other fermions. The
quasiparticles have an associated finite lifetime, 7, such that i/7 = kgT. The renormalization of
quasiparticle effective masses is given by

F
m* =mg <1 + 3l> , (1.2)

where Fj is the Landau renormalization parameter and mg is the free electron mass. In some
strongly correlated electron systems, such as the so-called heavy fermions, m* is huge and can be
as large as 1000 mg. The quasiparticle mass enhancement leads to a large density of states (DOS)
at the Fermi level given as

m*kp

Ner) = “apz

(1.3)

where kg is the Fermi vector.
The quasiparticle mass and DOS renormalization enhances the electronic contribution to the
specific heat as
k%4 N (ep)
3
From equation it is evident that qualitatively the behaviour of a Fermi-liquid is similar to a
Fermi-gas, and is only renormalized according to the electron-electron interaction. Therefore, the

C = T. (1.4)
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ground state of the Fermi-gas model can be adiabatically transformed to the ground state of the
Fermi-liquid model if the interaction is slowly turned on.

Furthermore, an important experimental indicator of the Fermi-liquid state is the resistivity, p,
which scales as 72 and has contributions from the inelastic electron-electron and umklapp scatter-
ing. It is written as

p=po+ AT>. (1.5)

Instability of the Fermi-liquid states were shown to lead to exotic phases in strongly correlated
electron systems. The Pomeranchuk instability of the Fermi liquid towards a nematic phase is one
of the prominent examples.

1.2 Heavy fermions

Heavy fermions (HF) are a special class of materials within the strongly correlated electron systems.
HF's contain a rare-earth or actinide element with a partially filled f orbital. They are named as
such because of the extremely enhanced quasiparticle effective masses, reaching up to 1000 times
the bare electron mass in some cases.

In the HF systems, electrons in the f orbital of rare-earth elements like cerium and uranium lead
to peculiar properties. It is the interplay of the f electron and conduction electrons internal degrees
of freedom like spin, charge, and orbital moment, that exhibit exotic phenomena. This interplay
makes heavy fermion systems extremely sensitive to small variations of external parameters, such
as temperature, pressure, or magnetic field. The ground state in these systems is governed by two
competing interactions, namely the Kondo interaction and the Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction. In the following sections, I will discuss these two interactions in detail.

1.2.1 Kondo interaction

In an attempt to resolve the long puzzling low-temperature resistivity minima observed in several
metals [see. Fig. [1.2], Jun Kondo proposed the idea of Kondo interaction [I7, (I8, 19, [20].
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Figure 1.2: Resistivity minimum observed in (a) Gold Ref [17] and (b) Mo1_;Nb, alloy Ref [19].

By 1960’s, it was realized that the observed resistivity minima was due to dilution of metal with
scant amount of magnetic impurities. When a magnetic impurity is placed in a sea of conduction
electrons, an exchange coupling occurs between the localized magnetic moment of the magnetic
impurity S and the conduction electrons spin & of the host metal, given by

JS.3, (1.6)
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where J is the effective strength of the exchange interaction. For J < 0, the exchange interaction
tends to align the conduction electron spin in a direction opposite to that of magnetic impurity
spin (antiferromagnetic coupling). Kondo considered this interaction of magnetic impurity and
conduction electrons by including a higher order logarithmic scattering contribution due to spin-
flip of the magnetic moment as

J?N(€)log lep — €] (1.7)

where €, is the energy of an electron, er is the Fermi energy and N(e) is the density of states at
the Fermi level. This logarithmic contribution becomes significant for the electron energies close
to the Fermi energy at finite temperatures i.e., eg — e ~ kpT.

J?N (€)log (kpT) (1.8)

This additional scattering term leads to an anomalous increase in resistivity with decreasing tem-
peratures.

@ T>Ty (b) T<Ty
" g
~ F )

JS.G

Figure 1.3: Formation of a Kondo singlet at low temperatures. (a) At T' > Tk, local moment in a
sea of conduction electrons. (b) Kondo singlet formed at T' < Tk

A schematic representation of the Kondo effect is shown in figure At high temperatures,
the impurity spin is only weakly coupled to the conduction electron, but at lower temperatures,
the localized impurity moment is gradually screened out by the conduction electrons due to the
AF coupling, resulting into a non-magnetic Kondo singlet [21].

The temperature below which the Kondo interaction takes prominence is characteristic of the
system and is known as the Kondo temperature, Tk.

~ L 1N
Tk ~ N(e)e (1.9)

The Kondo temperature corresponds to the binding energy of a Kondo singlet. As Kondo in-
teraction starts taking prominence, a local single impurity Kondo effect occurs and log T" scattering
term begins to contribute to the resistivity with decreasing temperatures until a maximum in resis-
tivity is reached at T' = T, as indicated by the dashed line in Fig. At T,,p, individual Kondo
singlets develop coherence leading to a composite and coherent non-magnetic state. Therefore, at
temperatures below T, the resistivity drops sharply with decreasing temperature as shown in
figure Similarly, other physical properties are also affected as the localized moments are grad-
ually screened. For example the Curie susceptibility (y o 1/T") of the localized moments changes
to paramagnetic susceptibility at low temperatures (x o 1/Tk).

In heavy fermion systems, the lattice sites are occupied by ions containing f electrons acting as
localized moments in a sea of conduction electrons. Such an arrangement is known as the Kondo
lattice [23], 24]. Here, the Kondo interaction results in formation of an ensemble of local Kondo
singlets which hybridize with the conduction band resulting into flatted hybridized bands separated
by an energy gap close to the Fermi-level, as shown in Fig. (a),(b),(c).

10



1.2. HEAVY FERMIONS

13.6

10.2
g
S 6.8
G
3.
Q
3.4
0.0

Temperature (K)

Figure 1.4: Kondo effect in the heavy fermion superconductor CeColns. Resistance of CeColns
showing the resistivity minima p,,;, at T' ~ 200 K, a logT increase below p,., upto the Kondo
coherence temperature T.,, ~ 50 K, and a superconducting transition at Tsc = 2.3 K
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Figure 1.5: Lattice Kondo effect in a heavy fermion system. (a) The energy dispersion relation
for the conduction band (in blue) and the localised moment (orange). (b) resulting flattened
heavy band (green) as Kondo singlets hybridize with the conduction band (c) Density of states of
hybridized bands separated by a band gap A. Fermi surface corresponding to (d) localized and (e)
hybridized states. Adapted from Ref. [22]
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These hybridized bands have renormalized/enhanced quasiparticle effective masses, which in
turn renormalize the dynamical physical properties as discussed in the Fermi-liquid theory. The
hybridized state is referred to as the heavy-fermion state due to heavy effective masses of the quasi-
particle involved. Furthermore, in the heavy fermion state, the Fermi surface grows [25, 26] due to
the additional contribution coming from the f electrons compared to the non-hybridized/localized
state, where only the conduction electrons forms the Fermi surface (Fig. [1.5(d),(e).)

Therefore, in f-electron systems, the Kondo interaction favours a non-magnetic heavy-fermion
ground state. Next, I will discuss the RKKY interaction.

1.2.2 Ruderman Kittel Kasuya Yosida interaction

As discussed in the previous section, due to the Kondo effect, a localized moment in a sea of
conduction electrons is effectively screened out by a cloud of conduction electrons coupled anti-
ferromagnetically to it. The reorganization of the conduction electrons at the localized moment
alters the remaining of the conduction electron sea with a nearly periodic modulation damping
sinusoidally, known as the Freidel oscillations, as shown in Fig.

In an atomic arrangement, such as the Kondo lattice, the localized moments positioned at the
lattice sites can interact with each other indirectly through the Friedal oscillations of the conduction
electrons. This indirect exchange between the localized moments is known as the RKKY interaction.

Figure 1.6: Indirect exchange between localized moments due to the Friedel oscillations of the
conduction electrons

The effective strength of the RKKY interaction damps sinusoidally with the Fermi wave vector
2kp [27], given as

J(r) o< J*N(e)F(2kpr), (1.10)
where ‘
XCOST — ST
Fla) = = (1.11)

The RKKY interaction (Trxry o< J2N(¢)) tends to align the localized moments in ferromag-
netic or anti-ferromagnetic order depending on the moment of the localized ions, kr and lattice
parameters (i.e. position of the localized f ions). Therefore, the RKKY interaction favours a
magnetic ground state.

1.2.3 Doniach phase diagram

From the discussion in the preceding sections it is clear that the Kondo and the RKKY inter-
actions favour ground states of opposing nature, i.e., non-magnetic and magnetic, respectively.
Therefore, the competition of the two interactions becomes crucial in determination of the overall
physical properties of Kondo lattices or heavy fermion systems. This competition was beautifully
summarized in 1977 by S. Doniach in his famous Doniach phase diagram [24], shown in figure

This diagram depicts the competition between the energy scales corresponding to the Kondo
(Tx ~ N(e)~ e //N( ) and the RKKY (Trrxy o J2N(¢)) interactions as a function of strength
of the exchange/coupling constant and DOS at the Fermi level.

12
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Figure 1.7: Doniach phase diagram from Ref. [24]. The z axis represents the strength of the
exchange/coupling constant times DOS at the Fermi level. The y axis represents the energy scale

in terms of temperature

The RKKY interaction dominates for weak exchange coupling, i.e., JN(¢€) less than a critical
value J.N(e), resulting into a magnetic ground state. For strong exchange coupling, i.e., JN(¢) >
JeN (€), the Kondo effect dominates, resulting in the formation of coherent Kondo singlets at low
temperatures, i.e., the non-magnetic Fermi-liquid state. A continuous variation of JN (€) from weak
to strong coupling regime changes the ground state of the Kondo lattice system from magnetically
ordered to a non-magnetic Fermi-liquid state that occurs through a continuous or second-order
phase transition at J = J.. Such a continuous phase transition at the absolute zero temperature is
known as a quantum phase transition and occurs at the quantum critical point (0 K, J.N(€))(see
fig. . Experimentally, the QCP can be achieved by tuning the exchange coupling constant using
a non-thermal parameter such as pressure, magnetic fields, uniaxial-stress, or chemical substitution.

In the vicinity of a quantum phase transition, novel exotic states of matter arise. Next, I shall
discuss the exotic physics that arises near a QCP.

1.2.4 Quantum criticality

In the Kondo lattice systems, a quantum phase transition (QPT) usually separates an ordered state
from a disordered one, such as a magnetically-ordered state from a magnetically-disordered state.

Generally, a continuous phase transition is identified with a finite order parameter in the or-
dered state that vanishes across the transition into the disordered state. As T — T, the system
approaches classical criticality and thermal fluctuations of the order parameter grow in the vicinity
of the critical point and become long-ranged and diverging at a classical critical point, i.e, T = T..
The green shaded region in Fig. depicts the growing thermal fluctuations of the order parameter
at the classical order-disorder transition boundary as classical criticality is approached.

On the other hand, for temperatures significantly smaller than T, thermal fluctuations (~ kpT)
become comparable/smaller than quantum fluctuations arising due to the Heisenberg uncertainty
principle given by

AE = hw~ I, (1.12)

Te

where 7. is the decay time scale associated with quantum fluctuations.
As T — 0, quantum fluctuations dominate over thermal fluctuations, Aiw > kgT, and, thereby,
become the driving force of the associated quantum phase transition [28] 29]. At T' = 0, the critical
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Figure 1.8: Phase diagram for a strongly correlated electron system showing a QPT. The black
dotted line depicts the quantum critical region. The orange solid line depicts a classical phase
transition and corresponding thermal fluctuations are shown by the green shaded region (see text
for details).

value of the non-thermal tuning parameter where quantum fluctuations diverge is known as the
quantum critical point (QCP) [30} 31l 32} 33, 34].

The region of enhanced quantum fluctuations or the ‘zero point motion’ in the vicinity of the
QCP is known as the quantum critical region. This region houses rich exotic physics in form of a
quantum matter. For instance, the interaction of quantum fluctuations with Fermi-liquid quasipar-
ticles leads to a deviation from the Fermi-liquid behavior to a non-Fermi liquid behaviour [35, [36]
observed in various physical properties, such as
1. Resistivity : p(T) = po + AT™ where 1 <n < 1.5,

2. Specific heat : C' o< —InT
3. Susceptibility : x ~ xo (1 — ¢(T/Tp)).

Moreover, in very clean samples, unconventional superconductivity has been observed near the
QCP [37,38]. Several other exotic novel phases, like electron-nematic state [39, [40} 411, 42} [43], have
also been observed in the vicinity of the QCP. The possibility to explore such rich quantum states
of matter makes QCP’s a central topic of research in modern condensed matter physics. Another
related problem is to understand how enhanced quantum fluctuations lead to exotic novel phases.
In this regard, heavy fermion systems are an ideal playground to study quantum criticality. As
illustrated in Doniach phase diagram, heavy fermion systems can be conveniently driven across a
QCP. And for this purpose, magnetic field, in particular, is a rather convenient/clean parameter for
investigation, as it can be varied continuously to tune the same system across the QCP to different
quantum states.

Before moving to investigations of heavy fermions, I shall discuss theoretical models dealing
with the physics close to a QCP. While there is some consensus in this regard, a generalized
understanding is still elusive.

Types of Antiferromagnteic QCPs

Currently, the physics close to a QCP separating an antiferromagnetic state from the heavy Fermi-
liquid /Kondo state is understood by classifying the QCPs into two different classes. The first one
is the local or Kondo-breakdown type, and the second one is the spin density-wave type QCP.

14
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1. Local or Kondo-breakdown type QCP

The local or Kondo-breakdown type QCP refers to a quantum criticality scenario, in which the
paramagnetic Fermi-liquid state abruptly breaks down when a system crosses the QCP and enters
into the antiferromagnetic state [30} [44], 45}, [46].

Local critical type QCP

‘Small’ FS ‘Large’ FS

/- Itinerant

Temperature

QP JN(e)

Figure 1.9: Local or Kondo-breakdown type quantum critical point. The Fermi surface and the f
electron character change abruptly across the QCP.

The Kondo state breakdown is accompanied by a change in nature of the f electrons. From
being itinerant in the Fermi liquid state due to hybridization with the conduction electrons, the f
electrons decouple from the conduction band and become localized at the ionic sites upon entering
the magnetically ordered state. As a consequence of localization, the f electrons cease to contribute
to the Fermi surface leading to an abrupt reconstruction of the Fermi surface, i.e., from a ‘large
Fermi surface’ corresponding to itinerant f electrons to a ‘small Fermi surface’ corresponding to
localized f electrons. Furthermore, at the Kondo breakdown type QCP, the effective masses of
quasiparticles diverge everywhere on the Fermi surface. A schematic phase diagram for the Kondo-
breakdown type QCP is shown in Fig.

2. Spin Density Wave (SDW) type QCP

The SDW type QCP refers to a quantum criticality scenario, in which the transition from the heavy
Fermi-liquid state to the antiferromagnetic magnetic state does not break the heavy quasiparticles
abruptly, which remain intact upon crossing the QCP.

Across a SDW-type QCP, the f electrons remain itinerant and the Fermi surface largely un-
changed. Fluctuations of the antiferromagnetic order parameter take prominence close to this
QCP. The f itinerant antiferromagnetic phase in the vicinity of such a QCP is described in terms
of a spin-density-wave order of the heavy quasiparticles of the paramagnetic state. The theoretical
description is based on itinerant spin-fluctuation theory [47, 48, [49, 29, [50]. In this scenario, the
effective masses diverge only on certain portions of the Fermi surface connected by the antiferro-
magnetic wave vector, i.e, the so-called hot-spots. The effective masses of quasiparticles on the
rest of the Fermi surface remain unchanged. A schematic phase diagram for the SDW type QCP
is shown in Fig. [1.10

Since the Fermi surfaces with itinerant and localized f electrons possess different size and
morphology, the two types of quantum critical points can be easily distinguished experimentally by
performing Fermi surface studies across QCP. Similarly, the variation of effective masses across the
QCP can also help in distinguishing the type of QCP. To this effect, Fermi surface studies based on
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Figure 1.10: Spin density wave type quantum critical point. The Fermi surface and f electron
character remain unchanged across the QCP.

quantum oscillations have proved to be of extreme importance [51, 52, [53]. As will be discussed in
detail in the following sections, using quantum oscillations, the morphology of complicated Fermi
surfaces, the quasiparticle effective masses, and several other important parameters such as the
scattering length and the mean free path can be determined.

1.3 Probes to investigate heavy fermions

Several experimental probes are generally used to investigate various aspects of heavy fermions.
Here I discuss the various probes used during this thesis.

1.3.1 Fermi surface studies and quantum oscillations

In the simplest of terms, quantum oscillations are periodic oscillations of the electronic density of
states at the Fermi-level in magnetic fields. Quantum oscillations, therefore, naturally manifest
themselves in every physical property that is directly or indirectly linked to the electronic density
of the states at the Fermi level, like resistivity, magnetization, elastic constants, etc.

Landau quantization and the Onsager relation

Quantum oscillations are a direct consequence of the quantization of electronic energy levels in an
applied magnetic field, and can be directly deduced from the electron motion in a magnetic field
using a semi-classical approach and the Bohr-Sommerfeld quantization of the electron orbit [54]

[55].

Motion of an electron in magnetic-field

For an electron moving in an uniform magnetic field (B), the equation of motion in the semi-
classical approach can be simply written as the rate of the change of momentum (hk) due to the
Lorentz force

hk = —evp(k) x B (1.13)
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Here, e is the electronic charge, k is the wavevector representing the electron and vg is the Fermi
velocity deduced from the energy dispersion (e — k) relation as
1 Oe(k)

ve(k) =5 5y,

(1.14)

The Lorentz force acts perpendicular to the electron motion and does zero work on it. Therefore,
the electron energy ¢ remains constant even as k changes with time as it traverses a trajectory in
a magnetic field. Also, from eq. vp is the gradient of constant energy surfaces, and, since
k is perpendicular to vp, this 1mp11es that k& must be tangential to the constant energy surface.
Further, % is also perpendicular to B. Therefore, it follows that the end of the k vector traces out
an orbit, which is the intersection of constant e surface and a plane normal to B. This trajectory
of electron motion can be obtained by integrating the equation [[.13] with respect to time

h(k} - k()) = —G(R — Ro) X B, (1.15)

where R is the position vector of the electron in real space. Eq implies that projection of the
classical trajectory on to a plane normal to B is a scaled version of its trajectory in the k space
with a 90° tilt, as shown in Fig. [L.11ja) and (b).

The electron traces this orbit periodically with an angular cyclotron frequency, w., which can
be calculated by substituting vp from eq. into eq. as

h2
at = e(gmdk(exB))dk

_h? dk dk
eB (Ak’
h2 dk.AK

Here, k' is the component of k normal to B and r is the component parallel to B. Ak’ is the
change of the normal component k" over a time A¢. Ak is the change from one constant energy
surface at e(k) to another constant energy surface at € + Ae(k + Ak). dk.Ak], corresponds to an

area element AS,, traced over a time dt [see fig. |1.11|(c)].
Integrating eq. over the whole orbit gives the time period T' = 27 /w,

2reB  0S

we =2 /(G0 n (1.17)

Now, according to the Bohr-Sommerfeld quantization rule the resulting semi-classical orbit is quan-
tized [I.1§] as following

j{p.dq = (r++)27h (1.18)

In our case, the canonical momentum is p = hk — eA, where A is the vector potential defined as
B =V x A, and the canonical position is ¢ = R’, where R’ is the projection of the real space orbit
on the plane perpendicular to B. Therefore, substituting these two in eq. we have

f(hk‘ —eA).dR' = (r +v)2rh (1.19)
From eq. substituting hk = e (R X B)

y{(R x B).dR' — fA.dR’ (r +’y) 2mh (1.20)

Using Stokes theorem ¢ A.dR' = [((V x A)dS = [, B.dS, we have

B.j((R x dR") — /SB.dS = (r+7)@ (1.21)
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(b) B //k,

Figure 1.11: Motion of an electron in a plane perpendicular to the magnetic field in an orbit in (a)
real space and (b) corresponding motion in k-space, which is a scaled version of the orbit in real
space with a 90° tilt, as discussed in the text. (c) area AS,, between n — 1" and n'* levels traced
by the electron at a fixed k.
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Now, §(R x dR') = 2a, where a is the area of the orbit in real space. Therefore, we have

2mh

B.2a — / B.dS = (r+~)— (1.22)
S e
| ¢ B.dS = B.a is simply the magnetic flux ¢ through the orbit, which gives
21h
20—¢ = (r+7)-——
2mh
= ()= (1.23)

Equation implies that the motion of an electron in a magnetic field is quantized into orbits
in real space such that the magnetic flux through these orbits is a multiple of the universal quantum
of flux (27h)/e.

This quantization of the electron orbit can be obtained in the reciprocal or k space by a simple
transformation, using equation [I.13] which can be rewritten as

dr h (dk

For a infinitesimally small change of position over a time At, dr/dt = Ar/At.

h
Ar = —EAk (1.25)

h 2
an = <eB> S, (1.26)

where a,, is the area in real space and S,, is the area in k space.

A 2
= B. (&B) Sh, (1.28)

= (Z)Q ésn (1.29)

Using eq. we obtain the renowned Omnsager relation for the electron orbit quantization in
k-space as
Sp = (n+ 7)2—7;B (1.30)

The above equation implies that in k-space, for a fixed quantum number n and a magnetic field
B, the electrons move in an orbit of a fixed area S, = S, on a particular constant energy surface.
The section of the plane normal to the magnetic field taken at a certain x (component of k parallel
to field) on a constant energy surface determines € of S, area orbit for that particular constant
energy surface, as shown in Fig. [I.12|a). Variation of £ (implying k) will give such plane sections
of area S, on different constant energy surfaces. These plane sections, lying on discrete constant
energy surfaces, can be visualized as a tube of the cross section area S,, and co-axial with the field
direction, as shown in Fig. m(b)

Similarly, for the fixed field B, such tubes with different cross-sections can be visualized for
different quantum numbers. This family of tubes is referred to as the Landau tubes. These Landau
tubes are just an extension of Landau levels, which, at a fixed x, can be visualized as discrete
energy levels lying on successive Landau tubes. To sum up, the Onsager relation states that the
permitted electronic states in k-space lie on Landau tubes.
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Figure 1.12: Simplified visualization of a Landau tube in k-space for a free electron gas. (a) A
section of an orbit of area S, taken at kK = k, on the constant energy surface €,. (b) Similar
sections of area S, at different x’s on different energy surfaces. A tube of the area S, can be
visualized along the black dotted lines.

Landau tubes for a Free electron gas

For the free electron gas, the Landau tubes are coaxial cylinders parallel to magnetic field, as shown

in Fig. [[.13] The constant energy surface for the free electron gas is a sphere in k-space given as
h2k?

- 1.31
2o (1.31)

€

where k% = k2 —i—ki +k? is the square of the Fermi wave vector. Now, for the simple case of magnetic
field along the k, direction, k, = k. The intersection of constant energy sphere with a plane section
at x will be a circle of the area S,, = (k2 + kz) The free electron energy can then be written as

[ AC
=—| = 1.32
€= Y < T > (1.32)
Using the Onsager relation for S,,, we get

h2k?

e=(n+1/2) BB+ g (1.33)

where Sy = eh/mogc. Substituting e(k) from eq. into eq. we obtain the equation for

Landau tubes as )

h
g (B T Ry) = (n+1/2)foH (1.34)

The energy difference between two neighbouring Landau levels, i.e., at a given k and for the
successive quantum numbers n and n 4+ 1 can be obtained from Onsager relation and eq. as

(Ae)an=1 = <a€> ] (AS) An—1

oS

2meB [ Oe
- 5 (),
= hwe (1.35)
= fB, (1.36)
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Figure 1.13: Landau tubes as a set of coaxial cylinders parallel to B for a free electron gas.

2 .
where 5 = %, and m = g—ﬂ (%)K is the cyclotron mass.

Quantum oscillations

The Onsager relation states that for a fixed x and n, the cross-section of a Landau tube S, is
proportional to the applied magnetic field B. At the Fermi surface, the cross-section of the Landau
tube is equal to the extremal cross-section of the Fermi surface (Sez:) perpendicular to the magnetic
field direction.

Therefore, if n'* Landau tube at a magnetic field B,, coincides with the Fermi surface, i.e.,
Sn = Sezt, then we have

Sh 2me

B = (n—i—’y)? (1.37)

Now with increasing magnetic field, the area of Landau tubes will increase such that at a higher
field B,.1, the n'" tube will cross the Fermi surface, while its immediate neighbor, the (n — 1)
Landau tube, will coincide with the Fermi surface, i.e., S;,_1 = Sezt. Thus we have

Snt1 2me
=—(mn+1+ 1.38
pt = o 149) (1.38)
Since at the Fermi level, S,, = S,,_1 = Sezt, subtracting the above two equations, we get
1 1 2me
S —_— | = —
ext <Bn+1 Bn> i
( 1 1 ) _ 2me
Bn Bn+1 hSe:rt
1 2me
Al=] = 1.39
(5) = e, (139

This implies that equal increments in 1/B will produce orbits of the same size, Se;r. In other
words, the occurrence of the Fermi surface extremal orbit (frequency) is periodic in 1/B. In terms
of the occupancy of the electronic states, according to the Fermi function, only the states below
the Fermi level are occupied. Thus, with increasing magnetic field, as each Landau tube crosses
the Fermi level ep, it will empty the electronic density onto the neighboring Landau tube just
below er. Therefore, the passage of consecutive Landau levels across the Fermi surface will cause
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a discontinuity in the density of states at the Fermi level with a periodic occurrence at A(1/B)
intervals. These periodic variation of the density of state at the Fermi level is known as the quantum
oscillations. The corresponding frequency F' is given by the Onsager relation as

_ hSewt
2me

F

(1.40)

Spherical Fermi surface Complicated Fermi surface

(b) 3

(a)

B —— 1/B

Figure 1.14: Quantum oscillations as a function of 1/B corresponding to (a) a spherical Fermi
surface comprises of only one frequency (b) while a complicated Fermi surface (real system) com-
prises a superposition of multiple frequencies (the oscillations shown are not exact for FS but only
a representation).

For a spherical Fermi surface, there is only one extremal orbit and, therefore, its quantum
oscillations have only one frequency [see Fig. a)]. For real systems, the Fermi surface is often
more complicated due to the presence of multiple bands, and more than one extremal orbit are
possible in the direction perpendicular to the field. Therefore, quantum oscillations observed for
such a Fermi surface will be a superposition of several frequencies, as shown in Fig. b).

Each frequency of quantum oscillations is directly proportional to an extremal cross-section of
the Fermi surface perpendicular to the applied magnetic field. Therefore, a Fermi surface can be
mapped exactly by measuring quantum oscillation as a function of the of magnetic field orientations,
as shown in Fig. As evident from Fig. a) and (c), for spherical Fermi surface, the only
quantum oscillation frequency remains unchanged for any orientation of the magnetic field. On the
other hand, cylindrical Fermi surface, such as shown in Fig. b), the single quantum oscillation
frequency smoothly evolves with the field orientation, as shown in Fig. c). Anisotropic Fermi
surfaces usually have more than one frequency.

Every physical property dependent on the electronic density of states at the Fermi level, such
as resistivity, magnetization and elastic constants (where electron-phonon coupling leads to QOs),
inherently show quantum oscillations when measured as a function of the magnetic field. There-
fore, by measuring such physical properties, the morphology of complex Fermi surfaces can be
experimentally mapped.
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Figure 1.15: Fermi Surface topology of (a) a spherical and (b) a cylindrical Fermi surface determined
through the angular variation extremal orbit in a direction perpendicular to magnetic field.

The de Haas-van Alphen effect

As discussed in the previous section, Landau quantization leads to quantum oscillations of the
electronic density of states at the Fermi level that are reflected in most of the physical properties.
The Quantum oscillations observed in magnetization, are known as the de Haas-van Alphen (dHvA)
effect. The dHvA oscillations are described by the famous Liftshitz-Kosevich (LK) [56, 57] formula
(eq. |1.44). The LK formula can be conveniently deduced from fundamental thermodynamics (see
Ref. [54] for details). Magnetization, being a thermodynamic quantity, can be deduced from the
thermodynamic potential €2 of a system defined as

Q=F— N, (1.41)

where ( is the chemical potential, IV is the number of electrons, F' = F — T'S is the free energy, F
is the internal energy and S' is the entropy of the system.
The vector magnetic moment can then be obtained as the derivative of {2 at constant ¢

M = — (gradp®), (1.42)

Individually, the components of magnetization parallel, M|, and perpendicular, M, to B are
obtained as

My = —(09/0B)
M, = —%(39/09)4,3. (1.43)

Here, 6 is the angle specifying the direction of field in the plane in which 2 varies the most rapidly
with the direction of field.

Lifshitz-Kosevich formula

The LK formula gives the oscillatory part of the magnetization (M,s.). Basically, M,z comprises
of a summation of dHvA oscillations corresponding to all the extremal cross-sections of the Fermi
surface as well as their harmonics.

-1 . 27TT'F¢
Moo = ZZ (7“3/2141‘ sin < 5 + ﬁi> (1.44)

i

Here, the summation running over i adds the dHvA oscillations F; corresponding to the i*" extremal
orbit of the Fermi surface. The summation running over r encompasses higher harmonics of the
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fundamental dHvA oscillations frequencies, F;’s. f3; is the phase shift. A; is the amplitude of the

ith oscillation given as
~1/2

5/2VF‘Bl/2
€ RrRpRs, (1.45)

(2h)1/275/2m

9%S;
OK2

A=

where V is the volume of the sample, and )%2:;1' ‘ is the curvature factor that refers to the change of

the cross-section area around the extremal orbit along the direction of the field. Therefore, while
9%8;
Ok

for a cylindrical Fermi surface,
’3251-
Ok2
The multipliers Ry, Rp and Rg are known as the reduction factors, and are responsible for
damping the amplitude of dHvA oscillations. Ry is the temperature reduction factor, Rp is the
Dingle reduction factor and Rg is the spin damping factor. Each of these factors will be indepen-
dently discussed in the following sections.

is small, leading to quantum oscillations with large amplitude,

is large for a pancake like Fermi surface, resulting in smaller oscillations amplitude.

1. Temperature reduction factor (Rr)

The temperature reduction factor, Ry, refers to the effect of a finite temperature in smearing the
amplitude of quantum oscillations and is given as

A
= — 1.4
By sinh(7 ) (1.46)
_ 2m2rkgT /BB (1.47)
sinh(272rkgT/BB) '

Here A = 27rkpT /BB is the amplitude smearing factor, where g = fnh*, with m™* being the quasi-

particle effective mass renormalized by electron-electron and electron-phonon interactions.
For A = 2nrkgT/BB < 1,

RT%1

This implies that for m* ~ mg, Ry approaches unity at low temperatures and high fields. Also, Ry
is almost temperature independent at low temperatures. On the other hand, for A = 2nrkpT /5B >
L,
_ 472"”kBT6—27r2rkBT/BB
BB ’

implying that for enhanced effective masses, the temperature reduction factor exponentially damps
the dHvA amplitude even at low temperatures.

The temperature reduction factor with relevant parameters can be written in a simplified form

Rt

as
arm*T /B

Rr = sinh(arm*T/B) (1.48)

where o = 2”62% ~14.69 T/K

The temperature dependence of the reduction factor Ry for different effective masses m* (rang-
ing from 1— 100 my) is shown in Fig. It is evident, that high magnetic fields and low temper-
atures are necessary to observe quantum oscillations corresponding to higher effective masses. For
instance, in a commercially available superconducting magnet reaching upto moderate fields, say 18
T, quantum oscillations corresponding to very small effective masses, m* ~ 1 — 2 mq, can be easily
observed at *He temperatures, while atleast 3He temperatures are necessary to observe oscillations
for m* ~ 10 my [Fig. [1.16{a)]. Even lower temperatures are needed, such as in the range of a
dilution refrigerator temperature or lower, to observe quantum oscillations corresponding to still
higher effective masses, i.e., m* >~ 100 mg. In a resistive or hybrid magnetic reaching upto higher
fields, say 40 T, these quantum oscillations can be observed at higher temperatures as shown in

Fig. (b).
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Figure 1.16: Temperature reduction factor to the dHvA amplitudes with different effective masses
as a function of the temperature at two different magnetic fields (a) B = 18 T and (b) 40 T.
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Effective masses

The effective masses corresponding to the dHvA oscillations can be experimentally determined as
a consequence of the temperature reduction factor, since

A(T) = Ay Ry (1.49)

where A(T) is the dHvA amplitude at temperature 7" and Ay is the amplitude at the lowest
temperature. A fit based on eq. to the temperature dependence of dHvA amplitudes gives the
effective mass as a fitting parameter.

2. Dingle reduction factor (Rp)

The Dingle reduction factor refers to the effect of scattering on the dHvA amplitude. Due to
the scattering of electrons, either because of impurities or otherwise, there is an associated finite
relaxation time, 7. As a result, the Landau levels are broadened according to the uncertainty
principle. And the ‘Dingle’ reduction factor Rp due to the level broadening is given as

2n?rkpT,
Rp = emp(—%)
_ _2772rk:BTDm*
= g )
= e$p(_4arn;7TD)’ (1.50)
where Tp = 2&5% is known as the Dingle temperature.
1.0 T T T T T T T T v T ' T ' T
| —7,=01K _
mT=om
08} — TD =0.5K 0
_ T =1K
—7T7 =5K
0.6 D .
A

& 04}
0.2+

0.0
0 5 10 15 20 25 30 35

Magnetic Field (T)

Figure 1.17: Dingle reduction factor as a function of magnetic field for a dHvA frequency with
m* = bmyg at a few different Dingle temperatures.

The Dingle reduction factor as a function of magnetic field for an orbit with m* = 5myg at
a few different Dingle temperatures is shown in Fig. It is evident that the amplitude of
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dHvA oscillations at a constant field is diminished with increasing the Dingle temperature, i.e.,
increasing electronic scattering. This implies that the Dingle temperature has an effect on the
dHvA amplitude equivalent to an increased temperature, T, = T'+ Tp. In this regard, the Dingle
temperature becomes a rather important parameter to infer the quality of the sample depending
on impurity scattering. It is pertinent to have samples with Tp as small as possible to observe
quantum oscillations. Further, higher fields are needed to observe quantum oscillations in ‘dirtier’,
samples, i.e. with a higher Tp.

Experimentally, the Dingle temperature of an orbit can be determined from the magnetic field
dependance of its dHvA amplitude. Using eq. and eq. we have

m*T/B arm*Tp

A; o< BY?
> sinh(arm*T/B) exp( B

) (1.51)

At a fixed temperature T, for an orbit with the effective mass m*, the dHvA amplitude will be

A o -1/26%P (—arm*Tp/B)

1.52
sinh(arm*T/B) (1.52)
Eq. can be rewritten in the so-called Dingle plot [see Fig. [1.18] form as
*T 1
In [A(B)Bl/zsinh <am )] = fozm*TDE + const. (1.53)

Slope =-am* T

In[AB"*sinh(oun*T/B)]

0.034 0.035 0.036

1/B

Figure 1.18: The evolution of dHvA amplitude with magnetic field plotted as the so-called ‘Dingle
plot’.

0.032 0.033

The Dingle temperature can then be determined from the slope of ‘Dingle-plot’ as

Ty = Sl‘”’i (1.54)
—Qam
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Apart from the indication of the sample quality, the electronic mean free path, | = vpT = Zc—f
corresponding to individual orbits can also be deduced from the Dingle temperatures

hrk
(= (1.55)
2rkpm*Tp
Since Sezt = Wk%, using Onsager relation, the mean-free path can be re-written as
h? 2
l “F (1.56)

= Ymkpm*Tp V1

The Dingle reduction factor is not renormalized by the many-body interactions.

3. Spin reduction factor Rg

The final reduction factor of the dHvA amplitude is the spin reduction factor Rg [58]. In an applied
magnetic field, the spin degeneracy of the energy levels is lifted as

€+ %Ae, (1.57)

where € = %gﬁoH with By = ngc = 2up (pp is the Bohr magneton). g is the Lande spin splitting
factor, taken as 2 for free electron.

This splitting of an energy level is equivalent to a phase difference (¢ = ﬁAT;) between the
oscillations arising from the spin-up and spin-down electrons. Such a phase difference leads to a
reduction of the dHvA amplitude. The overall amplitude of the oscillations will a superposition
of amplitudes from spin-up and spin-down multiplied by the spin reduction factor, which, for rt"

harmonic can be written as

Rs = cos(rm¢/2)

The dHvA amplitude vanishes when the contributions from the two spins cancel each other.
This is known as spin zero. The value of g can be determined from spin zero positions.

Apart from the above mentioned reduction factors, the sample and field inhomogeneity also
lead to reduction of the dHvA amplitude.

Conditions for dHvVA oscillations

Different reduction factors impose certain conditions that must be fulfilled to observe dHvA oscil-
lations. These conditions are listed below.

1. Low temperature and high fields: At a finite temperature T', due to the thermal excitations
kT, quasiparticles in states just below the Fermi-level are excited to states just above the Fermi
level. This leads to the broadening of the density of states at the Fermi level. Unlike at T = 0,
as a particular Landau level crosses the Fermi surface, the quasiparticles do not move abruptly
to the Landau level just inside the Fermi surface, but rather gradually as the the Fermi level is
broadened. Thus, for a discontinuity in electronic density of states to occur at the Fermi level, the
temperature broadening kg7 of the Fermi level must be much smaller than the distance between
two consecutive Landau levels hw,, i.e.,

kT < hw, (1.58)
which can be re-written as B -
m KB
Z 1.59
T he ( )

28



1.3. PROBES TO INVESTIGATE HEAVY FERMIONS

2. High quality samples: To observe quantum oscillations, the electron should be able to
perform at least one cyclotron motion during the relaxation time, i.e., w.m > 2w. This imposes a
restriction on impurity scattering and, thereby, on the sample quality as

2mm*
eB

(1.60)

In summary, the dHvA effect provides significant information about the electronic states in the
vicinity of the Fermi energy. Information such as the Fermi surface morphology, effective masses
are extremely useful to study quantum critical phenomenon on heavy fermion systems.

1.3.2 Heat capacity

Heat capacity is a direct thermodynamic response (AT) of a system to a supplied energy (AQ)
and is given as
AQ

C= i AT (1.61)

It is a classical probe to measure excited states of a system in a relevant temperature or energy
range.

In a metal, the electronic contribution (C. = «T') to heat capacity becomes significant only at
low temperatures where the lattice (phonon) vibrations start freezing and the phonoic contribution
(Cpn = BT 3) becomes very small. If a magnetically ordered state occurs in the system, an additional
magnetic contribution C},q4 is added to the heat capacity as

C = Co+ Cpp + Crnag (1.62)

The magnetic contribution is usually approximated using various models accounting for magnon
and spin density wave terms.
In the electronic contribution C, = 7T, v is known as the Sommerfeld coefficient given by
. 7T2 Nok‘%

- 1.63
1= e, (1.63)

Since the Fermi energy is inversely proportional to the mass of the particles, we have
Y X m (1.64)

Therefore, the Sommerfeld coefficient is a direct indicator of the thermal effective masses of quaipar-
ticles. Particularly, for heavy fermions, huge effective masses, which cannot be observed through
quantum oscillations (due to the limitations discussed in previous sections), can be accounted for
through the Sommerfeld coefficient. Therefore, v, is an extremely important indication of the
strong electronic correlations.

Furthermore, heat capacity measurements can act as a complimentary probe to establish if the
Fermi surface is thoroughly determined through quantum oscillations or parts of it are missed, by
comparing the sum of effective masses of individual orbits obtained through quantum oscillations
with the thermal effective mass deduced from .

The most significant use of heat capacity is to experimentally identify and characterize thermo-
dynamic phase transitions. Thermodynamic transitions involve an entropy change (for an ordered-
disorder transition) or a latent heat change, which appears as a distinct feature in heat capacity.
Therefore, heat capacity is often used as a classical probe to not only detect thermodynamic phase
transitions, but also to establish order of the phase transition. A first-order thermodynamic phase
transition manifests itself as a sharp d-function like anomaly due to the involvement of the latent
heat, while a second-order transition manifests itself as a distinct A-like feature, as shown in Fig.

19
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(a) (b)

_—

T T

Figure 1.19: Schematic representation of (a) a first-order transition as a d-like feature and (b) a
second-order transition as a A-like feature in specific heat.

1.3.3 Elastic constants

Similar to heat capacity, elastic modulus of a material is also a thermodynamic quantity. But,
instead of supplied heat, elastic constants are a response to applied strains and can be obtained as
the second-derivative of the free energy of a system, i.e.,

_d*F

T de

(1.65)

where c is the elastic constant, F' is the free energy of the system, and e is the applied strain.

Usually, the electronic character of a system is coupled, up to a certain degree, to the crystal
lattice due to electron-phonon coupling. In cases where this coupling is strong enough, the electronic
properties can be detected as a lattice response using dilatometric probes.

The remarkable aspect of the elastic response is that, a thermodynamic phase transition ap-
pears as a sharp, distinct anomaly in relevant elastic constants due to the strain-order parameter
coupling. Therefore, the symmetries of an order-parameter associated with a phase transition can
be determined. Furthermore, complex phase transitions that break only certain symmetries of the
underlying electronic-magnetic structure, such as the electronic-nematic or exotic metamagnetic
transitions, can also be studied as structural, magnetic, etc. degrees of freedom couple to specific
elastic constants. Therefore, probing elastic properties is a vital tool to investigate intricate aspects
of unknown phase transitions in heavy fermion systems.

Before moving to a discussion on how to investigate heavy fermion physics using elastic proper-
ties, I shall briefly discuss elastic constants of a tetragonal lattice, in which numerous heavy fermion
materials crystallize. Further, I shall also discuss how an elastic constant or a combination of them
can be measured using characteristic elastic waves.

Elastic constants for a tetragonal lattice

The elastic stiffness constants or simply elastic constants of a crystal lattice can be obtained from
its response to elastic waves using the Hooke’s law;

o = ce, (1.66)

where o is the stress, c is the elastic stiffness constant, and e is the elastic strain.
According to the Hooke’s law, the strain-stress relation for a cubic lattice is written as
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X = Cuezge + C’1263,(1/ + Cize.. + C’1463,/,2 + Ciser + 0166901/
Yy = C91€ze + Co Eyy T Caze.. + 024eyz + Cosezr + C126€my
Z, = (31 + O3 Cyy T Csze.. + C34€yz + COssezp + 0366901/
Y. = Cuerr + Caeyy + Cuze.. + Cuey. + Cusespy + Chgeyy
Zy = OCsiezge + Cs Eyy T Csze.. + 054€yz + Cssezr + 0566xy
Xy = GCereee + Co2eyy + Cgze. + Cosey: +  Coseze +  Coolay

Here the quantities on left hand side are stresses, in which the capital letter denotes the direction
of the force, and the subscript denotes the normal to the plane to which the force is applied. For
an elementary cube, there are six independent stress component denoted by X;,Y,, Z.,Y,, Z,, X,.

The infinitesimal elastic change in length along the direction of applied stress is the elastic
deformation or strain denoted by €,g, where o, 8 = x,y, z such that the displacement along the z,
y, and z direction are u, v, and w, respectively. Therefore, we have the strain components defined
in terms of elastic deformations as

ou
Cxx = €xx = 87:6
_ ov
Cyy = Cyy = @
ow
€2z = €zz = E
ou Ov
eaijEyg;‘i‘ny = 87y+671‘
ov  Ow
ey3563y+€yz = &‘f—aiy
ou Ow
Cop = €xp + €z = & + 87']; (167)

Finally, the 36 quantities, C;; (where ¢, = 1,2,3,4,5,6) are known as the elastic stiffness
constants or moduli of elasticity and are inverse of elastic compliances or elastic constants.

For a particular lattice system, the elastic stiffness constants can be written as a tensor of rank
3. The C; ; are symmetrical, and thus the number of independent C; ; decrease from 36 to 21.

The number of C; ; is further reduced depending on the symmetries of the concerned crystal
structure. For a cubic crystal symmetry, there are only 3 independent elastic stiffness constants,
namely, C11, C19, Cyq which can be written in a matrix form as

Xz Cii Ci2 Ci2 0 0 0 Exe
Yy 012 011 012 0 0 0 Eyy
Z, Ci2 Ci2 Ci1 O 0 0 €2z
Y, 0 0 0 Cu 0 0| | e (1.68)
Z, 0 0 0 0 Cu 0 ez
X, 0 0 0 0 0 Cu Cay

All the cerium-based heavy fermions belonging to the 115 and 218 families crystallize into a
tetragonal crystal structure. Unlike the cubic lattice, a tetragonal crystal has 6 independent elastic
stiffness constants namely, C11, Ci2, C13, Cs3, Ca4, Cgs and can be written in a matrix form as

X Cii Ci2 Ci3 0 0 0 €xz
Yy 012 011 013 0 0 0 Eyy
Z, Ciz3 Ci3 Cs3 0 0 0 €2z
Y. 0 0 0 Cu 0 0| | e (1.69)
Ly 0 0 0 0 Cuy 0 €2z
Xy 0 0 0 0 0 Cﬁﬁ Exy

These elastic stiffness constants can be probed independently or as a combination using elastic
waves that induce elastic deformations in the lattice.
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Let us assume that an elastic wave, such as an ultrasonic wave, induces a displacement ‘u’ along
the x-direction. Then, the equation of motion in the x-direction can be written as

2u  0X, 0X, OX.
— 1.
Por = oz "oy | os (1.70)

where p is the density and v is the displacement along the z-direction. Using eq. we have

9%u Otz

B O€,, O€y Oz
P ~ Ci1

Oeyy
O + Ch2 D +Ci3 o + Ces ay Y4 Opy—2 g

0%u 0%v 9w Pu O*w Pu O*w
= 01182+01288 + C13 z+066<2+$ )+C44<82 azax>

0%u 0%u 0? 0? 0?
aQJrC%a2+C44aZ+(012+066) . 2

= Oy (1.71)

Similar equations of motion can be written for displacement v along the y direction

o ov, oy, | ov.
P o or 8y | 02
861@ 0(Cr2ezs + Crieyy + Ci3e.z) 3€yz

Ox + oy + Caa 0z
8(6yg3 + G;Uy) n 8(012€I33 + Cueyy + Clgezz) 4

Ox y 0z
0%u 0%v ou? ov? ow? 0%v 0%w
= CﬁG(@@ +62>+C1288 +01132+01388

0%v Ov? 0%v 0%u 0w
@“‘CH@‘FCM@—F(012+C66)8x8y T

= Cegs

= Cep

= Cep

and displacement w along the z direction, respectively.

Fw _ 07, 07, 0.
Poer = o T oy T B2
— Cu ey +Cu aeyz + a(cl?ﬁzx + C(13€yy + 0336zz)
ox oy 0z
a(ezx + exz) 4 044 8(5231 + 6yz) n 8(01361‘1: + C'136yy + CBSGzz)

Ox oy 0z
O(€ze + €22) Oesy +ey2)  OCr35e + Crade + C3352)
e e +

Ox oy 0z

O( Qe + 9w NG+ 29)  9(Crade + Cragl + Caz%e)
= Opy—2_-9%2 1 Cy +
Ox oy 0z

Pw  Ow 0w 0%u 0%v
= cu (G + Gy ) O+ Curow (G5 + )

= Cuy

= Cu

(1.73)
Wave-equations of the form such as in eqn. and can then be solved to obtain

elastic constants in terms of the wave velocities for propagation in the high symmetry directions
for longitudinal or transverse particle motion as

C;; = pc? (1.74)

where c; is the wave velocity.
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Elastic constants in different ultrasonic modes
1. Propagation along the [100] direction

For propagation along the [100] direction, there are 3 possible ultrasonic modes, one longitudinal
and two transverse modes.

In the longitudinal mode, the particle displacement u is along the direction of the propagation,
i.e., [100] or z direction, and can be written as

u = ugexp t(Kx — wt), (1.75)

where K = 27/\ is the wavevector in the direction of the propagation, and w is the frequency.
Therefore, the wave velocity is ¢; = w/K.
Now, substituting eq. into eq. we get

pw2 = CHKz

Cn
cs = — 1.76
\/ P (1.76)

Z Z
(a) (b) z (¢
u || [001]
K| [100] K|/ [100] K || [100]
—— X X
. u| [100] S z
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» X 44
»X
Y
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Figure 1.20: Elastic wave propagating along the [100] direction induces elastic deformations given
by (a) Ci; for the longitudinal mode (b) Cgg for the transverse in-plane mode and (c) Cyy for
the transverse out of plane mode. For each deformation, the associated deformation/strain is also
mentioned.

In the transverse or shear mode, the particle motion is perpendicular to the direction of the
propagation. Therefore, the particle displacement can be either along the [010] or y direction or
along the [001] or z direction.

The particle displacement v along the y direction can be written as

v =1vgexp Kz — wt) (1.77)

and substituting eq. into eq. gives
pw® = Cgek*

Ces
cs = — 1.78
\/ P (1.78)
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Similarly, the particle displacement w along the z direction can be written as
w = wo exp t(Kx — wt) (1.79)

and substituting eq. into eq. [L.73] gives

pw® = CuK?

Cu
cs = — 1.80
\/ p (1.80)

The results for all the 3 modes for the propagation along the [100] direction are summarized in
Fig. It is evident that the elastic wave velocity for the longitudinal mode is a direct measure
of the Cy; elastic stiffness constant (see Fig. [1.20[(a)). On the other hand, the elastic wave velocity
for the transverse mode in the tetragonal basal plane gives the Cgg elastic stiffness constant (Fig.
[1.20(b)), while for the transverse mode out of the basal plane it gives the Cyy elastic stiffness
constant(Fig. [[.20(c)). C11 corresponds to lattice expansion/contraction along the [100] direction,
whereas Cyy and Cgg are symmetry breaking modes and can potentially be sensitive to monoclinic
and orthorhombic/rhombohedral lattice distortions, respectively.

Since in the tetragonal crystal symmetry, the directions [100] and [010] are equivalent, the
propagation along the [010] direction gives exactly the same elastic constants as those for the
propagation along the [100] direction.

2. Propagation along the [110] direction

Similar to the [100] direction, in case of the propagation along the [110] direction, there are also 3
possible ultrasonic modes, one longitudinal and two transverse modes.

For the particle motion in the tetragonal basal plane, the particle displacements in the direction
of propagation, i.e., [110], can be written as a linear combination of propagations along [100] and
[010]. Therefore, the two components of the particle displacement are

u = ugexpl(Kyz + Kyy — wt)]
= voexp[t(Kyz + Kyy — wt)] (1.81)

Now, substituting eq. into eq. and eq. gives
—pw2u = —CHK%UJ — CﬁﬁKzu — (012 + Cﬁﬁ)Kme’U
—pw*v = —CesKov— C11K v — (C12 + Cos) Ko Kyu (1.82)

The set of equations [1.82] can be solved simultaneously by equating the determinant to zero.
Using K, = K, = K/v/2, we have

pw2 _ (C11+Ce6) K> _ (C12+Cs6)K?
(C 2 2 2 2 :O (183)
_ (C124+Cs6)K pw2 _ (C11+g'66)K
2
Ci1+ Cee)K2\? [ (Ci1 + Ces) K2\
<pw2 _(Cu +2 66) > _ (( 11 +2 66) > —0 (1.84)

2 2 2 2
pr? ~ (Cn +2066)K ~ (Cn +2066)K )] pr? ~ (Cn +2(766)K n (Cn1 +2066)K ) _0
(1.85)
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Therefore, we get two solutions for the wave velocity. Either

1
pw? = 3 (C11 + Ch2 + 2C56) K2 (1.86)

1
cs = \/2_,0 (C11 + Ch2 + 2C6) (1.87)

which is the case for the longitudinal mode, i.e., the particle motion along [110] or

1
pw2 = 5 (011 — 012) K2
1
Cs = 2_/) (011 - 012) (1.88)

which is the case for the transverse mode in the tetragonal basal plane, i.e, the particle motion
along [110].

z 4 Z

(a) (b) (c) u | [001]

u | [1-10]
K RLIO
v ML10] v N 1
X X
u || [110] K[ [110] K[| [110]
z
Cr= Cag
(Cy - Cp)2
"X
(CpHCH2C)/2 Ex2.y2 Eypr Ex

Figure 1.21: Elastic wave propagating along the [110] direction induces elastic deformations given
by (a) (C11+ Ci2+2C66)/2 for the longitudinal mode (b) (C11 — C12)/2 for the transverse in-plane
mode and (c) Cy4 for the transverse out of plane mode. For each deformation, the associated
deformation/strain is also mentioned.

For the out of plane transverse mode, i.e., for the particle motion w along the [001] direction,
we have

w = wo expL(Kyz + Kyy — wt)] (1.89)
Substituting eq. [[.89] into eq. [[.73] we get
pw? = Cu(K2+ Kg)

e = M 1.90
’ (1.90)

The results for all the 3 modes for the propagation along the [110] direction are summarized
in Fig. The elastic wave velocity in the longitudinal mode gives a combination of the elastic
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constants C11, C1a, Cgg. On the other hand, the elastic wave velocity for the transverse mode in the
tetragonal basal plane gives the combination (C1; — Ci2)/2 (Fig. b)), while for the transverse
mode out of the basal plane it gives the elastic stiffness constant Cys (Fig. [1.21](c)).

3. Propagation along the [001] direction

For the elastic wave propagating along the [001] or z-direction, there are two possible modes, one
longitudinal and one transverse mode.

The transverse mode is equivalent to the out of plane transverse mode for the propagation along
[100] and [110] directions, and, therefore, the velocity gives the elastic constant Cyy.

In the longitudinal mode, the particle motion is along the [001] or z direction, and is given as

w = wp exptKz=eD) (1.91)

Now, substituting eq. into

pw® = CyK?

C33
cs = — 1.92
\/ p (1.92)

K || [001] u | [001]

7z

Figure 1.22: Longitudinal elastic wave propagating along the [001] direction induces an elastic
deformation given by Cs3. The associated deformation/strain is €.

Therefore, the velocity of the longitudinal elastic wave propagating in the [001] direction directly
gives the elastic stiffness constant Css, and the corresponding deformation is shown in Fig.

Finally, the effective elastic stiffness constants corresponding to different ultrasonic modes for
a tetragonal lattice can be summarized in the Table

These elastic constants obtained from different elastic modes can help in determining the sym-
metry of the order parameter of a transition which is a vital information in understanding its
origin.
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1.3. PROBES TO INVESTIGATE HEAVY FERMIONS

Elastic Stiffness Constants Table
Ultrasonic Mode | Propagation Polarization Effective Elastic Stiff-
Direction (k) Direction () ness Constant
Longitudinal [100] [100] Cui
Transverse [100] [010] Ces
Transverse [100] [001] Cua
Longitudinal [110] [110] (C11+C12+2C66) /2
Transverse [110] [1-10] (C11-C12)/2
Transverse [110] [001] Cuq
Longitudinal [001] [001] Cass

Table 1.1: Effective elastic stiffness constants obtained for different ultrasonic modes in a tetragonal
lattice. The first column mentions the longitudinal transverse nature of the ultrasonic mode. The
second and third columns depicts the directions of propagation and polarization, receptively. The
corresponding elastic constant are listed in the fourth column.

1.3.4 Magnetization

Similar to heat capacity and elastic constants, magnetization is also a thermodynamic response of
a system and can be defined as the derivative of the free energy (F') with respect to magnetic field
at constant temperature, volume and chemical potential

M = (dF> : (1.93)
dB T.V,N

Magnetization gives a measure of the magnetic moment of a bulk system and, therefore, is an ex-
tremely useful probe to detect changes in the magnetic structure. In several Kondo lattice systems,
a sharp change in magnetization occurs at a first-order field-induced metamagnetic transition and,
therefore, magnetization can act as the ultimate probe to distinguish it from other thermodynamic
phase transitions which is an extremely important information in pursuit of identifying the nature
and origin of unknown phase transitions.

1.3.5 Resistivity

Resistivity of metallic systems has long been regarded as an impeccable probe in experimental
physics. In metals, resistivity scales as T2 at low temperatures due to the electron-electron scat-
tering

p = po+ AT? (1.94)

In Kondo lattice system, it gives a direct indication of heavy Fermi liquid state through an enhanced
A coefficient which is related to the Sommerfeld coefficient as A o 2. Further, Kondo coherence
appears as a maximum in resistivity. In the vicinity of a QCP, non-Fermi liquid behavior can be
detected as deviations from the T2 scaling, as well as a superconducting state as zero resistivity.
Also, electronic phase transitions can be detected as sharp anomalies in resistivity as a function of
magnetic field (magnetoresistance) and temperature. Moreover, quantum oscillations can also be
detected in resistivity (known as Shubnikov-de Haas effect) to perform Fermi surface studies.
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Chapter 2

Experimental Techniques

During the course of this thesis, various sensitive and high-resolution experimental techniques
were used to investigate different aspects of heavy-fermion systems discussed in Chapter 1. All
the measurements were performed at the two high-field facilities of the European Magnetic Field
Laboratory (EMFL), namely, the LNCMI-G in Grenoble, France and the HLD-HZDR in Dresden,
Germany. Also, a part of this thesis was dedicated to growing high-quality single crytals of heavy
fermions at the IMR, Tohoku university, Japan. Therefore, a separate section will be devoted to
self-flux growing technique in a later chapter.

2.1 dHvA effect using torque method

The magnetic torque method is widely used for measuring de Haas-van Alphen effect. As the name
suggests, this method is based on measuring the magnetic torque that a material experiences in
magnetic fields.

A sample placed in a homogeneous magnetic field experiences a magnetic torque 7 due to the
interaction of its bulk magnetic moment MYV with the external magnetic field B. Asa consequence,
quantum oscillations in magnetization (the dHvA effect) are directly reflected in magnetic torque.

7 = MV xB
|7 = M, VB (2.1)
If the external magnetic field is inhomogeneous, the sample also experiences a force F= —V(M E)

given by the gradient of the potential energy associated with magnetic moment. Therefore, to keep
the force negligibly small, the sample should be very small and must be placed at the field center.

In a conventional torque method in static fields, a non-magnetic cantilever made of copper
Beryllium (CuBe) is used as sample holder. The sample is glued on top of it, as shown in Fig.
The cantilever also acts as the upper plate of a capacitor with its bottom plate attached to the
sample holder platform. In applied magnetic fields, the cantilever bends due to the torque on the
sample, thereby changing capacitance between the two plates. For a small bending, the variation
of the capacitance is proportional to the torque, while for large bending, a non-linear correction
has to be applied to calculate the torque as follows

At zero field, the capacitance between the cantilever and the ground plate separated by dy is

€A

Co=—
0=

(2.2)
where A is the area of the cantilever and € is permittivity. In a magnetic field, if the cantilever
bends by Ad due to the torque, then the capacitance is given by

€A

C:d0+Ad

(2.3)
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2.1. DHVA EFFECT USING TORQUE METHOD

Figure 2.1: A setup for the torque method. A sample (black slab) is glued on top of a metallic
cantilever (yellow), which is bent towards the ground plate due to a magnetic torque on the sample
in applied magnetic fields.

The change in capacitance AC' is

€A €A
AO=C-Co=0TRi™ 4
Ad
_ _ 2.4
CO( do+Ad> (24)

The direction of bending depends on the direction of the torque, as shown in Fig. At
zero field, the cantilever is at equilibrium position [Fig. [2.2(a)]. If the torque is out of the plane,
then the cantilever bends away from the ground plate, i.e., Ad is positive [Fig. [2.2](a)], while for
torque into the plane the cantilever bends towards the ground plate, i.e., Ad is negative. Therefore,

depending on the direction of bending, the change in capacitance is different for the same amount
of bending Ad.

At B
(@) K (b) M (©)
B=0 4 o a,
dI d+AdI

Figure 2.2: Cantilever is (a) in equilibrium position at zero magnetic field, (b) bent away from

the ground plate due to an out-of-plane torque, (c) bent towards the ground plate due to an
into-the-plane torque.

Ad Ad
d— Ad d+ Ad|
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CHAPTER 2. EXPERIMENTAL TECHNIQUES

AC is larger when the cantilever bends towards the ground plate and, hence, the measurement is
more sensitive in this case [Fig. [2.2)(c)].
The magnetic torque can be calculated by measuring AC' as

-
A =
¢ Co<d+7>’

Co (2000, o)

For a small deflection of the cantilever AC/Cy << 1, 7 x AC.

Cy is typically < 1 pF in our setup where the cantilever and ground plate are separated by
100 pm. The capacitance is measured using a precision capacitance bridge. For this purpose,
either a single standalone instrument, like the high precision capacitance bridge from Andeen-
Hagerling, can be used, or a precision capacitance bridge (Wein bridge) driven by an independent
oscillator (an ultra-low distortion function generator) can be used. In the latter case, the output
signal from the capacitance bridge is read using a lock-in amplifier. A high sensitivity, typically
~ 107° pF, was achieved using a precision capacitance bridge.

In pulsed magnetic field, the torque method is slightly altered. Due to the extremely small dura-
tion of pulses (typically < 150 ms), the torque is measured using commercially available piezoresis-
tive microcantilevers with large eigenfrequency suitable for such transient measurements. A sample
is mounted at the end of the piezoresistive cantilever. The torque on the sample is detected as a
change in the resistance. Even small change is resistance is precisely detected using a wheatstone
bridge whose output voltage is first amplified using a preamplifier and then recorded by a transient
recorder [59]. Metallic cantilevers are not suitable in pulsed fields due to the eddy current heating.

For a material with an isotropic Fermi surface, the magnetization direction is always along the
applied field, i.e., M || H and therefore, 7 = 0, rendering the torque method unsuitable. For
materials with anisotropic Fermi surfaces, the magnetization has a component orthogonal to the
magnetic field (M 1). The component of this torque about any particular axis perpendicular to H
is

1 0F
CF o0
Here F' is the dHvA frequency, 6 is an angle specifying the direction of field in the plane
normal to the chosen axis and M) is the parallel component of M containing the oscillatory part
of magnetization M,s. given by Lifshitz-Kosevich formula. The torque, therefore, contains an
oscillatory part as well.

Another disadvantage of the torque method is that the torque vanishes for fields along crys-
tallographic symmetry axes as 9F/00 = 0. But this fact is used as an advantage for very precise
alignment of the sample with the field as shown in Fig. 2.3 Upon approaching angles closer to the
symmetry axis [001], the torque becomes smaller and vanishes for field precisely along [001].

7=

M BV (2.7)

Data analysis

Depending on the magnetic anisotropy the overall torque signal can contain a predominant non-
oscillatory contribution that has to be subtracted to obtain raw dHvA oscillations.

In an anisotropic material, the magnetic response also occurs in a direction other than that of
the applied field and, therefore, magnetization is given as

M = xB, (2.8)
where y is the magnetic susceptibility tensor, which has an isotropic contribution y; and an

anisotropic contribution y,. For example, in materials with a tetragonal crystal structure, the
susceptibility tensor can be written as

xi O 0
x=10 x 0 (2.9)
0 0 Xi + Xa
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Figure 2.3: Alignment of the symmetry axis of the sample along the field direction in toque method.
The picture in the inset shows a sample mounted on a metallic cantilever.

For a magnetic field applied out of the tetragonal basal plane, at an angle 6 from the ¢ axis,
the magnetization M can be written as

xi 00 0 0
M=10 x; 0 —Bsinf | = —x;iBsind (2.10)
0 0 xi+Xa Bcosf (Xi + Xa)Bcosf

Using eq. [2.1] the torque 7 will be

0 0 Xa (B)? cos 0 sin 0
7_" = 7XlB sin 0 X —Bsinf = 0 (211)
(Xi + Xa)Bcos Bcos# 0

Therefore, the magnetic torque is non-zero only in magnetically anisotropic material, and is pro-
portional to B2

| 7 |= VxaB? cosfsin 0 (2.12)

The non-oscillatory background torque can be orders of magnitude higher than the oscillatory
part of the torque in materials with strong magnetic anisotropy such as in some heavy fermions.
This background torque needs to be subtracted from the overall torque signal with an appropriate
polynomial fit. Moreover, in certain cases, the overall torque signal might contain special features,
like a metamagnetic transition and therefore, will require unique consideration rather than just a
simple polynomial background subtraction. In case the dHvA oscillations comprise of low dHvA
frequencies, the background must be subtracted in such a way that the low dHvA frequencies are
not affected.

After subtracting the non-oscillatory background, the remaining oscillatory torque signal is
analyzed to extract the dHvA frequencies and their amplitudes. This can be done by performing a
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CHAPTER 2. EXPERIMENTAL TECHNIQUES

Fourier transform on the signal that converts a signal in time domain to its counterpart in frequency
domain, i.e., f(t) — F(k).

[e.e]
F(k) = / f(t)e™2mkt (2.13)
—0oQ
Since our torque signal is not a continuous but a discrete data set, instead of Fourier transform,
we compute the discrete Fourier transform (DFT) defined for a sequence xz,, of length N as

2me

N-1
F(k) =Y ane (F40) (2.14)
n=0

where £k =0,.....N — 1.

The DFT is performed by using a shrewd mathematical algorithm known as the Fast Fourier
transform (FFT) [60]. Generally, DFT is performed on data collected at equal interval At so that
the indexes can be easily converted into time ¢t = nAt, and frequency as

k
k)= ——. 2.15
) = 5 (215)
The frequency resolution is then given by
1
Af=fk)— f(k—1)= — 2.16
f= ) = J0=1) = v (2.16)
The maximum frequency, or the folding frequency is
e N 1
L NN 2.17
Jmae =5 = 581 = 55 (217)
As explained in the previous chapter, quantum oscillation are periodic in %, therefore we
perform FFT on the oscillatory torque as a function of inverse magnetic field, i.e., 7 vs %. The

first step is to interpolate the 7 vs % data set to convert the data into equally spaced intervals in %

for DFT. For a magnetic field range from By, t0 Bpee and N;y,; interpolation points, in analogy
to At, the interval between two data points here is

2(5) = % (5 5n)
B Nmt -1 Bmm Bmaa:

1 Bma:p - Bm'm

= 2.18
Nint -1 Bmamein ( )

The frequency resolution is then given by
AF — Nint -1 Bma;r - Bmin (2‘19)

N, int BmamBmin
and the maximum frequency is

Fmax _ Nznt2_ 1 Bgaa: _BBmm (220)

maxPmin
Therefore, the maximum dHvA frequency depends only on the inverse field interval determined
by selected field range and the number of interpolation points. On the other hand, the frequency
resolution depends on the total number of points, and can be improved by padding the interpolated
data with zeros up to a total number of points N;,:. The improved frequency resolutions will then

be

Nint -1 Bmaz - Bmzn
Ntot Bma:mein
Finally, to reduce the FFT spectral leakage, a correction window function is applied to the
original data. For this purpose, a cosine sum window known as the Hamming window, was used,
mathematically defined as

AF =

(2.21)

K
27k
wln] = Z(—l)kakcos ( 7;Vn> , where 0 <n<N (2.22)
k=0

While data analysis softwares like Origin, have in-built functions to perform FFT analysis, 1
used a dedicated MATLAB code written by Johannes Klotz.
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2.2 Heat capacity techniques

Experimentally, heat capacity is obtained by measuring the thermal response of a sample to supplied
heat. The idea is to thermally isolate the sample from the environment and connect it to the
thermal-bath only via one known thermally conducting channel, i.e., a weak thermal link of thermal
conductance k, as shown in the schematic figure [2.4

Sample (C, T') ‘

Platform
‘ Thermometer

K
Thermal bath (7}, )

Figure 2.4: Schematic of a basic setup for measuring specific heat. Sample is placed on a platform
with a heater and a thermometer. The whole assembly is weakly coupled to the thermal bath.

The specific heat, C, can then be determined by measuring the relaxation time, 7, for the
sample to exponentially relax to the thermal bath as

Kt
T = Tbath—i-AeXp(—E)

C o« kT (2.23)

where T is the sample temperature and T}y, is the bath temperature.

To perform such a measurement, we need a heater to supply the heat directly to the sample, a
thermometer to measure the sample temperature in real time, and another thermometer to be used
as a reference thermometer for the thermal bath. The thermometer requirements are meticulously
met by using a commercially available Cernox (ceramic silicon oxynitride) chip [61, 62] generally
used as a highly sensitive low-temperature thermometer. The Cernox chip is composed of a thin
sensing film (of conducting ZrN and non-conducting ZrO) with negative temperature coefficient
deposited on a shappire substrate.

During this work, two different experimental techniques were used to measure specific heat.
The thermal-relaxation technique was used at constant magnetic fields while sweeping temperature

and the AC-calorimetric technique was used at a constant temperature while sweeping magnetic
field.

2.2.1 Thermal relaxation

In the thermal relaxation method, a single bare Cernox chip (CX-1030), such as shown in Fig.
2.5(a), was used as both the sample heater and the thermometer and the platform. The sample
is glued on the back side of the chip [Fig. [2.5(b)]. The chip is connected to the thermal bath
via a weak thermal link provided by four thin phosphor bronze wires [see Fig. [2.5(c)]. The wires
also provide a mechanical support to the chip, and are used as current leads. The Cernox chip
is simultaneously used as both the sample heater and the thermometer to measure the sample
temperature in real time.

Calibration of the Cernox chip : The resistance of the Cernox chip, R¢, is calibrated in-situ
against the reference thermometer of the thermal bath. To this end, small currents of a few pAs
are supplied to the Cernox chip and the signal is read using a DC multimeter, at a constant bath
temperature, Tpqen- The chip resistance at Ty, = 2.5 K for a few different supplied powers P is
shown in Fig. [2.6(a). A linear extrapolation of R¢c at small excitations gives the intercept, i.e,
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Figure 2.5: Setup to measure specific heat using thermal-relaxation technique, (a) bare Cernox
chip, (b) sample glued on the back side of the Cernox chip shown in (a), (¢) Cernox chip connected
to the thermal bath with four wires.

the chip resistance Rgg at zero power. For P = 0, the chip and sample temperature is the same
as the thermal-bath temperature, i.e., T" = Tp.4n. Therefore, the chip resistance, Ro, at a given
temperature can be obtained using the reference thermometer of the thermal-bath.

A similar process is repeated at several different bath temperatures to obtain corresponding
Rco’s. Once Rgg’s are known at a few different temperatures, we fit In Rgg vs InT with an
appropriate polynomials fit such as one defined in eq.

InT = Ya, X" (2.24)

In this equation, X € [—1, 1] is a normalized variable deduced for each In R¢g using their averaged
value < In Rcog > at different bath temperatures and the standard deviation ¢ and is defined as
X = (InRco— < InRgg >)/o. This polynomial fit to In Rog vs InT is basically the calibration
curve for the Cernox chip as shown in Fig. [2.6|b).

The thermal conductance of the weak thermal link is also calibrated in-situ using the chip
calibration. In this regard, a pair of points is used from among the last three points (say, (P, Rn),
(Po—1, Rn-1), (Pn—2, Rn—1)) at high excitation power to obtain  at a particular Tpey, as

AP

£ = AT

(2.25)

Fig. c) shows k/T as a function of temperature. It is more or less constant and only weakly
temperature-dependent, implying that, in a first order approximation « is linear in temperature.
From the calibration, we obtain x/T ~ 4 x 10~7 W/K? for the 50 um and /T ~1 x 1077 W/K?
for the 25 um thick phosphor bronze wires of the calorimeter. Also, k is essentially independent
of the magnetic field, as was verified from measurement in magnetic fields (see. Fig. [2.6(d)). The
bath thermometer used is field calibrated.

Relaxation: Thermal-relaxation is performed independent of the calibration. Initially, without
any applied excitation to the chip the sample is in equilibrium with the thermal bath, i.e., T' = Tpqp.

Then a constant heating current I is continuously supplied to the system. The sample heats
up and undergoes ‘up-relaxation’, i.e., an exponential decrease of the chip voltage (and R¢ as well),
and saturates at a higher temperature that is 2x7Ty,,. The heating current is then decreased to
a smaller I, and, therefore, the sample undergoes ‘down-relaxation’, i.e., an exponential increase
of the chip resistance to another saturation value as shown in Fig. The specific heat can be
calculated from either the ‘up’ or ‘down’ relaxation as following

For a power P = I’R supplied to the sample, the heat equation can be written as

T

ReI?dt = [C + Cuddenda)dT + / w(T') dT" dt. (2.26)
Ty
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Figure 2.6: In situ calibration of Cernox chip. (a) chip resistances at a few different excitation
power. (b) calibration curve obtained for the Cernox chip (c) thermal conductance of phosphor
bronze wire at different bath temperature calculated using the chip calibration.

Here C is the specific heat of the sample and Cyggende i the additional contribution to the total
heat capacity of the system from the addenda comprising of the Cernox chip, the Apiezon grease,
and the wires.

The chip resistance corresponding to the saturated temperature Ty, is Reo. Also, at saturation,
dT = 0. Therefore, eq. becomes

T
RooI?dt =0 + / w(T')dT' dt. (2.27)
Ty
Subtracting eq. from eq. we get
Too
(RC — Roo) = [C + Caddenda]dT + / kdT' dt,
T
(Re — Roo) I + [} w(T")dT"
C+ Caddenda - dT/dt . (228)

From the above equation, it is evident that specific heat of the system can be determined if we
know the sample temperature, the thermal conductance x in the relevant temperature range, and
the chip resistance R¢o and R..

This technique provides an accuracy of 1%. Also, its sensitivity of 1073 is ideal to detect even
very small changes in specific heat. Further details of this technique are given elsewhere [63].

The addenda contribution to the specific heat must be subtracted from the total specific heat
of the system in order to obtain the absolute specific heat of the sample. To this end, the addenda,
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Figure 2.7: Up and down relaxation of the sample corresponding to the high and low currents,
respectively at a bath temperature Ty, = 2.5 K
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Figure 2.8: A typical addenda contribution (blue open circles) to the total specific heat of a system
i.e. sample + addenda (red open circles).
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i.e., the heat capacity of the system without sample, is first measured as a function of temperature
in zero field. The addenda is later subtracted from all the curves obtained with a mounted sample.
The addenda contribution to heat capacity is independent of magnetic fields. A typical addenda
contribution to the total specific heat is shown in Fig.

2.2.2 AC calorimetry

The AC calorimetric method is highly useful in detecting very small changes in the specific heat
as a function of an external parameter such as magnetic field. For example, a weakly first-order
field-induced transition not apparent in the thermal-relaxation specific heat method, can be de-
tected distinctly by the AC calorimetric technique. In the thermal-relaxation method, a nearly
temperature-independent field-induced phase transition cannot be observed in temperature sweeps
at constant fields. Therefore, in such a situation AC calorimetry is helpful as it allows measuring
specific heat as a function of field at a constant temperature.

The AC calorimetry was first developed by Sullivan and Seidel [64] in 1968. Since then, there
have been numerous improvements of this technique.

(a) / (b) Tpe + Tye
‘W /
T Py, Ry Sample (C, T') Ppr,, Ry,
2 Heater > [ Thermometer |

Y - N I = I; Cos(wt) K

’ .
L Y £ |
e A e
. . N _

Figure 2.9: (a) Cernox chip cut into two parts to make the heater and thermometer independent.
(b) Basic setup for AC calorimetry. The heater is supplied with AC excitation and thermometer
with DC.

Unlike the thermal relaxation technique, in the AC calorimetry, the heater and the thermometer
are separated, as shown in Fig. (a). The heater part of the Cernox chip of the resistance Ry
is excited by a small AC current Icos(wgt) of a few pA at an appropriate excitation frequency
(wg = 27 f), chosen according to a particular system characteristics. A schematic diagram of an AC
calorimeter is shown in Fig. b). The sample temperature is measured using the thermometer
part of the chip excited by a small DC current of a few pA. The AC power I4Rpcos®(wpt)
generated by the heater has two effects. First, it increases the sample temperature above the
thermal bath temperature Tp.,. Second, it induces an oscillatory thermal response Ty with the
sample temperature T' oscillating at twice the excitation frequency [64] [65] i.e w = 2wy [see Fig.
a)]. The resulting sample temperature is thus given by:

T = Tbath + TDC + TAC’ (2.29)

Here Tpe is an inevitable effect arising from self-heating of the heater and the thermometer due
to supplied excitations. Tp¢ is the excess in sample temperature T° with respect to the thermal
bath temperature. It depends on the average power generated by the heater, Py = IIQJRH /2, and
the thermometer, Pry, as well as the thermal conductance x between the system and the thermal
bath, i.e., Tpc = (Prp + PH)/IQ

The heat capacity of the system, C, is obtained from the oscillatory thermal response as

Py

K+ wC
PHR wCPH

K2 + w202 Y2 + w2(C?

Tac =

(2.30)
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Figure 2.10: (a) Schematic illustration of temperature oscillations T}, in the sample with an addi-
tional heating Tpc above the bath temperature Tyq,. (b) Variation of the amplitude of temperature
oscillations T,, with the oscillation frequency w.

Both the real and the imaginary terms of the complex Eq. depend on Py, k, C', w. However,
the phase, 0, between the two terms provides a more direct measure of the heat capacity of the
system, independent of Py as

tang — &% (2.31)
K

In the first-order approximation, k is proportional to the temperature, and is independent of
the magnetic field. Therefore, at a constant excitation frequency,

C
tanf o< — 2.32
anf o - (2.32)

2 Hz
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Figure 2.11: Specific heat obtained using AC technique at different excitation frequencies.

Selection of excitation frequency: Using eq. the amplitude of sample temperature

oscillations can be written as
Py

Tuc |= ——2
| Tac = 7 e
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Figure 2.12: Heater calibration (a) calibration curves at 4 different fields. (b) variation in heater
resistance with magnetic field at different bath temperatures (c) 3-D surface plot of (b)

| Tac |= Pr/k for k > wC'. The sample is strongly coupled to the thermal bath and the sample
temperature oscillates with the maximum amplitude T4 = Tpc = Pg/k. Such a configuration is
insensitive to specific heat of the system.

| Tac |= Pr/wC for k < wC. At very large excitation frequency, the thermal relaxation are to
slow to follow the driving heating power and therefore, T'4c is very small. In this case the sample
temperature is T = Tpap, + Tpe. The sample temperature oscillations Tac = Pp/Cw are 90°
out-of-phase with respect to the heater power Pp.

| Tac |= Py /V/2k for w = k/C. w = k/C is the cutoff frequency separating the above two
extremal cases.

For the technique to be most sensitive to the specific heat of the sample, we judiciously choose
an excitation frequency close to w. (as shown in Fig. m(b)) depending on the particulars of the
system under study. We try to select an excitation frequency such that not only the amplitude
of temperature oscillations T4c are big enough to determine the specific heat sensitively but are
also negligible compared to the bath temperature. In our experiments Thc ~ 10 — 100 mK.
Experimentally, w. = x/C can be chosen by tuning to an excitation frequency for which the phase
is § = 45°. A suitable excitation frequency close to w. can be chosen by performing measurement
with the sample at a few different excitation frequencies and look for the maximum sensitivity as

shown in Fig. 2.10]

Heater calibration: To precisely determine the sample temperature, the resistance of the Cernox
heater is calibrated with respect to the reference thermometer of the thermal bath. To take into
account the self-heating effects, i.e, Tpc, the heater resistance at zero excitation, Ryq, is obtained
by a linear extrapolation of the heater resistances Ry at a few different small excitations. At zero
self heating, the heater temperature is the same as the bath temperature. Ry is determined at
a few different bath temperatures to obtain calibration curve i.e., In Rgqg vs Inp as shown in Fig.
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a). The above process is then repeated to precisely calibrate the heater in magnetic fields
using the field calibrated reference thermometer of the thermal bath. We determined Ry values
at four different magnetic fields (20 T, 25 T, 30 T and 35 T) at several different temperatures in the
range of interest, i.e., from 1.3 K to 4 K. This way, calibration curves, i.e., Ry vs T, are obtained
at the above mentioned magnetic fields, as shown in Fig. [2.12b) and Fig. [2.12](c).

Finally, using these calibration curves with appropriate polynomial fits, the sample temperature
in a magnetic field is precisely determined. Due to the magnetoresistance of the heater and the
thermometer, there is a very small variation, less than 1%, of the sample temperature in magnetic
fields. For the AC specific heat measurements, the sample temperature, T', indicated in the later
chapters is the value averaged over the relevant field interval.
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2.3 Elastic response using ultrasound velocity

The elastic stiffness constants are obtained by measuring the velocity of ultrasonic elastic waves
through a single crystalline sample. We measured the ultrasound velocity and elastic attenuation
using either a frequency-sensitive or a phase- sensitive detection pulse-echo technique.

The pulse-echo method

In this method, we used piezoelectric transducers to generate and detect longitudinal and transverse
acoustic waves. The measurement can be performed in either a reflection mode [see Fig. a)],
where a single transducer, attached to a flat surface of the sample, acts as both the ultrasonic
generator and the detector, or in a transmission mode [see Fig. [2.13(b) and (c)], in which the
generator and the detector are separate, and glued at the opposite parallel faces of the sample.

(a) Reflection mode (b) Transmission mode

Tran r N
ansduce Transducers

Sample

Transducers

Figure 2.13: Schematic setup of the pulse-echo method for ultrasound velocity and attenuation
measurement in the (a) reflection and (b) the transmission modes. (c) Actual sample-transducer
assembly in the transmission mode.

An ultrasonic pulse generated by the generator transducer propagates through the sample. A
part of the pulse is directly transmitted to the detector, while the rest is reflected back into the
sample from the boundary. Pulses reaching the detector after multiple reflections at the opposite
boundaries of the sample results in different echoes, which diminishes at each additional reflection.
The velocity and the attenuation of the ultrasound pulse are determined through these echoes re-
ceived at the detector. Each transit through the sample length (Lg) gives a phase shift ¢ = KL
with respect to the original pulse signal, where K = w/c,. The phase shift in the n' echo is
1. ¢, =2nK Lg : for the reflection mode
2. ¢p = (2n+ 1)K Ly : for the transmission mode

To measure the ultrasound velocity, a particular echo is selected (say n*” echo in the transmission
mode). Then, the phase shift with respect to the reference signal is

o1
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¢n = KLo(2n+1)

= ZLo@2n+1), (2.34)
s

Differentiating eq. gives

A6, _do _de, , dLo
qﬁn_w Cs Lo

(2.35)

Usually, the thermal expansion of the sample due to the temperature change, or the mag-
netostriction due to magnetic field can be neglected in comparison to the velocity changes, i.e.,
dLo/L() ~0

2.3.1 Frequency sensitive or phase-locked method

In the frequency sensitive detection, the phase is kept constant, i.e., d¢ = 0. Therefore, the change
in frequency is directly proportional to the change of the velocity.

dv  de,
e (2.36)

w Cs

The change of the velocity is measured by tracing the change of the frequency using a feedback
loop that keeps the phase constant by changing the frequency.

The attenuation « of the ultrasound pulse amplitude can be obtained from an exponential fit
of the consecutive echoes Ay at 21 and Ay at x5 with a complex parameter K, + ta as

Al(xl) — AoeLKT:m—axl
AQ(iL'Q) = A()eLKTxQ_axQ. (237)

Subtracting the above two equation, we get

1 Aq
= In{— 2.38
o xz—m“(A2>’ (2.38)
or in units of db/cm
20 Ay
_ 1 et 2.39
«Q Ty — 71 Og10 <A2> ( )

Generally, we select either the 1% or the 2"¢ echo, and monitor its variation as a function of
temperature or magnetic field to measure the ultrasound velocity and attenuation. The relative
accuracy of this method is % ~ 1075, The absolute velocity can be determined for the nt* echo

in transmission mode as

on + 1
v = Lo ": . (2.40)

where ¢ is the time taken between the generation of an ultrasound pulse and the detection of its nt”
echo. In the CeRhIns samples of lengths between 1.5 - 2.5 mm, the typical values of absolute sound
velocities measured at 4.2 K were 2000-4000 m/s. For the various modes, ultrasound frequencies
were 30-200 MHz.

A schematic of the setup for the frequency-sensitive pulse-echo technique is shown in Fig.
A voltage divider divides the signal generated by the frequency generator (RF gen.) and gives
the signal for the sample and for the reference (Hybrid). The output signal from the sample is
multiplied with a signal from the hybrid in one of the mixers, while in the other one it is multiplied
with a /2 shifted signal also from the hybrid. The outputs from the two mixers are read using
the gated integrator (GI) or boxcar averager.
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Figure 2.14: Schematic of the setup for a frequency-sensitive pulse-echo technique by Ref. [66].

2.3.2 Phase sensitive or frequency-locked method

Due to the extremely small duration (<150 ms) of the pulses in pulsed magnetic fields, the feedback
loop is too slow to track the frequency change as a function of the magnetic field. Therefore, an
alternate method is used to measure the ultrasound velocity and the attenuation. Instead of the
phase shift, the frequency is held constant. The change of the velocity is then directly proportional
to the change of the phase, which is determined by a comparative method numerically.

In this method, the overall signal during the pulse is divided into a fixed number of segments
(10000) depending on the repetition rate (50 kHz or 20 us) of the ultrasonic pulse. Each recorded
segment contains a raw signal composed of echos coming from the sample. The amplitude and the
phase were obtained through data analysis of the measured raw sine wave signal coming from the
sample. For the data analysis, a phase comparator was used, between the reference signal and the
signal from the sample [see Fig. . The phase comparator gives two outputs, an in-phase signal
I and a signal @, phase separated from I, by /2.

| —
" ‘” II’I&Iﬁ

RF gen. Q )
g m ° Phase [~ g
Il

Comparator |—, .
o

I

Figure 2.15: Schematic of the setup for a phase-sensitive pulse-echo technique by Ref. [66]. The
phase and amplitude are numerically calculated from the orthogonal outputs I and @ from the
phase comparator.

The phase and the amplitude can then be calculated as

tan(¢n) - %,

A, = VI2+ Q2 (2.42)

(2.41)
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2.4 Longitudinal magnetization using Faraday balance

As discussed in section 1.1, the torque method for dHvA oscillations gives only a measure of the
magnetization component perpendicular to magnetic field. The magnetization component parallel
to the field, i.e., longitudinal magnetization is measured using an alternate capacitive technique
based on the Faraday balance principle [67]. In this technique, a sample of the magnetization M
is placed on a mobile CuBe platform exposed to a fixed magnetic field gradient dB/dz produced
by a ferromagnetic Nickel piece which is also used as the ground plate of the capacitor as shown in

Fig. 2.16]

Ferromagnetic plate (Nickel) bottom plate

CuBe plate (Platform)
Upper plate

Figure 2.16: Faraday balance for measuring longitudinal magnetization

The mobile CuBe platform is displaced by a force F acting on the sample along the direction
of the field gradient

F=_M— 2.43
i (2.43)

Similar to the torque method, the sample displacement is measured as the change of the ca-
pacitance using a high precision capacitance bridge from Andeen-Hagerling. The sensitivity of this
method is 107 emu.

2.5 Magnetoresistance using four-point method

Magnetoresistance measurements were performed on both bulk samples as well as microstructured
devices of heavy fermion systems. The microstructured devices were fabricated at HLD/MPI
Dresden using focussed ion beam (FIB).

Magnetoresistance measurements were performed using a standard four-point resistivity method
in a dilution fridge in static fields. The measurements were performed with a very small ac excitation
current of the order of 10 — 100 uA and the output signal was amplified using pre-amplifier and
transformers and detected using a lock-in amplifier. The sensitivity of the measurement is 5mf2.
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Chapter 3

CeRhIn5

Rare-earth-based materials are now widely recognized as an ideal playground for exploration of the
fascinating physics that develops around a quantum critical point (QCP), a second-order phase
transition at zero temperature [68), 44, [69]. In Ce-based compounds, such a QCP can be induced
by hydrostatic pressure, chemical doping, or magnetic field, where it typically separates a mag-
netically ordered from a nonmagnetic ground state. Therefore, from the experimental point of
view, Ce-based heavy-fermion materials are particularly suitable systems to investigate. Further,
in these compounds, relatively small energy scales allow the tuning of the electronic correlations by
using accessible pressures and magnetic fields leading to novel exotic states such as unconventional
superconductivity, electronic-nematicity and/or other unusual states in the vicinity of a QCP.

Among the many Ce-based heavy fermions, the so-called ‘Ce-115" heavy fermion systems, dis-
covered only two decades back, have attracted particular attention. The observation rich physics in
form of magnetism, unconventional superconductivity, NFL behaviour, pressure and field-induced
quantum critical points among many other exotic phenomena, have established the Ce-115 family
(CeRhlIng, CeColns and Celrlng) as the poster child of heavy fermion physics. However, in-spite of
a vast number of studies, several aspects of these compounds still remain poorly understood. This
thesis is an attempt to understand such unresolved aspects in the two compounds, CeRhlns and
CeColng. This particular chapter is dedicated to CeRhlns and the subsequent chapter is focused
on the compound CeColns.

Finally, the 2D-like compounds in the Ce-115 heavy fermion family can be systematically ex-
tended to their 3D-like analogs forming the so called ‘Ce-218" heavy fermion family. Although,
the members of the Ce-218 family are qualitatively similar to their corresponding 2D analogs in
Ce-115s family, the energy scales associated with physical properties such as T, (for SC state), T
(for AFM state), T,on (for Kondo effect) are significantly modified. Therefore, the final chapter is
dedicated to growth and characterization of Ce-218 compounds, especially CezColnsg.

3.1 Introduction

Similar to all the members of Ce-115 heavy fermion family, CeRhlns also crystallizes into a tetrag-
onal HoCoGas structure (space group P4/mmm) with lattice parameter a = 4.652 Aand ¢ = 7.542
A. At ambient pressure and zero magnetic field, it undergoes an antiferromagnetic (AFM) transi-
tion at Ty = 3.8 K. The electronic specific heat coefficient, v ~ 400 m.J/K?mol, makes CeRhIns
a moderate heavy-fermion material [70, [71, [72]. In the AFM state, the electronic contribution is
Y0 ~ 56 mJ/K?mol [73].

3.1.1 Pressure as tuning parameter

In 2000, Hegger et al. detected a pressure-induced superconducting state in CeRhlng at pressures
above 16.3 kbar, with a maximum transition temperature T. ~ 2.2 K at P = 21 kbar [70] [see Fig.
. Since then, CeRhlIng has taken the center stage as a prototypical material to investigate heavy
fermion physics. The appearance of pressure-induced superconductivity qualitatively conformed
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with the Doniach picture and the widely accepted view that superconductivity in AFM heavy
fermions is mediated by spin fluctuations near the AFM QCP [37].

20

p (u€2 cm)

temperature (K)

Figure 3.1: Pressure induced superconductivity in CeRhIns. Adapted from Ref. [70]

Before CeRhlng, the cubic heavy fermion compound Celns and tetragonal CePdsSis also showed
pressure-induced superconducting phase near the AFM QCP but with a smooth suppression of
the AFM state [37]. However, in CeRhIns, Hegger et al. detected an abrupt disappearance of
antiferromagnetism and appearance of superconductivity at a critical pressure P, between 14.5 and
16.3 kbar. Therefore, the transition from AFM to SC state was attributed to be first-ordered. Also,
the initial transition temperature T, of the pressure induced superconducting state in CeRhIns was
roughly 10 times that of Celns, which was thought to be due to its unique electronic structure.

The tetragonal CeRhlng is composed of planes of Celns with intermediate layers of Rhlng
sandwiched in between. In an analogy with the high-temperature cuprate superconductors, the
structure can be viewed as a stack of alternating layers of conducting Celns and insulating RhIng
along the c axis [74] [see fig. [3.2(a)]. It was suggested that the quasi-two-dimensional configuration
of the Celnj layers is at the heart of the unusual pressure dependence of CeRhlns.

Subsequently, a number of studies were carried out to understand the electronic and magnetic
structure of CeRhIns. In this regard, a 1°In nuclear quadrupolar resonance (NQR) study revealed
that in the AFM state, a magnetic moment pce ~ 0.1 - 0.2 pp is localised at cerium site with a
spiral modulation that is incommensurate with the lattice [75]. Further, based on several neutron
diffraction studies, it was established that in the AFM phase, the Ce moments are antiferromagnet-
ically aligned within the Celng planes [see fig. [3.2(a), (b)] and the Ce moments spiral transversely
along the ¢ axis with the incommensurate propagation vector Q = (0.5,0.5,0.297) [76]. Along this
spiral, the twist of magnetic moments is approximately 107° per Celng layer and is apparently
related to the intervening RhIng layer [76] [see fig. [3.2(c)]. The quasi-2D structure of CeRhlns
was indicated by the NQR study and later established by the anisotropic Fermi surfaces observed
in a dHvA study [77]. Several dHvA experiments unambiguously suggest that the f electrons of
CeRhlIns are localized at ambient pressure [78, [79].

More careful studies on cleaner samples revealed that superconductivity evolves rather smoothly
and at pressures lower than 16 kbar [80]. Also, the region of coexistence of AFM and SC was found
to exist in a wider pressure range. Furthermore, a dHvA study exploring the evolution of the
Fermi surface with pressure revealed that the onset of superconductivity is accompanied by a
simultaneous build up of a heavy fermion state (i.e. enhancement of effective masses) upto 2.1
GPa, however the Fermi surface remained unchanged [81]. Taking a cue from the drastic increase
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(b)

Rhin,

Celn,

Figure 3.2: Crystal structure of CeRhIns. (a) alternating layers of Celng and Rhlngy stacked along
the ¢ axis. (b) unit cell of CeRhlIns (c) transverse view from ¢ direction showing a tilt of = 107°
between Ce moments on consecutive Celng layers.
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of the effective masses with pressure on the two quasi-cylindrical Fermi surfaces, H. Shishido et al.
carried forward their study to still higher pressures. In 2005, in their highly influential paper, H.
Shishido et al. reported a divergent behavior of the effective masses at 2.35 GPa accompanied by a
drastic change of the Fermi surface [82]. As the critical pressure P. = 2.35 GPa is reached, all the
dHvA frequencies observed at P = 0 increase discontinuously signaling an abrupt Fermi surface
reconstruction as a consequence of the f electron delocalization [82] [Fig. |3.3(a)]. In addition, the
effective masses diverge at P. [Fig. [3.3(b)]. These observations are consistent with local critical
or Kondo-breakdown type QCP. The pressure-induced QCP in CeRhlnjs is now considered to be a
textbook example of the Kondo-breakdown type QCP.
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Figure 3.3: Pressure-induced QCP in CeRhIns, adapted from Ref [82]. (a) An abrupt change of
dHvA frequencies at P. = 2.3 GPa and (b) the corresponding divergence of the effective masses of
a3 and [ orbits.

In 2006, a startling observation was made by an AC magnetic susceptibly study in the form of
coexistence of SC and AFM in CeRhlns at ambient pressure. Instead of being pressure-induced,
superconductivity was observed at ambient pressure with a 7. ~ 90 mK [83]. The T. increased
significantly above 10 kbar, exactly where T starts decreasing rapidly [see fig. a)]. This com-
petitive coexistence of superconductivity and antiferromagnetism attracted a lot of attention with
a combination of two different tuning parameters such as pressure-field and pressure-substitution
studies.

In parallel, studies were also directed at understanding the role of helical magnetic structure as
a factor for stabilizing the superconducting state. Up to 8.6 kbar, the magnetic structure remains
unchanged with Q = (0.5,0.5,0.297). At 10 kbar, however, a sudden change in the magnetic
structure occurs with Q = (0.5,0.5,0.396) [84], although, the magnetic transition temperature
remains the same. This change of the magnetic modulation may be the outcome of a change in
the electronic character of this material at 9 kbar where SC and AFM compete. The change of Q
in the pressure range from 8.6 to 10 kbar signifies a change in the rotation angle of the spiral spin
structure from 107° to 142.6°, as shown in fig. [3.4(b).

3.1.2 Chemical pressure or substitution as tuning parameter

Several attempts have also been made to study the QCP and coexistence of SC and AFM states
by either diluting or increasing the concentration of different ions.
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Figure 3.4: Competitive coexistence of the AFM and SC state in CeRhlns with pressure, adapted
from Ref [83]. (b) Pressure induced change of the magnetic structure [84]

CeRh;_,Co,In;

When Rh is substituted with Co, the incommensurate AFM order with Q = (0.5,0.5,0.297) of pure
CeRhlIns is weakly suppressed for small dopings. For intermediate Co concentrations a commensu-
rate AFM with Q. = (0.5,0.5,0.5) and an incommensurate AFM structure with Q; = (0.5,0.5,0.42)
evolves that coexists with SC state [85, 86] [see Fig. |3.5(a)]. This suggests that Q. and Q; mod-
ulations are significantly enhanced in the intermediate x range, and may be connected with the
evolution of the superconductivity.

Upon substituting Rh by Co, a discontinuous change of the dHvA frequencies was observed in
CeRh;_,Co,Ins [87]. However, the FS reconstruction does not occur at the critical concentration
. ~ 0.8, where the AFM order is suppressed, but deep inside the AFM state, at x ~ 0.4, where the
AFM order alters its character and superconductivity emerges. Furthermore, the effective masses
do not diverge anywhere. Thus, the doping-induced QCP appears to be of the SDW type.

(a) 4 CeRh,_Co In, (b) 4 CeRh,_Ir In; .
— — IC
2 2
2 S o2y IC+C g
N\ [ sC
0 0 h ;
0 0 0.5 1.0
X N

Figure 3.5: Temperature-concentration phase diagram for (a) CeRh;_,Co,Ins, adapted from ref.
[86] and (b) CeRhj_,Ir;Ins adapted from ref. [88][85]. The region of coexistence contains 3 distinct
states, namely SC, AFM IC and AFM C

CeRhl,mIerng,

When Rh is substituted with Ir, the superconducting region was observed over a broad range of
dopings 0.3 < x5 < 1. Also, the region of coexistence of SC and AFM is from x7. = 0.3 to
xrr = 0.6 [89, [90]. Under pressure, the broad superconducting dome splits into two distinct SC
phases. The one coexisting with AFM state has a higher T, [01] [92]. The region of coexistence
of SC and AFM revealed the coexistence of two distinct antiferromagnetic structures, as shown
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in Fig. [3.5(b). One of them is the incommensurate helical structure with Q = (0.5,0.5,0.297),
of pure CeRhlIns, while the other one is a commensurate structure with Q = (0.5,0.5,0.5) that
appears below Ty, = 2.7 K. The appearance of the commensurate AFM order was suggested to
be responsible for superconductivity [88].

La,Ce;_,Rhln;

The substitution of a non-4f ion La in place of Ce leaves f electrons localized, but shifts the P —T
phase diagram further into the magnetic side [93, [79]. The pressure-induced superconducting
state still persists upon dilute doping of Ce with a non-magnetic (non-4f) La[93]. Upon a 10%
substitution, T is suppressed from 3.8 K to 2.7 K with the same staggered moment of Ce = 0.38
pp [94, 93]

CeRhIn4,84Sn0_16

Similar to La,Cej_,Rhlns, in Sn-doped CeRhlIns i.e., CeRhIng g4Sng 16, the T 5 is suppressed from
3.8 K to 2.7 K. However, the P-T phase diagram shifts towards the Kondo state [93] similar to the
case of Rh substitution by Co or Ir.

3.1.3 Magnetic field as tuning parameter

The behavior of CeRhlng in magnetic field is unique. Magnetic field applied in the basal plane of
the tetragonal crystal structure induces two additional magnetic transitions [see Fig. [3.6{a) and
(b)], observed in specific heat [73], thermal expansion, and magnetostriction measurements [95].
The one at low temperatures is a first-order metamagnetic transition. It occurs at By, ~ 2 T at low
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Figure 3.6: Magnetic field induced phase transitions in CeRhlns for field applied along the a axis
(left) and the corresponding phase diagram (right). Solid symbols represent first-order and open
symbols represents second-order transition. Adapted from Ref [73]

temperatures [78, [73, 95]. The transition corresponds to a change of the magnetic structure from
the ambient pressure and zero field incommensurate helicoidal phase Q = (1/2,1/2,0.297) [76]
to a commensurate collinear square-wave (‘up-up-down-down’ configuration) with the propagation
vector Q = (1/2,1/2,1/4) [96], 97, 098]. A schematic diagram of such a field-induced change of the
magnetic structure is shown in Fig.

In the ‘up-up-down-down’-type structure, the magnetic moments still lie within the basal plane,
but are now aligned perpendicular to the applied field direction [96] [97]. When the magnetic field
is tilted away from the basal plane, this metamagnetic transition field B,, increases, and initially
follows a 1/ cos(«) dependence, where « is the angle from the basal plane towards the ¢ axis [78]. At
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Figure 3.7: A schematic illustration of the (a) helical incommensurate magnetic structure in
CeRhIns at ambient pressure and zero field and (b) the commensurate collinear “up-up-down-
down” field-induced magnetic structure for B > 2 T along the a axis.

larger angles o > 75°, By, deviates from this dependence to lower values. It occurs slightly above
20 T when the field is applied at 8 = 2° from the c¢ axis, the lowest angle at which we observed the
corresponding anomaly.

The higher temperature transition is second order. This transition occurs in a narrow tem-
perature range. The exact magnetic structure throughout this temperature-field range is still not
clear. According to the initial report, this transition corresponds to a small change of the ordered
moment, while the propagation vector remains the same as in zero magnetic field [96]. However,
a more recent report suggests that this phase corresponds to the incommensurate elliptical he-
lix with strongly modulated magnetic moments and temperature-dependent propagation vector
Q = (1/2,1/2,I(T)) [97].

A field-induced QCP was reported to occur at the critical magnetic field, B., of about 50 T along
both the ¢ and a axes [99, [100], as shown in Fig. [3.8l The critical field of the AFM suppression is
surprisingly high considering the AFM ordering transition temperature Ty = 3.8 K. Furthermore,
in a strongly anisotropic material like CeRhlng, almost the same critical field for the two principal
crystallographic directions is also surprising. It must be noted, however, that this experiment was
performed in pulsed fields using an AC calorimetry in which the two low field-induced transitions
were not detected.

The interest in CeRhIns was renewed with the observation of a new feature at a magnetic field
B* =~ 30 T applied along or close to the ¢ axis. This high-field feature was observed deep within
the AFM state. It separates the high-field phase of CeRhlIns from the well-studied low-field phase.
So far, this feature has been detected in several measurements at a field around 30 T or B* (from
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Figure 3.8: Magnetic field induced quantum critical point in CeRhIng at 50 T. Adapted from ref
[99].

now on) [99, 10T, 102} 43, 103|104, 105]. Various interpretations were put forward to explain the
nature or origin of this feature and the high-field state above it. Now I shall discuss these studies
and their interpretations one by one.

This feature was first detected as an anomaly in hall resistivity p.,, at B*, as shown in Fig.
3.9(b) [99]. The feature at B,, = 18 T corresponds to the 2 T metamagnetic transition from
incommensurate to commensurate structure for a field orientation of a few degrees away from the
c axis. In the same paper, dHvA measurements in high magnetic fields also revealed an unusual
physics at B*. Although, there was no direct indication of any anomaly at B* in the raw torque
signal, quantum oscillations, however, revealed an emergence of new dHvA frequencies in fields
above B*. The newly observed orbits above B* are as, ai, and f; as shown in Fig. [3.9(a).
The appearance of these new dHvA frequencies was interpreted as a field-induced Fermi-surface
reconstruction above 30 T, where the Fermi-surface changes from small to large, and the f electrons
change their character from localized to itinerant.

This implies that the field-induced QCP is of the SDW type, as shown in Fig. E(c) The latter
result is very surprising given that magnetic fields are generally expected to localize 4 f electrons.
Moreover, contrary to pressure- and doping-induced QCPs, the low-field dHvA frequencies do
not change at B*, which seriously questions the validity of the F'S reconstruction scenario. This
inconsistency motivated us to re-examine the F'S of CeRhlns at high magnetic fields.

From there on, efforts were naturally made to unravel the high-field physics of CeRhlns. In
this regard, magnetoresistance measurement have been particularly employed. CeRhlnj is a highly
conductive metal, as evident by the in-plane and out-of-plane resisivities of a few puf2cm. There-
fore, direction-dependent resistivity measurements under high magnetic fields were carried out on
microstructured devices of CeRhlIns fabricated using focused ion beam (FIB).

In the magnetoresistance measurements on FIB devices of CeRhlns, Moll et al. detected a
sharp increase in the in-plane resistivity at B*, which then gradually decreases at higher fields up
to a minimum at the critical field for AFM the suppression at B., while the out-of-plane resistivity
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Figure 3.9: Field induced Fermi surface reconstruction at B* depicting (a) an emergence of new
dHvA frequencies, (b) a sharp anomaly in the hall resistivity, (c¢) the T — B phase diagram of the
SDW type QCP with delocalization of the f electrons, which occurs inside the AFM phase at B*.
Adapted from ref. [99].

remained featureless, as shown in Fig. [3.10(a). The feature at B* showed a huge hysteresis
associated with a reminiscent or memory-dependent state generally seen for a first-order transition.
Further, a non-linear electrical transport revealed increasing conductivity with current bias. Based

on these observations, the feature at B* was interpreted as a first-order transition into a density
wave (DW) state [101].

The magnetic field, at which the feature occurs, has a relatively weak dependence on the angle
# of the field from the c axis. The feature was observed at 27 T for 6 ~ 0°, and it exists up to
0 ~ 60° at 34 T. However, the size of the step showed a non-monotonous angular dependence with
a maximum at 20° [fig. [3.10(b)]. The suggested T' — B phase diagram depicting the field-induced
density wave state is shown in Fig. [3.10(c). It must be noted that the size of the hysteresis was
found to be sample dependent, and it decreases for larger sample. The FIB fabricated samples
are strained, especially the thinner ones, as they are glued onto a substrate. Therefore, the effect
of strain on the observed magnetoresistance feature at 30 T in FIB fabricated CeRhIns samples
cannot be ruled out.

The question of hysteresis was carefully considered by Ronning et al. in a more recent magne-
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Figure 3.10: Magnetoresistance in FIB fabricated microstructures of CeRhlng, adapted from Ref.
[101]. (a) The anomaly in the in-plane resistivity with a huge hystersis. (b) Angle dependence of
the size and the position of the anomaly. (¢) Suggested T'— B phase diagram with high field DW
state.

toresistance study on FIB fabricated devices of special geometry[43]. One FIB fabricated device
probed the resistivity in the basal plane along the two orthogonal directions [110] and [110], and
a second FIB device proved the resistivity along the symmetry-inequivalent orthogonal directions
[100] and [010]. The magnetoresistance of each device showed a resistive anomaly for fields at ~ 20°
from the c axis around B* ~ 28 T, signaling the entry into the high-field phase. At the same time,
a substantial asymmetry between the two orthogonal in-plane resistance bars emerged (red, blue
traces in Fig. |3.11a)).
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Figure 3.11: (a) In-plane electronic anisotropy in CeRhIns at field applied at 20° from the ¢ axis
for two FIB devices probing the orthogonal symmetry inequivalent channels [110], [110] and [100],
[010]. Adapted from Ref.[43]. (b) Temperature dependence of the magnetoresistance anomaly at
B*.

The most striking observation was the appearance of a strong in-plane resistivity anisotropy
(p/pL) in this high-field phase beyond B*. The in-plane anisotropy at B* was observed to be the
most pronounced for § = 20°. The anisotropy successively decreases at higher fields and becomes
isotropic at the AFM phase boundary in accordance with the previous report [101] [see Fig. a)
and (b)].

The presence or absence of a hysteresis was studied by the gradual closing of resistivity anisotropy
in the current channels along [110] and [110] directions with the orientation of magnetic field 6 from
the ¢ axis at B = 35 T. At # = 20° the anisotropy is maximum, and it decreases to zero on ap-
proaching 6§ = 0°. The up and down angle sweeps are identical indicating no hysteresis [see Fig.
3.12]. The vanishing of the hysteresis at B || ¢ was then argued as incompatible with density
waves. Furthermore, the non-linear conductivity was found to decrease with increasing electric
bias contrary to the report by Moll et al.

Therefore, based on these new observations, Ronning et al. suggested an alternate interpretation
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Figure 3.12: The high-field in-plane electronic anisotropy as a function of the angles 6 from the
c toward the a axis. Arrows indicate the direction of rotation of sample in field. Adapted from
Ref.[43].

of the high-field state. They attributed the in-plane resistivity anisotropy at B* ~ 30 T to the
in-plane symmetry breaking of the underlying electronic structure from C4 to C3. The feature
at B* corresponds to a transition into a state of lower symmetry similar to an electronic-nematic
phase [43] 103]. The electronic-nematic phase interpretation is based on the necessity of a finite
in-plane field component to give rise to the anisotropy through the directional alignment of the
nematic domains.

The electronic-nematic state due to the in-plane symmetry breaking is accompanied by a small
lattice distortion % < 2 x 1079 for a magnetic field applied at § = 11° from the ¢ axis [43].
Later on, a high-resolution dilatometry study was performed to carefully understand the response
of the lattice to this new phase at B* [103]. They observed no hysteresis and a broad transition
and therefore, suggested it to be a crossover rather than a real thermodynamic transition. This
was a plausible scenario as thermodynamic probes, such as magnetic torque, specific heat, and
magnetization, also failed to detect a direct anomaly of the new phase at B*. A small expansion
in the a-axis magnetostriction was observed [see Fig. that was explained as breaking of the
in-plane tetragonal symmetry Cy due to a finite in-plane field component. The broken C4 symmetry
of the underlying lattice marks the onset of the nematic order. The in-plane lattice expansion was
interpreted as an enhanced hybridization between Ce 4f and the in-plane In (i.e. In(1)) conduction
electrons at fields above B*. This interpretation is in accordance with the field-induced itineracy
of the f electrons and the robust Kondo coupling in high fields, previously suggested [99].

Recently, a high-field NMR study was carried out to better understand the microscopic origin
of the high-field phase by measuring the 'In NMR spectra at the two inequivalent indium sites,
namely, In(1) and In(2) [104]. The main finding of this study was based on the simulation of
the experimental NMR spectra over the whole field range, below and above B*, with the same
low-field nuclear quadrupolar parameters except for decreased formal In(1) and In(2) Knight shifts
AK at fields above B* = 31 T. A detectable local structural distortion or a significant change of
the magnetic structure at B*, was therefore, ruled out. The decrease of the formal In(1) and In(2)
Knight shifts above B* was interpreted as a decrease of the internal fields at these sites and thus
a decrease of the bulk magnetization. Therefore, in absence of change of the magnetic structure,
the decrease in AK was interpreted as a decrease of the ordered moment pc. and therefore, a
decrease of the hyperfine, coupling which can be explained by an increased Kondo screening due
to the hybridization of the f and conduction electron.

Independent of the simulation of the experimental NMR data and its interpretation, based on
the observation of a characteristic ‘double horn’ spectral distribution pattern, it was concluded
that the magnetic structure above B* is incommensurate with a similar, if not identical Q =
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Figure 3.13: Magnetostriction along the (a) ¢ axis and (b) a axis in CeRhlIns for a field applied at
0 = 17° from the ¢ axis. Adapted from ref [103]

(0.5,0.5,0.297).

Lastly, recent high-field ultrasound velocity measurement revealed a sharp anomaly in the trans-
verse elastic constant Cr = % at B* [105]. It was interpreted in terms of crystal symmetry
breaking resulting into quadrupolar ordering. This work conform with the so far accepted picture
of the enhanced c-f hybridization and the Fermi surface reconstruction.

In spite of the various interpretations discussed above, the exact origin and nature of this
new phase is still under debate. It is still unclear whether the anomaly corresponds to a real
thermodynamic phase transition or a crossover. Therefore, the high-field phase in CeRhlns calls
for further more careful studies.

In this chapter of my thesis, we challenge some of the above discussed interpretations based on
our recent high-field results in CeRhIns. Based on our specific heat measurements, we will settle
the debate of anomaly at B* being a real transition rather than a crossover. Most important, we
will challenge the idea of the field-induced Fermi-surface reconstruction and the SDW-type QCP by
showing a continuous localization of the f electrons up to 70 T. Our results effectively negate the so
far accepted picture of the field-enhanced ¢ — f hybridization or Kondo coupling and field-induced
itinerancy of the f electrons. Moreover, we will show that the story of the magic angle of 20°,
where the electronic anisotropy was observed to be strongest, is not compatible with bulk single
crystalline samples. Our ultrasound velocity results will show that decreasing the in-plane field
component increases the size of the feature at B*, which goes against the now accepted picture of
the electronic-nematic phase, in which a finite in-plane field component align the nematic domains
along a certain direction with the maximum of nematic susceptibility at § = 20°. We will show
that the high-field phase is not an absolute in-plane phenomenon, but poses a 3-D characteristics.
Based on our results, we will put forward a new, more evolved, yet simpler hypothesis for the high-
field phase. We discuss the high-field transition at B* as a field-induced change of the magnetic
structure. To truly confirm the nematic character of the high-field phase in bulk samples, we
suggest magnetoresistance measurements on bulk single crystalline samples, so that strain effects
are rendered ineffective (if such an experiment is possible). Finally, our ultrasound results on bulk
CeRhlnj in contrast with magnetoresistance study on FIB fabricated devices, opens up a discussion
around the possibility of strain as a tuning parameter for electronic correlations in CeRhlIns.
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3.2 dHvVA effect in high magnetic fields

3.2.1 Abstract

We report a comprehensive de Haas-van Alphen (dHvA) study of the heavy-fermion material
CeRhIns in magnetic fields up to 70 T. Several dHvA frequencies gradually emerge at high fields
as a result of magnetic breakdown. Among them is the thermodynamically important 51 branch,
which has not been observed so far. Comparison of our angular-dependent dHvA spectra with
those of the non-4f compound LaRhIns and with band-structure calculations evidences that the
Ce 4f electrons in CeRhlns remain localized over the whole field range. This rules out any sig-
nificant Fermi-surface reconstruction, either at the suggested nematic phase transition at B* =
30 T or at the putative quantum critical point at B. ~ 50 T. Our results rather demonstrate the
robustness of the Fermi surface and the localized nature of the 4f electrons in- and outside of the
antiferromagnetic phase.

3.2.2 Introduction

In spite of numerous experimental investigations of strongly correlated electron systems in the
vicinity of a QCP, the details of what drives the QCP remain the subject of much theoretical
debate. As mentioned in the previous chapter, there are currently two fundamentally different
theoretical models, which attempt to describe the physics of antiferromagnetic (AFM) QCPs in
heavy-fermion (HF) materials. The models can be distinguished by whether the Ce 4f electrons
are localized or itinerant on the either side of a QCP. Here, “itinerant” means that the f electrons
are fully hybridized with the conduction electrons, and, therefore, contribute to the Fermi surface
(FS). The first type of QCP, referred to as a spin-density-wave (SDW) QCP [29] [50], assumes the f
electrons to be itinerant on both sides of a QCP. In this case, if delocalization of f electrons occurs,
it occurs inside the magnetic phase. The second type of QCP, known as a Kondo-breakdown
QCP [44] [106] [30}, 107, 108], suggests that a transition from itinerant to localized 4f electrons
occurs precisely at the QCP. Furthermore, the effective masses of the conduction quasiparticles are
expected to diverge upon approaching this type of QCP.

Since the FSs with itinerant and localized f electrons possess different size and morphology,
the two cases can be easily distinguished experimentally by performing quantum-oscillation mea-
surements, such as the de Haas—van Alphen (dHvA) effect. A comparison of the experimental
angular-dependent dHvA spectra with results of band-structure calculations, both for localized
and itinerant 4f electrons, allows us to distinguish between both scenarios. For Ce-based com-
pounds, a comparison can also be made using experimental results obtained on La-based analogs,
which serve as f-localized references, since the electronic structures of Ce and La differ by only one
f electron.

The heavy fermion compound CeRhIns can play a crucial role in expanding our understanding
of quantum critical points. The antiferromagnetic ground state in CeRhlns can be tuned to a QCP
by pressure [70, 109, 110, IT1], chemical substitution [89] 112} 113], and magnetic field [99} [100].
The pressure-induced QCP in CeRhlng is now considered as a textbook example of the Kondo-
breakdown type. Several dHvA experiments evidence that the f electrons of CeRhlIns are localized
at ambient pressure [78] [79], although some of the theoretically predicted dHvA frequencies were
not experimentally observed [78]. As the critical pressure for the suppression of antiferromag-
netism, P, = 2.3 GPa, is reached, all dHvA frequencies observed at P < P, change discontinuously,
signaling an abrupt F'S reconstruction as a consequence of the f-electron delocalization [82]. In
addition, the effective masses diverge at P., further supporting the Kondo-breakdown scenario. A
similar discontinuous change of the dHvA frequencies was observed upon substituting Rh by Co in
CeRh;_;Co,Ins [87]. However, the FS reconstruction does not occur at the critical concentration
z. ~ 0.8, where the AFM order is suppressed, but deep inside the AFM state, at z ~ 0.4, where
the AFM order alters its character and superconductivity emerges to coexist with antiferromag-
netism. Furthermore, the effective masses do not diverge here. Thus, the substitution-induced
QCP appears to be of the SDW type.

67



CHAPTER 3. CERHIN;

Recently, a field-induced QCP was reported to occur at the critical field B, ~ 50 T applied
both along the ¢ and @ axis [99, [100]. Furthermore, an electronic-nematic phase transition was
observed at B*, and attributed to an in-plane symmetry breaking [43] 103]. Finally, as discussed
previously, Jiao et al. [99] [102] reported the emergence of additional dHvVA frequencies at B* =~
30 T, which was interpreted as a field-induced FS reconstruction associated with the f-electron
delocalization and therefore, suggesting the field-induced Fermi surface to be of the SDW-type [see
Fig. . This result is surprising given that magnetic fields are generally expected to localize f
electrons. This motivated us to thoroughly re-examine the FSs of CeRhlIns at high magnetic fields
through a comprehensive angular-dependent dHvA study. To definitely establish the character of
f electron in CeRhIns in high magnetic fields, we also performed angular-dependent dHvA effect
measurement in its f-localized references compound LaRhlIns, also in high fields, to compare the
Fermi-surfaces of the two compounds.

3.2.3 Band-structure calculations

In order to address the question of whether the f electrons in CeRhlng are itinerant or localized at
high magnetic fields, band-structure calculations were performed for both CeRhIns with itinerant
f electrons and LaRhIns [ﬂ Band-structure calculations were carried out using a full potential
linearized augmented plane wave (FLAPW) method with the local density approximation (LDA)
for the exchange correlation potential. For the LDA, the formula proposed by Gunnarsson and
Lundqvist [I114] was used. For the band-structure calculations, the program codes TSPACE and
KANSAI were used.

The space group of CeRhIns is P4/mmm (# 123, D}, ). The lattice parameters used for the
calculation are a = 4.6521 A and ¢ = 7.5404 A [I15]. These parameters are similar to those
previously reported [70), 116} [74, 117]. In P4/mmm, the la (0.0, 0.0, 0.0) and 1b site (0.0, 0.0,
0.5) are occupied by Ce and Rh ions, respectively. Indium ions occupy the 1c¢ (0.5, 0.5, 0) and 44
site (0.0, 0.5, 0.3068). In the calculation for LaRhIns, the Ce ion was just replaced by the La ion,
because this is a non-4 f reference material.

In the FLAPW method, the scalar relativistic effect [I18] is considered for all electrons and
the spin-orbit coupling is included self-consistently for all valence electrons as a second variational
procedure. The muffin-tin (MT) sphere radii are set as 0.3543a for Ce and La, and 0.32806a for
Rh and In. Here, a is the lattice constant for the a axis. Core electrons (Xe core minus 5s525p° for
Ce and La, Kr core minus 4p° for Rh, Kr core for In) are calculated inside the MT sphere in each
self-consistent step. 5s25p% electrons on Ce and La, 4p® on Rh, and 4d'® on In ions are calculated
as valence electrons by using the second energy window. The LAPW basis functions are truncated
at |k + G;| < 4.85 (27/a), corresponding to 771 LAPW functions at the I' point. 225 sampling
points uniformly distributed in the irreducible 1/16th of the Brillouin zone (BZ) (2048 points in
the full BZ) were used for potential convergence and the final band structure. The fermi surfaces
calculated from these band structure calculations is shown in Fig.

Similar calculations were previously performed for CeColns [119] [78] and CelrIns [120] with
itinerant f electrons, and provided an excellent agreement with experimental results. The calculated
FSs, shown in Fig. closely resemble those reported previously [121], [78, 122, [99]. Although
there are similarities between the FSs with localized and itinerant f electrons, several significant
morphological differences between the two scenarios are apparent. The topologies of the quasi-two-
dimensional (2D) FS sheets originating from band 15 and giving rise to the « orbits are almost
identical. Only the orbit size is different. There is, however, an additional three-dimensional (3D)
FS sheet in the itinerant scenario. The FS sheets originating from band 13 are considerably different
in the localized and itinerant cases. The complicated cross-like sheet giving rise to the € orbits in
the localized case is replaced by two small ellipsoidal pockets in the itinerant scenario. The most
essential difference, however, is the morphology of the F'S sheets originating from the electron band
14. In the localized case, a quasi-2D sheet gives rise to the orbits 31 (belly) and B2 (neck). In the
itinerant scenario, on the contrary, this sheet is more 3D with a larger 81 orbit that is present over

!These calculations were performed by H. Harima, Kobe university, Japan.
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Figure 3.14: Calculated FSs with localized (top) and itinerant (bottom) f electrons. Solid lines
indicate some extremal cross-sections discussed in the text.

a more limited angular range, and an entirely missing neck orbit B2. The latter is replaced by a
much smaller hole orbit 5*, which exists at very small angles only. This difference alone is sufficient
to decide which of the calculated FSs yields a better agreement with the experimental results.

3.2.4 Experimental methods

For our dHvA experiments, high-quality (residual resistivity ratio prr/po ~ 300) single crystals of
CeRhlIns grown by the In self-flux method were used, details of which are given elsewhere [78]. The
dHvA experiments were performed using magnetic-torque methods in both static (up to 36 T) and
pulsed (up to 70 T) magnetic fields. The former were performed in a dilution refrigerator (Tpgse ~
30 mK) equipped with a low-temperature rotator using a metallic capacitive cantilever. The latter
were done in a *He cryostat (Thase ~ 620 mK) using a piezoresistive microcantilever. When using
a rotator, the sample was first carefully aligned on the cantilever with respect to the rotation axis.
The whole setup was then mounted in the rotator of the dilution refrigerator probe at a small
negative angle. The sample was then rotated in field in small steps until the background torque
vanished. Since magnetic torque vanishes when a magnetic field is applied along a symmetry axis,
this orientation was taken as the reference, i.e., field parallel to the ¢ axis. The estimated error
in the angle determination is less than 0.1°. Once the reference orientation was found, the sample
was always rotated in the same direction to avoid hysteresis.
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3.2.5 Field-dependence of the first-order phase transition from incommensurate
to commensurate magnetic structure

At ambient pressure and zero magnetic field, the magnetically ordered ground state of CeRhlng is an
incommensurate helicoidal phase characterized by the propagation vector Q = (1/2,1/2,0.297) [76].
The magnetic moments on the cerium ions are aligned antiferromagnetically in the tetragonal basal
plane and spiral transversely along the ¢ axis [76, [123]. When the magnetic field is applied in the
basal plane, a first-order phase transition occurs at B, ~ 2 T at low temperatures [78], [73] [95].
The transition corresponds to a change of the magnetic structure to a commensurate sine-wave
structure with the propagation vector Q = (1/2,1/2,1/4) [96, 07, 98]. The magnetic moments
are still in the basal plane, but now aligned perpendicular to the applied field direction [96, O7].
When the magnetic field is tilted away from the basal plane, the transition field B,, increases, and
initially follows a 1/ cos(«) dependence, where « is the angle from the basal plane towards the ¢
axis [78].

In magnetic-torque measurements, the transition manifests itself by a clear anomaly, as shown
in Fig. 3.15(a). B, deviates from the 1/ cos(a) dependence at higher angles [see Fig. [3.15(b)]. It
occurs slightly above 20 T when the field is applied at § = 2°, the lowest angle at which we observed
the corresponding anomaly.
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Figure 3.15: First-order metamagnetic transition in CeRhIns. Black arrows in (a) indicate the
metamagnetic transition in the raw torque signal at various field orientations, 6. (b) Angular
dependence of the metamagnetic transition field B,,. The dashed line represents B2,/ cos(a) =
B& /sin(0), where B% = 2 T is the transition field along the a axis, and « is the angle from a to
the c axis.

All the static-field measurements reported here were performed at fields higher than B,,, i.e.,
in the commensurate phase with Q = (1/2,1/2,1/4). This implies that the magnetic Brillouin
zone is smaller than its paramagnetic counterpart. As a consequence, the topology of the Fermi
surface in the antiferromagnetic state is modified with respect to the paramagnetic phase, for
which the band-structure calculations are performed. This might be approximated by a band-
folding procedure where the paramagnetic Fermi surface is folded into the smaller Brillouin zone
based on a large magnetic unit cell. In the particular case of CeRhlns, the reduction of the Brillouin
zone hardly affects the Fermi surface sheet originating from band 15. On the other hand, the sheet
originating from band 14, especially the largest (1 orbit is strongly affected. This orbit can only
be observed via magnetic breakdown.

3.2.6 dHvVA oscillations in CeRhlIn; and LaRhlIn;

Figure shows the oscillatory torque after subtracting a non-oscillating background and the
corresponding fast-Fourier transforms (FFTs) in CeRhIns for several magnetic-field orientations
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Figure 3.16: Fourier spec-
tra of the dHvA oscilla-
tions (shown in the inset)
of CeRhlns for magnetic
field applied at various an-
gles, 6, from the c¢ to-
wards the o axis at T =
30 mK. The FFTs are per-
formed over the field inter-
val from By, = 29 T to
Biax = 36 T, except at
10° where it is 29 - 34.5 T
(see the inset) due to ex-
perimental constraints. (b)
Shows an equivalent figure
of FFTs for the dHvA os-
cillations (shown in the in-
set) of LaRhIns for mag-
netic field applied at var-
ious angles, 6, from the
¢ towards the a axis at
T = 50 mK. The FFTs
in (b) are also performed
over the same 1/B inter-
val, A(1/B) ~ 0.028 T~}
with B, adjusted with re-
spect to the available Bjq,
(see the inset) due to exper-
imental constraints. The
curves are shifted vertically
for clarity. All FFTs are
normalized to the strongest
dHvA spectral peak.
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Figure 3.17: Comparison of the high field FFT spectra of the dHvA oscillations in LaRhIns [(a)
and (c)] and CeRhlns [(b) and (d)] with magnetic applied at two close angles of 4.8° (a) and 4°
(b), and 20.8° (c¢) and 20° (d).
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0, where 6 is the angle from the ¢ towards the a axis. The FFTs are performed over a field
interval mostly above B* with high-enough resolution to distinguish various dHvA frequencies.
We observed all dHvA frequencies detected in previous low- [121, [78] [79] and high-field [99] 102,
103] measurements. In addition, we observed a new, previously undetected, dHvA frequency fi,
whose origin will be discussed later in more detail. Figure (b) shows the the corresponding
oscillatory torque after subtracting a non-oscillating background and the FFTs in LaRhIns for
several magnetic-field orientations. We observed all the fundamental dHvA frequencies, namely
a; and [;, predicted by the band-structure calculations. These frequencies were also observed in
previous measurements in fields up to 13 T [78]. In addition to these fundamental frequencies,
several additional frequencies, such as N, M, and 5, gradually emerge at high fields, as shown
in Fig. These frequencies were not observed in previous lower field measurements [78]. This
suggests that they originate from magnetic breakdown orbits. Almost all of the frequencies observed
in CeRhlns are also observed in LaRhIns as shown in Fig. Remarkably, the frequencies IV,
and (5, were also observed to emerge at high fields in CeRhlns, as shown in Fig. and discussed
in section Next we compare the experimentally obtained angular dependance of the dHvA
frequencies in CeRhIns with the band-structure calculations for both localized [Fig. [3.18|(a)] and
itinerant [Fig. [3.18|(b)] f electrons. For this comparison, the dHvA frequencies were extracted from
FFTs, such as shown in Fig. performed over the field range 29 - 36 TEI (Bavg = 32.12'T E[)
There is excellent agreement between the experimentally observed branches as 3, a1, 32, and 51 and
their counterparts calculated for localized f electrons [Fig. [3.18(a)]. These branches originate from
the quasi-2D F'S sheets from bands 14 and 15. The experimentally observed branches £ and €3 also
agree very well with the f-localized calculations. These branches originate from the cross-like FS
sheet from band 13. The branch X is observed only at small angles close to the ¢ axis, and it does not
seem to correspond to any calculated extremal area. Neither do the branches 85 and N correspond
to any calculated branch. These frequencies will be discussed later in more detail. On the other
hand, there is a clear disagreement of the experimental data with band-structure calculations
assuming itinerant f electrons [Fig. [3.18|(b)]. The most significant signature of this disagreement is
the presence of the 8o branch, which is supposed to be completely absent in the itinerant scenario.
This branch was also observed in previous high-field dHvA [99, [102] and magnetostriction [103]
measurements. In measurements under high pressure, this frequency disappears above P., where
the f electrons become itinerant [82]. Furthermore, the experimentally observed ag3, ai, and
(1 branches lie far below those calculated for the itinerant case. In previous high-field dHvA
measurements performed with magnetic field only along the ¢ axis, the frequencies N and (3} were
interpreted as ag and aq of the f-itinerant model [99]. However, their angular dependence is
clearly different from that suggested by the calculations. Similarly, the experimentally observed
branch X was interpreted as the (51 branch of the itinerant scenario [99]. This frequency indeed
agrees with calculated 8y values at small angles close to the ¢ axis. The positive curvature of this
branch, however, is inconsistent with the negative curvature of the calculated §; branch. Finally, in
Fig. (c), we compare the angular dependence of the experimentally observed dHvA frequencies
in CeRhlns and LaRhIns. The dHvA frequencies of the latter compound were also obtained from
high-field ranges up to the available B,,,,. The excellent agreement of the experimentally measured
dHvA frequencies observed in CeRhlngs and LaRhIns over the whole angular range is especially
strong confirmation that the f electrons, which are localized at low fields [78], remain so even in
fields higher than B*.

3.2.7 Comparison of the dHvVA frequencies in CeRhlIn; at high magnetic fields
and under high pressure

Additional confirmation of localized f electrons in CeRhlng at high fields comes from the compari-
son of dHvVA frequencies observed in CeRhlInj at high fields to that above the critical pressure. One

2This range, mostly above B*, was chosen to provide high-enough resolution to distinguish close dHvA frequencies.
A small variation of this range does not alter the results.

3The average field, Baug, of a field interval from Bmin t0 Bmaz is defined as the reciprocal average, i.e., 1/Bavg =
1/2(1/Bm1n + 1/Bmax)
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Figure 3.19: Comparison of the dHvA frequencies in CeRhIns at high magnetic fields (a) and

under high pressure (b). The results under pressure are from Ref. [82].(c) Angular dependance
of the experimentally observed dHvA frequencies in CeColns (from Ref. [I19]) together with the
results of f-itinerant band-structure calculations for CeRhlns (solid lines).

of the appropriate ways to experimentally assess whether the f electrons of CeRhlng are itinerant or
localized under certain conditions is to compare the data with those obtained in CeRhlns above the
critical pressure, P, = 2.3 GPa, where the f electrons are known to be itinerant [82]. In Fig.[3.19|(a)
and (b), we show a comparison of the dHvA frequencies in CeRhlns over the field interval 29 -
36 T, mostly above B*, with those at P = 2.9 GPa, well above P, [82]. This comparison is not
straightforward, as the measurements under pressure were performed with field applied along the ¢
axis, where dHvA oscillations can not be observed in torque measurements. We, therefore, use the
data obtained at the lowest angle, 4°, at which all the additional frequencies were observed. Since
all the dHvA frequencies almost don’t change at small angles, the frequency difference between 0°
and 4° can be neglected. The dHvA frequencies in CeRhlIns at high fields do not match those under
high pressure. Only the as frequency at high pressure roughly corresponds to the N frequency at
high field. On the other hand, the a; and as frequencies at P = 2.9 GPa do not match any high
field frequencies. This comparison, therefore, argues in favor of the localized f electrons picture in
CeRhlns at high magnetic fields.

Furthermore, the F'S of CeRhlnj is often compared to the F'S of CeColnjg to establish whether the
f electrons of CeRhlng are itinerant or localized under certain conditions, such as high pressure [82]
or high magnetic fields [99 [102]. The heavy fermion compounds CeColns is iso-structural to
CeRhlIng and has an overall similar Fermi-surface topology. However, contrary to CeRhIng, CeColnjs
is non-magnetic with itinerant f electrons [119, 124, [78]. That is why the two cases are often
compared. Strictly speaking, this approach is not correct as there are certain differences between
the Fermi surfaces of CeColns and CeRhIns with itinerant f electrons, as shown in Fig. [3.19(c).
Not only the sizes of the as and «g orbits are slightly different, the 82 orbit, present in CeColns,
is absent in CeRhlns with itinerant f electrons.

3.2.8 Field-dependence of the dHVA frequencies in CeRhIn; and LaRhlIns

Figures to convincingly demonstrate that the Ce f-electrons are localized up to 36 T.
That this situation persists up to still higher fields is evidenced by our pulsed-field measurements,
shown in Fig. [3.20fa). The corresponding FFT spectra obtained over a moving 1/B window are
shown in Fig. [3.20(b). Due to the much higher temperature, 7' = 620 mK, of the pulsed-field
measurements, some of the additional dHvA frequencies, such as N, 51 and X, emerge at higher
fields as compared to our lower temperature static-field results, an example of which is shown in
Fig.[3.20)(c). Contrary to the previous report [99], some of these frequencies emerge well below B*,
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Figure 3.21: FFT spectra of the dHvA oscillations in LaRhIns with magnetic field applied at 9°
from the ¢ axis at 7' = 50 mK. All the FFTs are obtained over the same 1/B range. For the bottom
curve, the range is from By;n, = 21.5 T to Byer = 25.07 T (Bgyg = 23.15 T). For each successive
curve, By, is increased by 0.5 T. The curves are shifted vertically for clarity.

as can be seen in Fig. [3.20(b) and (c). We have not observed any frequency shift or the emergence
of new frequencies at either B* or B, (inset of Fig. . Importantly, the 8o frequency is still
present above B, ~ 50 T. Furthermore, the effective masses remain finite in the immediate vicinity
of B, (as discussed in sec. . This suggests that the f electrons remain localized when the
AFM order is suppressed by a magnetic field. The same conclusion was drawn for Celng, for which
the AFM order is also suppressed at a very high field of about 60 T [125].

We will now discuss the origin of the additional dHvA frequencies, such as 35, N, 81, and X,
which emerge only at high fields. The frequency (; originates from the belly orbit of the electron
band 14 (Fig. . Both the frequency itself and its angular dependence are in excellent agreement
with the f-localized calculations [Fig. a)]. This branch was not observed in any of the previous
measurements. This is not surprising given that this orbit is strongly affected by the modification
of the Brillouin zone in the AFM state (as discussed in sec. . In addition, the corresponding
effective mass is strongly enhanced, m* ~ 12 my (sec. . The frequencies 85 and N do not
seem to correspond to any calculated branch within either the localized or itinerant model. It is,
however, apparent that 3} follows the angular variation of 82 with a small and almost constant offset
(Fig. . Remarkably, this offset ~ 0.6 kT, corresponds to the frequency A, which is almost angle
independent. This suggests that £} originates from the magnetic breakdown between (2 and A4, i.e.,
B = P2 — A, assuming that A corresponds to a hole pocket. The exact origin of the frequencies N
and X is unclear at present. Notably, the 85 and N branches also emerge in LaRhIn; only at high
fields [(see Fig. and (c)], suggesting that they originate from magnetic-breakdown orbits.
The frequency X is the only one that is not observed in LaRhIng. It is, therefore, less likely that
this frequency originates from a magnetic breakdown as we discuss here. Figure a) shows the
field dependence of the oscillatory amplitude of the X and 8 branches. The lines represent the
field-dependent part of the Lifhitz-Kosevich formula. The effective masses were obtained from the
mass plots (shown in sec. , and the Dingle temperatures were determined from the Dingle
plots, as shown in Fig. [3.22(b). For both frequencies, the expected amplitude drops below the noise
level just below the lowest field point. This implies that these oscillations gradually rise above the
noise level with increasing magnetic field, rather than emerging all of a sudden at a given field value.
Indeed, in the latter case, the oscillations are expected to emerge well above the noise level. The
kink in the field-dependence of the X frequency amplitude is due to a drastic change of the Dingle
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Figure 3.22: (a) dHvA amplitude of the X and f; branches as a function of magnetic field
applied at 4° from the c axis at 7" = 50 mK. The lines correspond to the standard Lifshitz-Kosevich
formula [54] with effective masses and Dingle temperatures determined from mass and Dingle plots,
respectevely. (b) Dingle plot for the branch X. Note that the slope of the Dingle plot changes
drastically at about 30 T.

temperature, as shown in Fig. (b) Remarkably, this change occurs at about 30 T. While it is
not clear whether this change is directly related to B*, it might explain why the X frequency was
not observed below 30 T in the previous high field study [99].

Therefore, the emergence of X at high fields, although progressive as shown in Fig. could
be due to a minor FS reconstruction, such as a Lifshitz transition of a spin-split band, similar to
what was observed in Celrlns [126] and YbRhsSis [127]. We emphasize that even if this is the
case, the f electrons remain localised above 30 T as is evidenced by the presence of the 81 and [
frequencies, and the very close match between the LaRhIns and the CeRhlns data.

3.2.9 Effective masses in CeRhln;

The effective masses, m*, corresponding to the various dHvA orbits of CeRhIns were determined by
fitting the temperature dependence of the oscillatory amplitude with the standard Lifshitz-Kosevich
formula [54] with m* as fitting parameter. This was done deep inside the antiferromagnetic phase
in the vicinity of B* (Fig. and in the field-induced polarized paramagnetic phase just above
B, (Fig.[3.24).

Inside the antiferromagnetic state, the effective masses were determined from the static-field
data over the field range from 28 to 34.5 T (Bgyg = 30.86 T) for two orientations of the magnetic
field, at 4° and 8° from ¢ towards the a axis, as shown in Fig. The effective masses obtained
for these two orientations are similar, indicating a rather weak angular dependence of the effective
masses, at least close to the ¢ axis. The effective masses corresponding to the dHvA frequencies
observed at moderate magnetic fields, such as as 3 and S, are in good agreement with previous
reports [121] [78]. The effective masses corresponding to the additional frequencies observed only
at high fields are much heavier, from ~6mg for the branch N, to ~12my for the branch 8; (where
mo is the bare electron mass), indicating many-body mass enhancements. For comparison, the
calculated band masses, my, for the 81 branch are 0.85m¢ and 0.81mg at 4° and 8°, respectively.

In the field-induced polarized paramagnetic phase, the effective masses were extracted from the
pulsed-field data over the field range from 50 to 68.18 T (Bgyg = 57.69 T) with field applied at
9° from ¢ towards the a axis, as shown in Fig. [3.24a). Not only do the effective masses show
no sign of divergence just above B., the effective masses of the 82 and (1 branches are strongly
reduced with respect to the values at 30.86 T. Unfortunately, the amplitudes of these oscillations
are not strong enough for a reliable determination of the effective masses in the intermediate field
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Figure 3.23: (a) Fourier spectra of the dHvA oscillations in CeRhIng for a field rotated by 6 = 8°
from c to the a axis over the field interval from 28 to 34.5 T at different temperatures. (b) and (c)
Temperature dependence of the dHvA amplitudes at § = 8° and 4°, respectively. The lines are fits
using the standard Lifshitz-Kosevich formula [54].
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range as evident from the huge error bars in obtained effective masses shown in Fig. [3.24|b). The
apparent reduction of the effective masses observed here is likely to be due to the field-induced
polarization of the quasiparticle bands, which leads to the suppression of electronic correlations. A
similarly strong suppression of the effective masses by magnetic fields was previously observed in
CeBg [128] [129], CeAly [130] 131], CeRugSia [131], and CeColns [119].

Such a field-induced polarization of the quasiparticle bands is also possibly apparent in the field
evolution of FSs above B.. At magnetic fields above 49 T, there is a small increase (of about 2%)
in the size of the 32 and £} FSs as shown in Fig. Furthermore, there is also a splitting of the
fermi surface orbit a3 and 51 above 49 T. Also, the amplitudes of the dHvA frequencies abruptly
increase at magnetic fields above 49 T, indicating an abrupt increase in the dingle temperature at
49 T.

2 6=9°

Amplitude (arb. u.)

3 4 5 6 7 8 9
dHvA Frequency (kT)

Figure 3.25: Evolution of the dHvA frequencies with B obtained in CeRhlIns in pulsed magnetic
fields applied at 9° from the ¢ axis obtained over the same 1/B range, shown by the rectangle in
Fig. [3.20(a). For the bottom curve, the range is from By, = 28 T to Bpae = 34.38 T (Bayg =
30.86 T). For each successive curve, By, is increased by 0.5 T up to 29 T, and by 1 T from there
on. The curves are shifted for clarity.

All these changes observed above 49 T possibly are related to the suppression of the AFM state
and emergence of a field-induced polarized paramagnetic phase above B, =~ 49 T'.

3.2.10 Conclusions

In summary, we performed high-field dHvA measurements on CeRhIns and LaRhIns. In CeRhlns,
several additional dHvA frequencies emerge above certain threshold fields. In particular, we ob-
served the previously undetected, thermodynamically important 5; branch predicted by the f-
localized band-structure calculations. Almost all of the dHvA frequencies observed in CeRhlnj are
also present in LaRhIns. In addition, their angular dependence is identical in the two compounds.
The presence and angle dependence of the observed dHvA frequencies are well accounted for by
band-structure calculations with localized f electrons, indicating that the f electrons of CeRhlng
remain localized not only above B* ~ 30 T, but also above B, ~ 50 T. We emphasize that delocal-
ization of the Ce f-electron at high magnetic field would change the whole FS from the localized to
the itinerant F'S that we show in Fig. Continued observation of the 83 branch at the highest
magnetic fields is clear evidence of that the Ce f-electron remains localized over the full magnetic
field range that we have explored.
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It was previously reported that the f electrons also remain localized in Celns above its critical
field B, ~ 60 T [125]. Whereas Celns is an isotropic HF compound with an almost spheroidal
FS, CeRhlnj is a prototypical example of a strongly anisotropic material with quasi-2D FSs. The
continued localization of the f electrons well above B, in both compounds is not consistent with
either of the two existing theoretical models of AFM QCPs. This implies that magnetic field, which
itself tends to localize f electrons, should be treated differently from such control parameters as
pressure or chemical doping.

The identification of a ‘small/localized’ or a ‘large/itinerant’ Fermi surface is an important
theoretical issue. In certain cases, the interpretation of dHvA results have been contentious. For
example, in CeRusSis, a change of Fermi surface from itinerant to localized was reported, above
a critical field H,, based on dHvA measurements [132] [133]. However, this interpretation is still
under debate. An alternate interpretation of an itinerant Fermi surface above H,, through a
Lifshitz transition was also put forward [134], which is more consistent with the premise that the
f electrons are never truly localized as long as the system remains in the metallic state with an
enhanced effective mass. There is always a finite hybridization in heavy fermion systems. Therefore,
the true meaning of localized f electron and ‘small’ Fermi surface based on dHvA measurements is
an important theoretical problem, as discussed in detail in ref [I35]. Nonetheless, in CeRhlns, the
low-field Fermi surface is ‘small/localized’, in the sense it is largely similar to that of LaRhIns, and
is unanimously suggested by several dHvA studies. Our dHvA results establishes that this low-field
small/localized Fermi surface does not abruptly change either across B* =30 T or B, ~ 50 T.

These results are published in [I36].
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3.3 Specific heat in high magnetic fields

3.3.1 Abstract

CeRhlnj is a prototypical antiferromagnetic heavy-fermion compound, whose behaviour in magnetic
field is unique. Magnetic field applied in the basal plane of the tetragonal crystal structure induces
two additional phase transitions. When the magnetic field is applied along, or close to, the ¢ axis,
a new phase characterized by a pronounced in-plane electronic anisotropy emerges at B* ~ 30 T,
well below the critical field, B, ~ 50 T, to suppress the antiferromagnetic order. The exact origin
of this new phase, originally suggested to be an electronic-nematic state, remains elusive. Here we
report low-temperature specific heat measurements in CeRhIns in high static magnetic fields up
to 36 T applied along both the a and ¢ axis. For fields applied along the a axis, we confirmed
previously suggested phase diagram, and extended it to higher fields. This allowed us to observe
a triple point at ~ 30 T, where the first-order transition from incommensurate to commensurate
magnetic structure merges into the onset of the second-order antiferromagnetic transition. For
fields applied along the ¢ axis, we observed a small but distinct anomaly at B*, which we discuss
in terms of a possible field-induced transition, probably weakly first-order. We further suggest that
the transition corresponds to a change of magnetic structure. We revise magnetic phase diagrams
of CeRhlns for both principal orientations of the magnetic field based entirely on thermodynamic
anomalies.

3.3.2 Introduction

At ambient pressure and zero magnetic field, CeRhIns undergoes an antiferromagnetic (AFM)
transition at Ty = 3.8 K, in which the Ce moments are antiferromagnetically aligned within
the Celns planes. The moments spiral transversally along the ¢ axis with a propagation vector
Q = (0.5,0.5,0.297) incommensurate with the crystal lattice [76]. Magnetic field applied in the
basal plane of CeRhInj induces two additional transitions, observed in specific heat [73], thermal
expansion, and magnetostriction measurements [95]. The lower temperature transition is first order.
It occurs at B, ~ 2 T at low temperatures, and corresponds to a change of magnetic structure
from incommensurate to commensurate [96]. The higher temperature transition is second order. It
corresponds to a change of the ordered moment, while the propagation vector, almost the same as
in zero magnetic field [96], becomes temperature-dependent [97]. Both transitions were traced up
to 18 T in static field measurements [95]. More recently, specific heat measurements in pulsed fields
applied along the a axis revealed a non-monotonic field dependence of T [09]. The AFM transition
temperature initially increases up to about 12 T, and then decreases monotonically all the way up
to the critical field B, ~ 50 T'. In these measurements, however, the two field-induced phases were
not observed. Therefore, the complete phase diagram for fields along the a axis remains elusive.

When a magnetic field is applied along the ¢ axis, T monotonically decreases until it is com-
pletely suppressed at B, ~ 50 T [99, [I00]. Surprisingly, the critical field for this orientation is
approximately the same as along the a axis in spite of a considerable crystallographic and magnetic
anisotropy of CeRhlns. On the other hand, the critical field was extrapolated from specific heat
measurements in pulsed magnetic fields, while there is a difference between the results obtained in
pulsed [99] 100] and static [72] fields.

The most interesting feature was observed in various measurements at B* ~ 30 T for field
applied either along or slightly tilted from the ¢ axis [99] 101} 43|, T03] [104] 105 137]. While it
was interpreted as a transition into an electronic-nematic state [43], the exact origin and nature
of this anomaly is still under debate. Surprisingly, specific heat measurements have so far failed
showing a direct indication of this anomaly [72], 99, [100]. It is thus still unclear whether the anomaly
corresponds to a real thermodynamic phase transition or a crossover.

The above mentioned inconsistencies and shortcomings demonstrate a clear need to perform
specific heat measurements in high static fields to ascertain the quantum critical point, complete
the phase diagram for fields along the a axis, verify the phase diagram along the ¢ axis, and seek
a direct evidence for the enigmatic novel state at B*.
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Here we report high-field low temperature specific heat measurements on a single crystal of
CeRhlIns. The measurements were performed in static fields up to 36 T for field orientations both
along the a and ¢ axes. For field applied along the a axis, we observed all the previously reported
transitions, and traced them to higher fields. For field along the ¢ axis, we observed the so far
elusive anomaly at B* in addition to the AFM transition. Based on these features observed in
specific heat, we propose a revision of the magnetic phase diagram of CeRhlIns for both principal
orientations of the magnetic field.

3.3.3 Experimental details

The high-quality single crystal of CeRhIng used in the present study was grown by the In-self-flux
technique, details of which can be found elsewhere [78]. The dimensions of the CeRhIns crystal are
1.3x0.8x0.2 mm? and the mass is 1.55 mg. The length of the sample is parallel to the c axis, as
shown in Fig. [3.26

Figure 3.26: Single crystal of CeRhlIns used for the specific heat measurement.

Low-temperature specific heat measurements were performed in static magnetic fields up to 36 T
by either a thermal relaxation technique at constant magnetic field or AC technique at constant
temperature. Measurements at low fields using the thermal relaxation technique were performed
in a *He cryostat equipped with a 12 T superconducting magnetic and a VTI providing the lowest
thermal bath temperature of 1.5 K. While the measurements at high fields were performed in a 36 T
resistive magnet equipped with a *He cryostat reaching the lowest thermal bath temperature of
1.3 K by directly pumping on the Helium bath. The measurements using AC calorimetric technique
were entirely performed in the 36 T resistive magnet and *He cryostat reaching the lowest thermal
bath temperature of 1.3 K. A Cernox thermometer, calibrated from 1.3 K to 40 K in magnetic
fields up to 36 T, was used as a reference thermometer for the thermal bath.

In the thermal relaxation technique, the specific heat C of CeRhlnjs is obtained by subtracting
the addenda contribution from the total heat capacity of the system as shown in Fig. [3.27|(a).
It is evident that the addenda contribution to the total specific heat is negligibly small at low
temperatures compared to the sample.

Specific heat measured using the AC calorimetric technique is consistent with that using the
relaxation technique, as shown in Fig. |3.27(b). For the AC calorimetric technique, we plot tan 6
which is proportional to the specific heat of the sample, i.e., tan(f) = Cw/k. Given that k < T, and
the temperature oscillation frequency w (twice of heater excitation frequency) is constant, we have
tan® oc C/T. Further, in AC technique C is the total heat capacity of the system including the
addenda. However, as verified through the thermal-relaxation technique, the addenda contribution
to the heat capacity of the system is negligibly small over the temperatures range of Fig. [3.27|(b)
and therefore, there is an excellent agreement between the results obtained by the two different
techniques.

For the AC specific heat data, the sample temperature is determined by removing the self heat-
ing effect, i.e., Tpc, using the heater calibration described in the previous chapter on experimental
techniques.
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Figure 3.27:  Total specific heat (red open circles) of CeRhIns and addenda (blue open circles)

obtained using thermal relaxation technique. (b) Comparison of the specific heat of CeRhlnjs at zero
field obtained using thermal relaxation (closed circles) and AC calorimetric (solid line) techniques.
For the latter, tan @ proportional to C'/T is plotted.

3.3.4 Specific heat of CeRhln; for field applied along the a axis
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Figure 3.28:  Specific heat of CeRhIns and LaRhIns at zero field obtained using the thermal
relaxation technique.

The specific heat C/T as a function of temperature for CeRhIns and LaRhIns obtained using
the thermal relaxation technique is shown in figure The specific heat C'/T decreases upon
cooling before reaching a minimum at 9 K with a value C/T = 0.45 J/K?mol. On further lowering
the temperature, the specific heat increases first, leading to a sharp lambda-like feature in the
specific heat at T = 3.76 K and then decreases rapidly thereon. This feature corresponds to the
onset of a long-range anti-ferromagnetic order in CeRhlns through a second-order phase transition
at Ty =~ 3.8 K. The compound LaRhInjs is a non-f reference compound for CeRhIns and therefore
only has phonoic contribution to specific heat. Conventionally, such a non-f material is used to
subtract the phononic contribution (87%) to the total specific heat of its iso-structural f electron
compound, i.e., CeRhIns (see Fig. [3.28).

Significant changes in the specific heat occurs in applied magnetic fields. Figure [3.29(a) shows
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Figure 3.29: Specific heat divided by temperature, C'/T, of CeRhlIns for magnetic field applied
along the a axis. (a) C/T as a function of T" obtained from relaxation technique for several values
of magnetic field. Curves are vertically shifted according to the magnetic field scale shown in the
right axis. A zoom at low and high fields is shown in (b) and (c) respectively. (d) Total specific
heat, C', obtained from field sweeps using the AC technique.
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specific heat divided by temperature, C/T', obtained from relaxation measurements for magnetic
field applied along the a axis. For this field orientation, apart from the AFM transition at T,
there are two additional field-induced transitions at 77 and 75, as shown in Fig. [3.29(b). The
transition at 77 manifests itself by a sharp d-like peak characteristic of a first-order transition. The
transition at T» appears as a A-type anomaly typical for a second-order transition. This transition
is observed only at low fields, as shown in Fig. (b) In agreement with previous reports, T
initially increases up to about 10 T, and then decreases monotonically up to the highest field of
our measurements. The transition temperature 77 shows a similar trend. Above 3 T, T} increases
up to about 12 T, and then starts to decrease. Its suppression rate, however, is slower than that of
Tn. With increasing field, the two transitions approach each other. At 28 T, the two transitions
are barely distinguishable, and at 30 T only the transition at T remains, as shown in Fig. (c)

All the transitions are also observed in measurements by AC technique, as shown in Fig.
In particular, the curve obtained at 3.4 K, shows four phase transitions. Interestingly, while the
low-field transition at B manifests itself as a sharp peak, its high-field counterpart at B appears
as a rather smeared anomaly, although it is also a first-order transition. This is not surprising
considering that standard AC calorimetry models are based on steady-state measurements, which
is not the case for a first-order phase transition due to the involvement of latent heat. Therefore,
a first-order transition does not always manifest itself as the canonical d-like feature. The shape,
and even the presence, of an anomaly depends on the latent heat associated with the transition.
On the other hand, a second-order transition always manifest itself as a distinct A-like anomaly,
which is, indeed, the case for the two known second-order transitions at Be and By.
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Figure 3.30: Specific heat divided by temperature, C/T, of CeRhlns for magnetic field applied
along the a axis. (a) C/T as a function of T" obtained from relaxation technique for several values
of magnetic field. Curves are vertically shifted according to the magnetic field scale shown in the
right axis. A zoom at low and high fields is shown in (b) and (c) respectively. (d) Total specific
heat, C', obtained from field sweeps using the AC technique.

The resulting magnetic field-temperature, B — T', phase diagram for field along the a axis is
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shown in Fig.[3.31] It contains three different antiferromagnetic phases labeled AFM1, AFM2, and
AFM3. The magnetic structure of all three phases was previously determined by neutron diffrac-
tion [96, 97]. The zero-field phase AFMI1 corresponds to an incommensurate antiferromagnetic spin
helix with a propagation vector Q = (0.5,0.5,0.297). The AFM2 phase is an incommensurate ellip-
tical helix with strongly modulated magnetic moments and a temperature-dependent propagation
vector. The AFM3 phase is a commensurate collinear square-wave (‘up-up-down-down’ configu-
ration) with a propagation vector Q = (1/2,1/2,1/4). All three phases meet at a triple point
inside the AFM phase at (3 T, 3.4 K). The AFM2 phase exists only in a narrow temperature range
close to Ty. This range shrinks with increasing magnetic field until the AFM2 phase is completely
suppressed at ~ 30 T, giving rise to yet another triple point. Remarkably, this field is about the
same as B*, at which the putative electronic-nematic phase emerges for fields close to the ¢ axis.
Above 30 T, only the commensurate phase AFM3 exists up to the complete suppression of the
AFM order. A naive quadratic fit of Ty vs B reveals a critical field B, ~ 54 T, in agreement with
previous pulsed field results [99].
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Figure 3.31:  Magnetic phase diagram of CeRhIns obtained from relaxation (circles) and AC
(triangles) specific heat measurements for field applied along the a axis. Closed and open symbols
correspond to second- and first-order transitions respectively.

3.3.5 Specific heat of CeRhlIn; for field applied along the ¢ axis

Figure shows the temperature dependence of the specific heat divided by temperature, C/T,
obtained using relaxation technique at different magnetic fields applied along the ¢ axis. For this
orientation of the magnetic field, T is gradually suppressed, consistent with previous reports [72),
99, 100]. This is the usual behaviour observed in AFM heavy-fermion compounds. However,
we observed a non-monotonic behaviour of the specific heat jump at the AFM transition. With
increasing field, the jump size gradually increases up to 27 T, above which there is a small abrupt
drop. The jump size then remains almost constant between 29 and 35 T, the highest field of
our measurements. A similar behaviour was also observed in the previous studies [100} [73]. This
unusual behaviour indicates that there might be a change in the AFM state between 27 and 29 T.

The most remarkable result is obtained using the AC technique with field applied along the ¢
axis. For this orientation, we observed a weak but distinct anomaly at B*, as shown in Fig. and
a). The exact position of the anomaly is defined from the second derivative of the specific heat
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Figure 3.32: C/T of CeRhlInj for magnetic field applied along the ¢ axis obtained from temperature
sweeps using the relaxation technique.
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Figure 3.33: Specific heat of CeRhlns for magnetic field applied along the ¢ axis obtained from
field sweeps using the AC technique at T' = 2.42 K. Inset show the anomaly at B* obtained after
subtracting 4" degree polynomial from C.
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Figure 3.34: (a) Specific heat of CeRhlns for magnetic field applied along the ¢ axis obtained
from field sweeps using the AC technique. Curves are vertically shifted for clarity. (b) Second
derivatives of the heat capacity shown in (a) with respect to magnetic field. Arrows indicate the
AFM transition and the anomaly at B*.

with respect to magnetic field, where the anomaly manifests itself as a small maximum, as shown
in Fig. [3.34(b). This anomaly was not observed in previous high-field specific heat measurements.

3.3.6 Discussion about the anomaly at B*

We will now discuss a possible origin of the high-field state above B* based on our findings. The
presence of the specific heat anomaly at B* implies that it is likely a real thermodynamic phase
transition rather than a crossover, contrary to what was previously suggested [103]. The latter
suggestion, however, was based on magnetostriction measurements performed in a magnetic field
applied at 20° from the ¢ axis. Furthermore, the anomaly we observe at B* does not have the
characteristic A-like shape of a second-order phase transition contrary to those at By and By in
Fig. Therefore, the anomaly observed at B* most likely corresponds to a first-order phase
transition. Moreover, it is thermodynamically forbidden that three second-order phase boundary
lines meet at a triple point [I38]. This further supports our hypothesis that B* is a first-order
phase transition. Finally, the anomaly at B* is observed only within the AFM state, in agreement
with previous reports [99, T01], 43], 103} 105]. Based on this, the most natural explanation of the
phase transition at B* is a change of magnetic structure. Previous high-field NMR, measurements
unambiguously suggest that the AFM phases both below and above B* are incommensurate [104].
Therefore, B* should correspond to a transition from one incommensurate phase, AFM1, to another
phase incommensurate along the ¢ axis, AFM4, with a propagation vector Q = (0.5,0.5,1), where
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[ is different from 0.297 of the AFM1 phase.

This hypothesis is consistent with previous reports. Indeed, the previously observed resistivity
jump at B* [1011[43], 137] can be naturally accounted for by a metamagnetic spin-reorientation, as we
suggest here. The only previously reported result, which is difficult to reconcile with our hypothesis,
is that a Fermi surface reconstruction corresponding to the delocalization of the f electrons occurs
at B* [99,[102]. This conclusion, however, was challenged by recent angular-dependent de Haas-van
Alphen effect measurements, which suggest that the f electrons in CeRhlng remain localized up to
fields higher even than B, [139].
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Figure 3.35:  Magnetic phase diagram of CeRhIns obtained from relaxation (circles) and AC
(triangles) specific heat measurements. Closed symbols correspond to second-order transitions from
AFM to PM phase. Open symbols indicate the anomaly at B*, which presumably corresponds to
a weakly first-order transition.

Figure shows the revised magnetic phase diagram of CeRhlng for field applied along the
¢ axis. The field dependence of T obtained from our static-field measurements is consistent
with that previously reported, based on the pulsed-field data [I00]. A fit of the data to the
Tn(B) = Tno[l — (B/B.)?) expression, where Tg is Ty at zero field, reveals a critical field B, ~
52 T. This value is in agreement with that previously reported [99]. The transition at B* is
weakly temperature-dependent in agreement with previous measurements [99, 101l 43}, 103, [L05].
As was already discussed above, we suggest that this first-order transition separates two different
incommensurate magnetic phases.

We note that the situation is entirely different when a magnetic field is tilted from the ¢ axis.
First, a finite component of a magnetic field in the basal plane explicitly breaks the Cy rotational
symmetry. Even more important is that at angles bigger than 2°, the transition from incommen-
surate AFM1 phase into the commensurate phase AFM3 occurs below 30 T [I39]. Therefore, the
transition at B* is from the commensurate phase AFM3 to the incommensurate phase AFM4.
This is likely what was observed in recent ultrasound velocity measurements [105]. In these mea-
surements, the anomaly observed at 20 T at the AFM1-AFM3 transition is very similar to that
observed at B* ~ 30 T. Furthermore, the magnetostriction anomaly observed at B* in a magnetic
field tilted by about 20° from the ¢ axis is similar to that observed at 7.5 T, where it corresponds
to the AFM1-AFM3 transition.
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3.3.7 Miscellaneous

L 27T
30T st 295 T
2+ 1+ 2874 T
30T |
- 31T
29T
——295T

[u—
T
!
T

C/T (J/K’mol)

2r 29T i T
1+ S
0 L L L L L L
0.6 0.8 1.0 0.6 0.8 1.0
T/T T/T,

Figure 3.36: Specific heat in CeRhInj using temperature sweep (relaxation technique) for magnetic
fields close to B*, applied along the ¢ axis. The plots in green are for C'//T at the remaining fields
listed in the legend.

As shown in the B — T phase diagram in Fig. the B* transition is weakly temperature
dependent. It is, therefore, difficult to detect this transition in temperature sweeps in the relaxation
technique. However, close to the AFM boundary, this transition has a relatively larger temperature
dependence and shifts to slightly lower fields. We, therefore, performed specific heat measurements
using thermal relaxation technique at few different fields slightly below 30 T, as shown in Fig. [3.36]
Indeed, at magnetic fields close to 29 T, there is a weak anomaly observed in the specific heat
just below the AFM transition (indicated by arrows on the red plots in each panel of Fig. at
B=295T, B=29T,and B =28.74T).

Scaling the temperature dependence of C/T with respect to T provide an easier template to
understand the field-evolution of the specific heat, especially at low temperatures, such as in the
AFM state. Such a plot for CeRhlInjs for fields along the ¢ axis is shown in figure Contrary to
the previous report [100], the specific heat in the AFM state (below T) evolves gradually starting
from low fields and up to 35 T, the highest field of our measurement [see Fig. . In Figure
Fig. [3.37(b) we plot the value of C/T" at 0.8 Ty as a function of field. For this value of scaled
temperature, i.e., 0.8 Ty, there is a small jump at 29 T, in the otherwise smooth evolution of the
convex-shaped specific heat in the AFM state with field. This small jump is due to the presence
of the B* transition in C/T at 29 T as shown in Fig. [3.36] Furthermore, another interesting
observation is the abrupt change in the slope of C'/T at 0.8 T vs B. The slope, which depict
the evolution of specific heat with field, is almost doubled at fields above 29 T in comparison to
the slope below 29 T. This indicates that above 29 T, the evolution of AFM state and possibly
the AFM state itself is different from the low field state, i.e., below 29 T. This interpretation is
consistent with our hypothesis of change of AFM structure at B* (see Fig. |3.35)).

Next we try to extract the magnetic field dependence of the electronic contribution to the total
specific heat in CeRhlng. Usually for a metallic system, the total specific heat has electronic v and
phononic S8 contributions whose temperature dependance can be written as

C/T =~ + BT? (3.1)

Experimentally, the electronic contribution or the Sommerfeld coefficient can be obtained as
the intercept of the C/T vs T? plot. Figure shows such plots for CeRhlns in magnetic fields
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Figure 3.37: Evolution of specific heat in CeRhIns with magnetic field obtained using the relax-
ation technique. All the plots at different magnetic fields are scaled with respect to T for the
corresponding field. (b) C/T taken at 0.8Tx at different magnetic fields. The red dashed lines are
linear fit to the evolution of C'/T" at low and high fields.

up to 35 T. In the paramagnetic phase (which is equivalent of metallic state), C'/T is essentially a
straight line (at 7" > 10 K). The lines at different fields are parallel to each other, i.e. equal slope
B, indicating the phononic contribution is field independent. The y-intercept of this line give the
electronic contribution ~. It decreases with increasing magnetic fields as is typically expected for
heavy fermions due to suppression of correlation effects. At high fields (> 20 T), it is more or less
constant.
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Figure 3.38: Evolution of the specific heat C/T in CeRhIns plotted against 72. The inset shows a
zoomed-in view of C//T vs T? in the low temperature range (antiferromagnetic state). The panel
on the right shows C/T vs T? in the high temperature range (paramagnetic state).

Determining the electronic contribution in the antiferromagnetic phase is not as straight forward
because a simple linear fit does not work and we are limited by the base temperature ~ 1.6 K.
A very naive extraction of something equivalent to the electronic contribution in the AFM state
is shown in Fig. [3.39, Here the C/T at the lowest temperature, i.e., 7' = 1.65 K is plotted as a
function of magnetic field [see Fig. [3.39(b)].

However, such an analysis is not much reliable or informative. The specific heat below T has
very distinct nature because of the additional contributions due to the AFM ordering of moments.
Therefore, in addition to the electronic and the phononic contribution, an antiferromagnetic magnon
contribution (Cjueg) to the total specific heat must also be taken into account as below
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Figure 3.39: (a) Specific heat in CeRhInj at different magnetic fields applied along the ¢ axis. (b)
Value of C/T taken at T' = 1.65 K at different magnetic fields.

Crotat = Cer + Cph + Cmag- (32)

Now, the phononic contribution is very small at low temperatures, as can be seen in fig.
for LaRhIns, and therefore, can either be neglected or must be subtracted from the total specific
heat before further analysis.

Next, to determine Cj,q4, appropriate models to fit the low temperature part of specific heat
are used. Often, Cy,,4 is approximated using the spin-wave theory. For antiferromagnets, spin
wave theory gives a linear magnon dispersion relation i.e. w ~ k. The specific heat contribution
due to spin wave formation comes out to be Cj;/72. Additionally, the magnetic anisotropy arising
from molecular fields will introduce a finite gap in the magnon dispersion. This introduces a factor
e 2/T where A is the size of spin-gap.

For antiferromagnets, two models dealing with these details are generally used for fitting the
specific heat in AFM state. The first one (eq. [3.3) comprises of an antiferromagnetic spin wave
contribution with a dispersion relation in relativistic form w = v/A2 + Dk?2, where A is the size of
spin-gap, « is related to spin-wave stiffness D by a oc D~/ [140].

Crnag = 10T + aAT2TYV 22T (1 4 (39/20)(T/A) + (51/32)(T/A)?) (3.3)

The linear contribution o7 is the electronic contribution in the AFM state. This model was
previously used by Jiao et al. to extract the field-dependence of vy in CeRhIng [I00]. The second
one (eq. [3.4]) is by Bredl [I41] taking into account an activated term and is as follows

C/T =~ + BuT? + By lexp(—E,/KpT))T? (3.4)

Here, 707 is again the electronic term in AFM state, 8,72 is AFM magnon term, 3}, (exp(—E,/KgT))T?
is activated term arising from an AFM SDW with a gap in the excitation spectrum due to anisotropy.
This model was previously used by Cornelius et al. to extract 79 in CeRhIng at zero field [77].
Using both these models, we tried to fit the magnetic contribution to the total specific heat
in CeRhlIns at zero field (after subtracting the phonon contribution using LaRhIns) as shown in
Fig. The parameters extracted based on the fit using eq. are (7o ~ 65 mJ/K?mol, 3, ~
23 mJ/K?mol, B, ~ 722 mJ/K?mol and E,/kp ~ 8.2 mJ/K?mol) and are in good agreement
with the previous report by Cornelius et al.[T7] (yo ~ 56 mJ/K?mol, 8,, ~ 24.1 mJ/K?mol, B!, ~
706 mJ/K?mol and E,/kp ~ 8.2 mJ/K?mol).

94



3.3. SPECIFIC HEAT IN HIGH MAGNETIC FIELDS

2.0 o CeRhIn S—LaRhIn5

:
—— mode
— model 2 y

~ 15}
o
NE
=
= 10f
&~
Sy
DS

=
W
T

OO s | s 4 | s | s |

Temperature (K)

Figure 3.40: Fits of the magnetic contribution to the total specific heat in CeRhlns at zero field
using model 1 (eq. (red line) and model 2 (eq. (blue line) as discussed in the text.

Similarly, the extracted parameters based on the fit using eq. are o ~ 130 mJ/K?mol, o ~
1.46 x107% mJ/K?mol and A ~ 11.6 mJ/K?mol. These parameters are not in much agreement
with the previous report by Jiao et al. [I00] (vo ~ 82 mJ/K?mol, a ~ 6.5 x10~6 mJ/K?mol
and A ~ 11.2 mJ/K?mol.) However, these extracted parameters also vary depending upon the
temperature range selected for fitting.

It is evident that fits based on eq. and eq. to the magnetic specific heat at low
temperature fails at temperature close to T). The fit based on eq. shows a larger deviation
from the experimental data close to T. Furthermore, the variation of the extracted parameters
with the data range used suggests that such an analysis might lead to misleading conclusions,
especially when three to four free fitting parameters are involved. Therefore, a field dependence of
the extracted parameter, such as shown for «y in [I00], must be considered cautiously.

3.3.8 Conclusions

In summary, we performed specific heat measurements in CeRhlInjs in static fields up to 36 T applied
both along the a and the ¢ axis. For field along the a axis, we confirmed previously established rich
phase diagram, and extended it to higher fields. For field along the ¢ axis, we observed a distinct
anomaly at B* ~ 30 T, suggesting that a real thermodynamic phase transition, probably weakly
first-order, is likely to take place at this field. We suggest that this transition is from the low-field
incommensurate magnetic structure to another incommensurate phase, characterized by a different
propagation vector. High field inelastic neutron scattering measurements are required to definitely
confirm this hypotheses. Such measurements, although very challenging, are now possible due to
the recent experimental breakthrough [142].
These results are published in [I39].
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3.4 Ultrasound velocity and attenuation in high magnetic fields

3.4.1 Abstract

Here we report a comprehensive high-field ultrasound velocity study on bulk single crystals of
CeRhlIng. For a field applied at 2° from the ¢ axis, we observed two sharp anomalies, at 20 T and
30 T, in all the symmetry-breaking modes (C11, Cu4, Cgs and C7) at low temperatures, suggest-
ing additional broken symmetries of the underlying order parameter rather than just the four-fold
rotational symmetry previously suggested. The former anomaly corresponds to the well-known
first-order metamagnetic transition, where the magnetic structure changes from incommensurate
to commensurate. The higher field anomaly takes place at B* ~ 30 T, where an electronic nematic
transition was previously suggested to occur. Both anomalies are of similar shape, but the corre-
sponding changes of the ultrasound velocity have the opposite signs. Furthermore, both anomalies
are observed within the antiferromagnetic state only. Based on these experimental results, we
suggest that the anomaly at B* also corresponds to a field-induced transition, this time from a
commensurate to a different incommensurate antiferromagnetic state. With increasing the field
angle from the ¢ axis, the anomaly at B* slowly shifts to higher fields, broadens and becomes
smaller in magnitude. Therefore, the angle-dependent behaviour of the anomaly at B* is found to
be inconsistent with the microscopic picture of electronic-nematics, in which the anisotropy arising
due to the directional alignment of nematic domains is proportional to the strength of the in-plane
field component. The anomaly, traced up to 30° from the ¢ axis, is no longer observed at 40° up to
36 T. These observations are in contrast with the previously reported results of transport studies
performed on microfabricated samples of CeRhlns. Apart from the anomalies at 20 and 30 T in
the symmetry breaking modes, we also observed clear features around 30 T at temperatures below
1.9 K in the C33 mode, which is symmetry preserving. These anomalies, however, are observed
only when the magnetic field is applied very close to the ¢ axis. With decreasing temperature,
these features form a dome-like phase centered at 30 T within the AFM state. However, no feature
was observed around 20 T in the C33 mode. Therefore, our results indicate that a rather exotic
phenomena occur around 30 T. Based on the observations in the C33 mode, we suggest that the
change of the magnetic structure, at least at small field angles, is either accompanied or driven by
an additional transition probably due to an inter-layer exchange along the c direction.

3.4.2 Introduction

Classical complex fluids often exhibit a phase, in which their rod-shaped micro-structured molecules
align in an orientational order in such a way that the rotational invariance is spontaneously broken.
Such a phase is known as a nematic state.

Strongly correlated electron systems, such as the high temperature superconductors, iron-
based superconductors, and heavy-fermion compounds, are essentially quantum fluids comprising
of strongly interacting constituents, i.e., electrons. Due to the strong electronic correlations, these
systems exhibit many exotic phases, such as unconventional-superconductivity, a strange metallic
state, a non-Fermi-liquid state, pseudogap phase and hidden-order.

In an analogy to the nematic state in the classical fluids (liquid crystals), SCES are conjectured
to host a similar symmetry broken nematic phase. Indeed, this was experimentally found in many
strongly correlated electron systems such as high-temperature superconductors [39, 40, [41] , stron-
tium ruthenate [42], and, more recently, in heavy-fermion systems [43]. In applied magnetic fields,
above a certain critical field, an unusually large transport anisotropy was observed in the rather
isotropic conducting planes of these 2D electronic systems. This strong electronic anisotropy was
interpreted as an electronic-nematic (EN) state. Microscopically, it is understood that above a crit-
ical out-of-plane field, a new state is prepared, in which the electron fluid is replaced by nanosized
electronic structures or ‘domains’, which can be aligned in a preferential direction by an arbitrary
small in-plane field component thereby leading to an anisotropic electronic transport along the two
orthogonal directions in the 2D conducting planes. Such a transport anisotropy increases with
increasing the in-plane field component. However, in the absence of an in-plane field component
(in other words fields perpendicular to the conducting planes), the transport anisotropy disappears
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but the domain formation may still exist. Only the presence of a finite in-plane field component
aligns these domains and reveals the full effect of the symmetry breaking.

The apparent relation of this nematic phase to unconventional superconductivity is still under
debate. It is an active area of research to understand if the nematic phase competes, coexists
or enhances superconductivity, or simply appears accidentally. In this regard, the heavy-fermion
compound CeRhlIns can play a crucial role to study the possible relation of unconventional super-
conductivity and an electronic nematic phase. In this system, a pressure-induced unconventional
superconducting state [70] emerges in the vicinity of a pressure-induced QCP, while a state of en-
hanced in-plane electronic anisotropy, interpreted as an electronic-nematic phase, [43] emerges in
the vicinity of the field-induced QCP. While the unconventional superconducting state in CeRhlIns
is well established, a comprehensive understanding of the electronic anisotropic state is still elu-
sive. The electronic-nematic interpretation of the enhanced in-plane electronic anisotropy above
B* comes from the magnetoresistance study on FIB fabricated devices [43]. There is always a
finite strain on FIB-devices arising due to the difference in the thermal expansion coefficients of the
sample and the substrate or the contacts by which the sample is held. Another member of Ce-115
family, Celrlns, shows a drastic change of its properties due to strain [I43]. In CeRhIns too, a
change of magnetic structure was observed in powdered samples [144] suggesting a strong impact of
the strain on its physics. The role of strain for the electronic-nematic transition, therefore, cannot
be ruled out.

While an anomaly around B* ~ 30 T applied close to ¢ axis has been observed in several
other measurements on bulk samples such as specific heat, magnetostriction [103], ultrasound ve-
locity [105] and NMR [I04], torque and magnetization have so far failed to show a detectable
feature corresponding to this transition. These measurements, however, cannot directly confirm
the electronic-nematic character of the high-field state, while transport measurements can. Some of
these measurements do conform with the rationale of a symmetry-broken electronic nematic state.
For example, magnetostriction measurements indicated a small lattice response at 30 T in both the
a and c directions. The lattice distortion along the a direction was interpreted as a signature of an
enhanced hybridization of cerium f electrons with the in-plane 5p electrons of indium. Similarly,
previous NMR and ultrasound reports also indicated an enhanced in-plane ¢ — f hybridization.
However, our dHvA study confirms that the f electrons remain localized above 30 T in the high-
field phase of enhanced anisotropy. Therefore, the origin of the electronic nematic state cannot be
due to an enhanced ¢ — f hybridization and Kondo effect. The detection of an anomaly at 30 T in
our specific-heat study suggests that a real phase transition occurs at this field. We discussed the
transition at 30 T in terms of as a change of the magnetic structure. Fluctuations associated with a
magnetic instability close to the QCP can be a candidate for the origin of a correlated state, in this
case, an electronic-nematic state. Indeed, the pressure-induced and cobalt substitution-induced
superconducting states in CeRhlns are enhanced by a change of the antiferromagnetic structure.
Anyway, the true origin of the 30 T transition remains elusive.

The order parameter associated with the transition holds vital information about its microscopic
origin and must be studied an using an appropriate probe. In this regard, the elastic response
is an extremely useful probe, not to only detect thermodynamic phase transitions but also to
determine the symmetries of the associated order parameter through the strain-order parameter
coupling. Ultrasound waves readily couple with electronic, magnetic, and structural degrees of
freedom. Elastic constants (C') are a second-derivative of the free energy (F') with respect to the
applied strain (¢), i.e., C = d*F/de. Experimentally, the elastic constants can be deduced from the
ultrasonic velocity v in a crystal lattice of the mass density p as C = pv?.

For a tetragonal crystal lattice, such as CeRhlngs, there are six independent elastic constants
(C11, Ci2, Ci3, Cs3, Cyg, Ces). Except for Cis, the other five can be probed experimentally
through ultrasound velocity measurements along the symmetry directions [100], [110] and [001].
The longitudinal (L) and transverse (T) ultrasonic modes along these symmetry directions and the
corresponding elastic constants are listed in Table Redundant ultrasonic modes are left out of
this table.

Different ultrasound modes, obtained by different directions of the ultrasound propagation and
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Figure 3.41: (a) Crystal structure of CeRhIns. Magnetic structure of CeRhIns (b) in zero magnetic
field and (c) in a magnetic field higher than 2 T applied along the [100] direction. Arrows indicate
the orientation of the magnetic moments. Only Ce atoms are shown in (b) and (c) for clarity.
(d) Schematic illustration of the symmetry strains induced by different ultrasound modes for a
tetragonal crystal structure. For each mode, the propagation (k) and polarization (u) directions
are shown by arrows. The associated irreducible representations are shown in brackets.
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Ultrasound modes and the elastic constants for a tetragonal lattice
Ultrasonic Mode k u Cij

Li100] [100] [100] | C11

T(100] [100] [010] | Cgs

Tho00] [100] [001] | Cyq

T [110] [1-10] | Cp = (C11-C12)/2

Lioo1] [001] [001] | Css

Table 3.1: The various ultrasounic modes for a tertragonal lattice and the corresponding elastic
constants. The first column list the ultrasonic mode, here L: longitudinal and T: transverse and
the subscript corresponds to the direction of propagation. The second and third columns depicts
the directions of propagation and polarization, receptively. The corresponding elastic constant are
listed in the fourth column.

polarization, induce different symmetry-breaking strains in the crystal, as schematically shown in
Fig. (d) for a tetragonal crystal structure. This, in turn, allows for the determination of the
symmetry of a phase order parameter as well as identification of the broken symmetries at a phase
transition.

Recent ultrasound velocity study [I05] on CeRhIns detected an anomaly at 30 T in the trans-
verse elastic constant C'7, while it was absent in the other four elastic constants. This was inter-
preted in terms of a quadrupolar ordering of the O,2_,2 orbital due to the €,2_,2 strain conforming
with the previous interpretation of the broken Cf tetragonal symmetry.

Here we report ultrasound velocity measurements in CeRhlnjs in static magnetic fields up to 36 T
and pulsed fields up to 65 T. The measurements in pulsed magnetic fields were performed using a
phase-sensitive detection of the ultrasound signal across the sample using piezo-electric transducers
in a *He cryostat. The measurements in static fields were performed using a frequency-sensitive
detection of the signal in a 3He cryostat equipped with an in-situ rotator.

3.4.3 Signature of AFM transition in elastic constants and attenuation

Similar to the heat capacity, the elastic modulus being a thermodynamic probe also detects the
second-order anitferromagnetic phase transition in CeRhlns as a distinct A-like feature at 3.8 K,

as shown in Fig.
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Figure 3.42: (a) Relative ultrasound velocity and (b) ultrasound attenuation in CeRhIns across the
antiferromangetic transition for the ultrasonic modes Cr and Css.

The AFM transition is detectable in both the ultrasound velocities and attenuations marking
the high sensitivity of our measurements. Here, the arrow points to the AFM transition observed
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in the elastic constants Cs3 and C7 and their corresponding elastic attenuations. The anomaly in
the C33 mode is much smaller than that in the Cr mode.

3.4.4 Field-dependence of the relative ultrasound velocity variation Av/v

Fig. shows the relative ultrasound velocity variation with magnetic field applied close to the
c axis in CeRhIns for the five ultrasound modes described in Table

The elastic constants C1, Cyq, Cge and Cr corresponds to the tetragonal symmetry breaking
strains, as schematically depicted in the Fig|3.41)(d). In addition to the symmetry breaking, Ci;
is also sensitive to the volume change. The elastic constants C11, Cy4, and Cgg show an overall
softening (decrease of the relative ultrasound velocity) with magnetic field up to By. The elastic
constant Cp shows a hardening (increase of the relative ultrasound velocity) with magnetic field
between B,, and B* followed by a softening at higher fields. The Cs3 elastic constant shows
an overall hardening with magnetic field up to the highest field of our measurement, i.e., 65 T.
Contrary to the previous report [105], we observed clear features around B* ~ 30 T in all the elastic
constants, i.e., Ci1, Cu4, Ces, Cr and Cz3. Similarly, the feature at B, ~ 45 T is present in all
the elastic constants, while it is most pronounced in C1;. However, in the Cr mode By, appears
instead of B, when the field is applied very close to the c axis. In the C'11 mode, the feature at B,
is marked by a rapid hardening as depicted in Fig. [3.43(a). The rapid hardening might be due to
the sensitivity of the C1; mode to volume changes. The feature at B,, is present in all the elastic
constants except for Csz.

The feature at B, corresponds to the well-known metamagnetic transition related to the change
of the antiferromagnetic structure from the ambient-pressure, zero-field incommensurate helical
structure (AFM1) [Fig.[3.41|(b)] to a commensurate co-linear ‘up-up-down-down’ structure (AFM3),
shown in Fig.[3.41)(c). The transition occurs at By, = 2 T for a field applied along the a axis. When
the magnetic field is oriented away (by an angle a) from the basal plane towards the ¢ axis, B,
initially varies as 1/ cos(«), but deviates from dependence towards smaller values closer to the ¢
axis. For a field orientation 6 ~ 2° from the ¢ axis (or v = 88°), By, ~ 20 T. For a field alignment
better than 2° from the c axis, B,, has not been observed so far. To exclude a field alignment better
than 2° as the origin of the absence of By, in the Cs3 elastic constant, we performed field-dependent
ultrasound velocity measurements at several orientations of the magnetic field (see Fig. . We
did not observe B,, even at angles larger than 2° from the c¢ axis where B,, should appear below
20 T. Therefore, the absence of B,, in the Cs3 elastic constant implies that this mode does not
couple to the in-plane electronic or magnetic changes.

The presence of the features in ultrasound velocity can understood from the symmetry consid-
erations of the two antiferromagnetic structures, AFM1 and AFM3. AFM1 is an incommensurate
spiral helical structure [Fig. [3.41f(b)]. A spiral helical magnetic structure has a Cy rotational
symmetry about the axis of the helix, while the tetragonal crystal structure has a Cj rotational
symmetry about the ¢ axis. Therefore, a combination of the two, which is the case for the AFM1
phase in CeRhlng, should have the lower of the two rotational symmetries, i.e., a Cy symmetry
about the ¢ axis. Now, in the up-up-down-down AFM2 structure [Fig. c)], the magnetic mo-
ments are aligned in the tetragonal plane perpendicular to the magnetic field, i.e., in a preferential
antiferromangetic arrangement. Therefore, the symmetry of the magnetic structure is lowered from
C4 to Cy at the transition from incommensurate to commensurate at B,,,. All the symmetry break-
ing strains that explicitly breaks the C;y symmetry should then be able to detect such a transition.
This is indeed the case, as B,, is detected in the C'r, C1; and Cgg modes. However, the presence
of By, in the Cyy mode suggests that additional symmetries are also broken across the IC-C tran-
sition, which are still to be identified. Nonetheless, experimentally, the most crucial point is the
observation of the features at B,, and B* in all the symmetry breaking modes. The transitions at
B,,, and B* manifest themselves by similar anomalies, but the corresponding changes of Av/v have
the opposite signs. This implies, that all the symmetries broken at B,,, including the Cy rotational
symmetry, are restored at B*. It is, therefore, natural to conclude that both transitions are of
the same origin, i.e., that the transition at B* corresponds to another field-induced change of the
magnetic structure, this time from the commensurate AFM3 to an incommensurate AFM4 phase
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Figure 3.43: Field dependence of the relative ultrasound velocity variation, Av/v, for the C11 (a),
Cr = (C11 — C12)/2 (b), Cs3 (c), Cyq (d), and Cgs (e) modes at T' ~ 1.4 K. The field was applied
at 2° from the c axis for all the modes. Arrows indicate the anomalies at By,, B*, By(,) and
B, discussed in the text. For all the modes, the ultrasound propagation, k, and polarization, u,
directions are indicated.
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in the basal plane.

Moving further, we notice that in the Cyy and Cgg modes, the feature at B* is larger than that
at B,,. On the contrary, in the C71 and Cp modes, the anomaly at B* is smaller than that at B,,.
It is not clear why this is the case. Further, in the C33 mode, the feature at B* has as a ‘dip-like’
shape, completely different from the ‘step-like’ shape in all the other modes. The unique shape of
feature at B* will be discussed later.

The absence of the well-established, purely in-plane transition at B,, as well as the presence
of features around B* and B, in the C33 mode suggests that the transitions at B* and B, have
out-of-plane characteristics in addition to the in-plane character. This implies that the feature at
B* might also correspond to the onset of a state of a 3-D electronic nature.

3.4.5 Temperature-dependence of Av/v and ultrasound attenuation
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Figure 3.44: Temperature-dependence of the field-dependence of the relative ultrasound velocity
(a),(c) and the corresponding attenuation (b),(d) for the C7 mode in CeRhIng for two different
field angles 8 = 2.5° (a),(b) and # = 7.5° (c),(d) from the c axis. Curves are shifted vertically
for clarity.

Fig. shows the temperature dependence of the field-dependent ultrasound velocity and
elastic attenuation for the elastic constant Cr at two different orientations of the magnetic field,
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Figure 3.45: Temperature-dependence of field-dependence of relative ultrasound velocity for the
(a) C11, (b) Cyq and (c) Cgs modes in CeRhlns for field applied at 6 ~ 2° from the ¢ axis. Curves
are shifted vertically for clarity.

0 ~ 2.5° and 0 =~ 7.5°. Fig. shows the temperature dependence of the elastic constants C11, Cyy
and Cgg. In all the modes, the transitions at B,, and B*, are almost temperature independent. The
transition at By, moves to slightly higher fields at higher temperatures close to the AFM boundary.
On the contrary, B* moves to slightly lower fields when approaching the AFM boundary. The
transitions are only slightly diminished in size with temperatures well below the AFM boundary and
are drastically reduced only close to it. Both transitions exists strictly within the antiferromagnetic
state [see Fig. [3.45a)].

Based on the temperature dependence of field-dependent ultrasonic velocity in the Ci1, Cuy,
Cge, and C7 modes, the temperature-magnetic field phase diagram is constructed, as shown in Fig.
3.46|(a). All the points in the phase diagram corresponding to the various transitions are marked
in Figs. [3.43] [3.44] [3.52] and [3.53] and are explained in the text. The points corresponding to the
AFM boundary are from our specific heat study.

As mentioned previously, both the transitions at B,,, and B* exist strictly within the AFM state
only. This suggests that the transition at B* is also related to the magnetic properties of CeRhlns.
This further supports our hypothesis that the transition at B* corresponds to the change of the
magnetic structure.

The transitions at By, and B* form a broad dome in the magnetic phase diagram [see fig.
3.46((a)], indicating that these two transitions binds a thermodynamic phase, AFM3, which has
a commensurate AFM structure. The transition at B, traces a PPM state boundary, as was
previously suggested [105].

The features observed around B* in the (33 mode show a peculiar temperature-dependence,
different from the symmetry breaking modes. First of all, the features disappear above 2 K, about
0.5 K below the AFM phase boundary, as shown in Fig. At low temperatures, there are two
distinct features, one at a field slightly lower than 30 T and another one at a field slightly higher
than 30 T. Furthermore, the two features show an asymmetric temperature dependence. higher
field feature is almost temperature-independent at low temperatures. It moves to slightly lower
fields on approaching 2 K. The lower field feature moves to lower fields with decreasing temperature.
The features form an asymmetric dome centered at 30 T within the antiferromagnetic state [see
fig. [3.46|b)]. The absence of a similar dome around the metamagnetic transition at 20 T argues
for a rather exotic situation at B*. Since the C33 mode is symmetry preserving and is sensitive to
changes along the ¢ direction of the tetragonal system such as interlayer exchange, an expansion or
a compression, the feature are probably related to the emergence of the out-of-plane fluctuations
or a 3D order around B*, accompanying the suggested change of the magnetic structure. Another
possibility is that these two features around B* are real thermodynamic transitions. If this is the
case, there are three different transitions within a small field range around B*. Their absence in
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Figure 3.46: Temperature-magnetic field (B — T') phase diagram for CeRhIns based on the field-
induced transitions at B, and B* for (a) the symmetry breaking ultrasonic modes Cr and C1; and
(b) for the symmetry preserving ultrasonic mode Cs33. The blue closed circles corresponding to By
with a 1 — (B/By)? fitting (dashed line) are from on our specific heat study. The solid and dashed

lines separating the phases AFM1, AFM3, AFM4 are guides for the eye.
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Figure 3.47: Temperature dependence of the field-dependence of the relative ultrasound velocity in
CeRhlIns in the C33 mode (a) and the corresponding ultrasound attenuation (b) for a field applied
at 0 ~ 2° from the c axis. Curves are shifted vertically for clarity.

the other modes can then be understood through a simple consideration. Since features in Csg
correspond to the out-of-plane dynamics, C11, Cr, Cgg should not couple to them and, therefore,
we do not observe them in these modes. However, in Cyy mode, these features can possibly be
detected at temperatures lower than 1.3 K. Measurements in the Cy4 mode at lower temperatures
are required to confirm this hypothesis.

3.4.6 Angle-dependence of Av/v and ultrasound attenuation

Fig. shows the field dependence of Av/v (a) and corresponding ultrasound attenuation (b) for
various angles, 6, of the field from the ¢ toward the a axis for the elastic constant Crp.

In the magnetoresistance study performed on FIB-fabricated devices of CeRhlIns, the resistivity
step observed at 30 T gradually increased for fields tilted away from the ¢ axis up to 8 = 20°, before
decreasing again and fading away at 6 ~ 60° [43].

The angle-dependent behavior of the feature at B* in ultrasound velocity is strikingly different
in ultrasound velocity in a bulk single crystal of CeRhIns. As shown in Fig. [3.48] it is the strongest
for field orientations closer to the ¢ axis. Initially, for small inclinations of the field away from the ¢
axis, it rapidly diminishes in size. For example, it diminishes by a factor of about 6 from 6 ~ 2° to
0 = 5° [Fig. c)] For still larger field angles from the ¢ axis, it decreases in size rather slowly
[Fig. [3.48|(a)]. Similarly, the anomaly at B, also decreases with increasing § with an initial abrupt
decrease by a factor of about 5 from 6 =~ 2° to § = 5°. Therefore, the angle-dependence of the
feature size at B* is similar to that of the MMT transition at B,,. However, unlike the invariably
sharp MMT transition, it gradually broadens with increasing 6 until it is no longer distinguishable
above 6 = 30°. At § = 40°, the transition at B* is either not present up to 36 T or is dominated by
the huge magnetoacoustic quantum oscillations corresponding to a small Fermi-surface pocket es
[Fig. [3.48((d)]. This behavior of the B* feature implies probably that it changes from a transition at
low angles to a crossover at higher angles. This interpretation is also supported by our specific-heat
measurements [139] very close to the ¢ axis, which suggest B* to be a real thermodynamic phase
transition, and the magnetostriction measurements at 6 =~ 17° from the ¢ axis, which suggest it to
be a crossover [103].

Moving further, the feature at B* slowly moves to higher fields with increasing 0 [see fig.
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Figure 3.48: Angle-dependence of the field-dependent relative ultrasound velocity in CeRhIns (a)
and the corresponding ultrasound attenuation (b) for the ultrasonic mode Cr at various angles 6
of the field from the c axis at T' ~ 1.25 K. Bottom panels show a comparison of relative ultrasonic

velocity at = 2° and 6§ = 5° (c) and € = 5° and € = 40° (d). Curves are shifted vertically for
clarity.
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Figure 3.49: Angular variation of the field-induced transitions at B,, and B* shown in Fig.
The position of each transition is determined from the peak in the first derivatives of Av/v, as
shown in the inset. The red dashed line is 2/cos(90 — ) fit to B,, for § > 10°. The blue dashed
line guide for the eye.
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Figure 3.50: Field-dependence of the relative ultrasound velocity in the ultrasonic mode C1; in
CeRhlnj for two different angles 6 =~ 2.5° and 6 < 2° from the ¢ axis at T =~ 1.5 K.
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Figure 3.51: Field-dependence of the the relative ultrasound velocity in CeRhlns (a) and the
corresponding elastic attenuation (b) in the ultrasonic mode Cs3 for several orientations of the
magnetic field in the vicinity of the ¢ axis. Curves are shifted vertically for clarity.

3.49] in agreement with the previous reports [I01], 43]. This suggests that unlike the metagenetic
transition at B, tuned by the in-plane field component, the suggested metamagnetic transition at
B* is not driven by the in-plane field component, but by an alternative route, such as a magnetic-
structure modulation by an inter-layer exchange, a compression or an elongation. Such an inter-
layer exchange is experimentally supported by the features observed around B* in the C33 mode.

Similar to the Cy mode, the feature at B* and B,, become stronger for field orientations closer
to the ¢ axis in the Ci; mode [see Fig. . In the C7 mode, the feature at B* is considerably
bigger for fields applied very close to the ¢ axis, i.e., § ~ 2°. Also, the behavior of Av/v above B*
for 6 ~ 2° is different from that for § > 2°. For orientations close to 2°, Av/v shows a down-turn,
which is absent for 6 > 2°.

Remarkably, it is only for these small orientations (6 ~ 2°) that features around B* exist in the
C33 mode [see Fig. . It is, therefore, evident that the transition at B* and features around it
are prominent only for fields very close to the ¢ axis. This clearly establishes the importance of the
out-of-plane field component for the B* transition.

3.4.7 More about the transition at B*

Based on the observations and results shown in the previous sections, we suggest the transition
at B* to be a metamagnetic transition corresponding to change of the magnetic structure from
commensurate AFM3 to incommensurate AFM4, which restores all the symmetries broken at By,.
In all the modes, overall behavior of Av/v for fields below By, and above B* is similar. This indicates
that the low-field and high-field phases are of the same nature implying similar incommensurate
magnetic structures within AFM1 and AFM4. This behavior further supports a metamagnetic
transition from commensurate to incommensurate at B* as a likely possibility.

The angle-dependence of the anomaly size at B* is different from that observed in magnetore-
sistence, since decreasing the in-plane field component increases the size of the feature at least
down to 2° from the c¢ axis. The remarkable difference between angular-dependent behaviors of
the B* transition in bulk samples and microfabricated devices is likely to be due to the uniaxial
strains usually present in the latter. CeRhlIns is known to be very sensitive to uniaxial strains. For
instance, previously reported NQR measurements on bulk and powder samples of CeRhIns suggest
that even small strains (or stresses) change the zero-field magnetic structure from incommensurate
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to commensurate [144]. Additional measurements under uniaxial stress (or strain) at high magnetic
fields on bulk samples are required to elucidate the role of the uniaxial stress in previous transport
measurements on CeRhIns microstructures [101), 43].

It is already known that the change of magnetic structure at B,, is driven by an in-plane
magnetic field component atleast down to 10° to 15° from the ¢ axis, which is also beautifully
captured by its initial 1/cosf dependence [see Fig. [3.49]. However, unlike the 1/cosf angular
dependence of the B, transition, the weak angular dependence of the B* transition suggests that
the change of AFM structure at B* is not driven by the in-plane field component but a different
mechanism.

Here, very naively, I will try to suggest such an alternative mechanism based on the features
observed around B* in the symmetry preserving Cs3 mode. In this mode, the asymmetric growing of
the dome formed by these features around B* with decreasing temperatures indicates the possibility
of an exotic mechanism. One such possible mechanism is that at around B* = 30 T, an inter-layer
exchange between the Celng layers occurs along the out-of-plane direction, which modulates the
magnetic structure. The asymmetry of the dome can then be explained as a difference in the
degree of the inter-layer exchange in two different AFM states, i.e., between the incommensurate
AFM1 below 30 T and the incommensurate AFM4 phase above 30 T (for magnetic field very close
to the ¢ axis) or between the commensurate AFM3 below 30 T and the incommensurate AFM4
phase above 30 T (for magnetic field slightly tilted from the ¢ axis, say 2°). Then within the
dome region, the commensurate vector (1/2,1/2,1/4) gradually changes to an incommensurate
vector (1/2,1/2,0(B)) as a function of field, where §(B) changes from 0.25 to probably about, 0.21.
Nonetheless, the true origin of the features around B* and the driving mechanism of the suggested
change of the magnetic structure remain elusive.

It must be noted that so far magnetoresistence, magnetization, torque failed to show any de-
tectable feature in the longitudinal or ¢ direction. However, magnetostriction revealed an anomaly
along the ¢ direction, in addition to the a direction, for a field applied at 8 ~ 17°, but its presence
was understood in terms of the Poisson’s ratio.

3.4.8 Hysteresis in Av/v at high fields

Generally, in case of first order transitions, a hysteresis is observed in the measured quantity as
a function of temperature or magnetic field. The first-order transition at By, indeed shows a
hysteresis between up and down field-sweeps [see Fig. [3.52(a),(b)].  This is consistent with the
previous report [105]. There is a small but clear hysteresis at B* in the Cy4 and C1; modes [see Fig.
3.53|(a),(b)] suggesting that B* is also likely a first-order transition. Further, in the Cr mode, there
are hysteretic features both below and above B*, as shown in Fig. The inset in Fig. a)
shows a zoomed-in view of the hysteresis above B*. The features marked by By, in the up field-
sweep and By (g) in the down field-sweep seems to correspond to the antiferromagnetic transition.
The average of these two fields, (By()+Bn(a))/2, fits well nicely to the AFM phase boundary
in the temperature-field phase diagram (see violet closed circles in Fig. . This hysteresis at
the AFM transition is surprising as the antiferromagnetic phase transition is a second-order. The
A-like shape of the specific-heat anomaly at the AFM transition confirms its second-order nature.
Therefore, it is not clear if this hysteresis at the AFM transition can be explained by a field-induced
change of the AFM structure. One plausible explanation is that there might be some very slow
relaxation timescales involved in the high field phase. Or it might be simply an artifact of the
pulsed-field measurements.

The temperature-dependence of the hysteresis observed at high fields is shown in Fig. [3.52|c)
for 6 = 2°, and (d) for § = 15° in the Cr mode. A similar temperature dependence is shown in
Fig. [3.53|(a) and (b) for the Cj; and Cy4 modes, respectively. In Fig. the field, at which the
hysteresis closes (indicated by black arrows and corresponds to B, in Fig. , corresponds to
the transition to the polarized paramagnetic state (PPM), suggested previously [105], and fits well
the PPM boundary in the phase diagram shown in Fig.
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Figure 3.52: Field-dependence of the relative ultrasound velocity for the ultrasonic mode Cr cor-
responding to the up (blue) and down (red) sweeps of the magnetic field pulse for (a) § = 2° and
(b) 8 = 15°. Insets shows a zoomed-in view of the hysteresis observed at high fields. Temperature-
dependence of hysteresis observed at high fields. Arrows indicates the positions of By ) and By )
for # = 2° (c) and B, for § = 15° (d). Curves are shifted vertically for clarity.
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3.4.9 Magnetoacoustic quantum oscillations

We observed clear magnetoacoustic quantum oscillations (MAQOs) in the ultrasound velocity in all
the modes measured both in static and pulsed fields. While the oscillations are stronger in certain
modes, they are weak in others. The oscillations are the strongest in the C33 mode. For example,
in the C33 mode, huge MAQOs are directly visible in the ultrasound velocity measured at the 3He
base temperature (7" = 0.346 K), as shown in Fig. The inset shows quantum oscillations
corresponding to large Fermi-surface orbits obtained by subtracting a smooth background from the
raw Av/v signal, essentially comprising of low frequencies < 1 kT.
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Figure 3.55: Magnetoacoustic quantum oscillations in CeRhlng in relative ultrasound velocity in
the C33 mode. The inset shows the high-frequency oscillations obtained by subtracting a smooth
background.

In agreement with the results of the previous high-field ultrasound study on CeRhIns [105],
we observed strong low-frequency magnetoacoustic quantum oscillations in the C7 mode between
By, and B*, as shown in the inset of Fig. These oscillations with the frequency denoted A
(F4 ~ 0.6 kT) disappear above B*, as shown in Fig. also in agreement with the previous study.
This experimental result was interpreted as an evidence of a possible Fermi-surface reconstruction
at B* in the previous work [105]. However, in that work, quantum oscillations were observed in
the Cr mode only.

In our measurements, the magnetoacoustic quantum oscillations from other modes clearly reveal
this frequency. For example, in the C33 mode, shown in Fig. where the MAQO are the
strongest, this frequency is present both below and above B*. The corresponding FFT spectra for
fields below (6-20 T) and above B* (31.8 - 36 T) are shown in Fig.[3.57|(a). The oscillations with the
frequency A are clearly present both below [the inset of Fig. [3.57|(a)] and above B* [Fig. [3.57((a)].

In addition to the frequency A, our static-field data in the C33 mode reveals most of the
previously observed dHvA frequencies in CeRhlIns, such as ag3, oy and (2. Further, quantum
oscillations below 20 T reveal a previously undetected small-Fermi surface orbit of the frequency
S1 =70 T [inset of Fig. 3.57(a)] with the effective mass m* = 1.8 mg [Fig. [3.57(b)]. This orbit
seems to disappear above 20 T, coincidentally close to the IC-C transition at B,, observed in other
modes for a field orientation 6 = 2°. This small change of the Fermi surface is possibly associated
with the change of the magnetic structure.

Finally, in Figs. [3.58 (a) and (b), we show the field dependence of the MAQOs frequencies
in the C33 mode at the 3He base temperature for two different orientations # ~ 0° and # ~ 4.5°
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Figure 3.56: Fast Fourier transform (FFT) spectra of the magnetoacoustic quantum oscillations in
the ultrasonic mode Cp (shown in the inset) obtained over the field ranges below and above B*. A
non-oscillating background was subtracted prior to performing the FFTs. The FFTs were perform
over equivalent 1/B ranges indicated by rectangles in the inset.
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Figure 3.57: (a) FFT of MAQO shown in Fig. for magnetic fields above B*. The inset shows
the FFT at fields below 20 T. (b) Temperature-dependence of the MAQO amplitudes from the
inset of (a). The inset shows a LK-fit of the temperature-dependence of the amplitudes of the S;
orbit.
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Figure 3.58: Field depen-
dence of the MAQOs FFT
spectra in CeRhlns ob-
tained in the longitudinal
elastic constant Csg at T ~
035 K for (a) 8§ = 0°
(b) & = 4.5°. The in-
sets show the corresponding
MAQOs in the ultrasonic
velocity. The FFT spectra
are obtained over the same
1/B ranges. In the panel
(a), for the top curve, the
field range is from B =
31.8 T to Bmer = 36 T
(Bavg = 33.88 T). For each
successive curve, Bpg: 1S
decreased by 1 T down to
20 T. In the panel (b),
for the bottom curve, the
range is from By, = 10 T
to Bmaz = 10.71 T (Bgyg
= 10.34 T). For each suc-
cessive curve, B, is in-
creased by 1 T up to 20 T,
and by 0.5 T from there
on. Curves are vertically
shifted for clarity.
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of field from the ¢ axis. To study the field evolution of the Fermi-surface across the two features
observed in the Cs3 mode at 26.7 T and 32 T for § ~ 0°, the field range is divided into three
intervals (1) above 32.1 T, (2) between 26.7 T and 32.1 T, (3) below 26.7 T. The red and blue
lines separate these field intervals in Fig. (a) as well as in the inset. Since the FFTs are
performed over equal 1/B intervals, the frequency A cannot be resolved due to the very small field
interval chosen for the FFTs. However, when a larger interval (equal to the one used in the dHvA
analysis) is chosen to perform the FFTs, such as done for 6 ~ 4.5° [see Fig. [3.58|(b)], the frequency
A as well as its harmonics are clearly resolved. In both Figs. [3.58(a) and (b), the orbits ag3 and
B2 are present in all the three intervals, while the spectral weight around the a7 orbit develops
progressively only at high fields. The «; frequency is a fundamental frequency corresponding to
the localized f electrons in CeRhlIns. Its presence at high fields in not an indication of an abrupt
Fermi-surface reconstruction, but inherent to various limitations of this particular experiment, such
as temperature and technique. For example, in our magnetization measurements [see Fig. [3.61b)],
the oy orbit is clearly seen to emerge out of the noise level at fields much lower than 30 T. Similar is
the case for our dHvA measurements. Therefore, the MAQOs in the elastic constants Cr and Css3
are in agreement with our dHvA results, and rule out a field-induced Fermi-surface reconstruction
or an itineracy of the f electrons at B*. However, some of the dHvA frequencies observed at high
fields in our study are not observed here in the ultrasound velocity.

3.4.10 Conclusions

In summary, we performed high-field ultrasound velocity measurements on bulk single crystals of
CeRhlIng. For a magnetic field slightly tilted from the ¢ axis, we observed distinct anomalies at
both B,, ~ 20 T and B* ~ 30 T at low temperatures in all the symmetry breaking modes, i.e., Ciy,
Cy4, Cgg, and Cr. In all these modes, the anomalies are of similar shape, but of the opposite sign.
Both anomalies are absent in the symmetry preserving C's3 mode. Furthermore, our temperature-
dependent measurements reveal that both anomalies exist within the AFM state only. Given that
the transition at B,, corresponds to a change of the magnetic structure from incommensurate
below B,, to commensurate above B,,, we argue that the transition at B* is of the same origin,
i.e., from the commensurate phase below B* to a new incommensurate phase above it. This makes
CeRhlIng one of the rare compounds, in which the application of a high magnetic field induces a
commensurate to incommensurate transition. High-field inelastic neutron diffraction measurements
are desirable to definitely confirm our hypothesis. In the C's3 mode, instead of the B* transition,
features around B* are observed for a magnetic field applied very close to the ¢ axis suggesting
an exotic mechanism at B*, such as an interlayer exchange, compression or elongation. Additional
measurements are needed to understand their true origin.

When a magnetic field is tilted further away from the c axis, the anomaly at B* slowly moves
to higher fields, and progressively becomes smaller and broader. This behavior is in contrast with
what was observed in the previous transport measurements on microfabricated samples, in which
a sharp resistivity jump at B* was observed to increase up to about 20° following by a decrease up
to 60°, where it faded away. Different behaviors observed here on bulk samples and on the FIB-
fabricated microstructures [101, [43] are likely to be due to uniaxial strains or stresses inevitably
present in the latter [143]. CeRhIns seems to be very sensitive to uniaxial strains. For instance,
previously reported NQR measurements on bulk and powder samples of CeRhIns suggest that
even small strains (or stresses) change the zero-field magnetic structure from incommensurate to
commensurate [I44]. Additional measurements under uniaxial stress (or strain) at high magnetic
fields on bulk samples are required to elucidate the role of the uniaxial stress in previous transport
measurements on CeRhIns microstructures [101), 43].

Parts of these results are published in [145].
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3.5 Magnetization in high magnetic fields

Based on our specific heat and ultrasound results, we suggest that the transition at B* corresponds
to a change of the magnetic structure from the incommensurate AFM1 to another incommensurate
AFMA1 for fields along the ¢ axis, and from the commensurate AFM3 to the incommensurate AFM4
for fields tilted by 2° or more from the ¢ axis. So far, no anomaly was detected at B* in either
magnetic torque or magnetization. Similarly, no anomaly was detected in specific heat, before our
AC calorimetric specific heat measurement shown in the previous section.

3.5.1 Longitudinal magnetization

The previous magnetization measurements were performed in pulsed magnetic fields at T'= 1.3 K,
in which no detectable anomaly was observed at B* [71]. This might be due to several reasons.
First of all, a first-order transition can be easily missed in pulsed-field measurements. Furthermore,
there is a good chance that the anomaly was not observed because of eddy-currents heating. We
observed the anomaly up to 7' ~1.9 K in the Cs3z ultrasound mode which probes the longitudinal
direction. Another possible reason for the absence of an anomaly at B* is field misalignment.
Indeed, in the Cs3 ultrasound mode, the anomaly disappears already at 6 = 4.5°, as discussed in

previous section [see Fig. [3.51].
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Figure 3.59: Longitudinal magnetization in CeRhIns for field applied along the ¢ axis at (a) T =
0.35 K and (b) 1.25 K. The blue (red) arrows indicate the up (down) field sweep curves.

Therefore, we performed magnetization measurements in a single crystal of CeRhlIng for field
applied along the ¢ axis in static magnetic fields up to 36 T in a 3He cryostat. We used a technique
based on the Faraday balance principle, discussed in chapter 2. This technique measures the
longitudinal magnetization i.e. component of magnetization along the field direction (here parallel
to the ¢ axis).

Fig. shows the longitudinal magnetization in CeRhIns in magnetic fields up to 36 T along
the ¢ axis at T'=0.35 K (a) and "= 1.25 K (b). In accordance with the previous report [71], we
do not observe any feature at B* or at B,,. The most crucial result of this measurement is the
absence of a detectable anomaly at or close to B* = 30 T down to the lowest temperature measured
i.e. T'= 0.35 K. However, in accordance with the previous report [71], there seems to be a small
change of slope of the magnetization across 30 T.
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3.5.2 Perpendicular component of magnetization
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Figure 3.60: Possible signature of the transition at B* in magnetic torque for magnetic field applied
(a) at # = 2° and (b) at § = 4° from the ¢ axis toward the ab direction. (c¢) and (d) shows the
remaining torque signal after subtracting a second order polynomial from the magnetic torque in
(a) and (b), respectively.

Since no detectable feature is present in the longitudinal magnetization, we go back to our
magnetic torque data to see if a anomaly at B* is preset in the component of magnetization
perpendicular to the magnetic field. Figure shows the magnetic torque in CeRhlng for field
applied at # = 2° (a) and 6 = 2° (b) from the ¢ axis towards the [110] direction. In the raw torque
signal, an anomaly corresponding to B, = 20.25 T for § = 2° and B,, = 18.1 T for § = 4° is clearly
observed, indicated by the green arrows in Fig. [3.60] For both the orientations of the field, a rather
subtle feature is observed at B ~ 30 T. This feature becomes apparent on subtracting a quadratic
polynomial from the magnetic torque, as shown in Fig. [3.60| (¢) and (d). The pink arrows indicate
the feature at B ~ 30 T.

In accordance with the angular-dependant behaviour of B* in our ultrasound measurement,
the feature at B = 30 is stronger at # = 2° than that at § = 4°. Therefore, we suggest, this
feature, probably corresponds to the suggested metamagnetic transition at B*. The detection of a
feature at B*, although subtle, in magnetic torque, strongly supports our hypothesis of a change
of the magnetic structure from commensurate to incommensurate. At angles higher than 4°, the
quantum oscillations are much stronger and the feature becomes much less noticeable. In principle,
we can measure torque at angles smaller than # = 2°, where this subtle feature should be more
pronounced, but the signal becomes nosier at smaller angles as magnetic torque vanishes closer to
the crystallographic axes. Therefore, performing alternate magnetic measurements that work for
field applied along or close to the crystallographic axes, such AC susceptibly might be interesting.

3.5.3 Quantum oscillations in longitudinal magnetization

We observe clear quantum oscillations in the longitudinal magnetization, as shown in Fig. [3.61{a),
obtained by subtracting a smooth non-oscillatory background from the magnetization curves in

117



CHAPTER 3. CERHIN;

Fig. FFTs of the oscillation performed over equal 1/B intervals reveals the evolution of the
dHvA frequencies with magnetic fields, as shown in Fig. [3.61|(b).

Here, we observe many of the frequencies detected in our dHvA study, such as A, as 3, o1, and
B2. The evolution of frequencies with magnetic field clearly indicates that there is no discontinuous
shift or emergence of new orbits at 30 T, thus ruling out a field-induced Fermi surface reconstruction
at B*, consistent with our dHvA study.

—~ 0.1

=

= | T=035K Bllc (a)
s |

<

L 0.0

(e

S

Q_OI 1 L 1 L 1 L 1
© s 20 25 30 35

Magnetic Field (T)

Amplitude (arb. u.)
w%?%
S
—

dHvVA Frequency (kT)

Figure 3.61: (a) Quantum oscillations in CeRhIns observed in longitudinal magnetization at 0.35 K
for field applied along the ¢ axis. The quantum oscillations are obtained by subtracting a non-
oscillatory smooth background from longitudinal magnetization shown in Fig. [3.61} (b) Field
evolution of dHvVA frequencies. All the FFTs are obtained over the same A(1/B) interval. The
top curve corresponds to Byuin =29 T, Bper =35.9 T and Bgyg = 32.08 T. Each successive curves
Binin is decreased in steps of 0.5 T and corresponding Biq, is adjusted to keep A(1/B) constant.
For the bottom most curve By, = 20 T, Bpar = 23.06 T and Bje, = 21.42 T.

3.5.4 Conclusions

In conclusion, we performed magnetization measurements in CeRhlIns in high static magnetic fields.
The component of magnetization parallel to field, i.e., longitudinal magnetization, does not show
any detectable anomaly at B* down to T" = 350 mK. The component of magnetization perpendic-
ular to magnetic field, measured through magnetic torque down to T' = 35 mK, shows a distinct
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anomaly at B, and a subtle anomaly at B* ~ 30 T. This subtle anomaly around B* supports our
interpretation of B* as a change of magnetic structure. Additional magnetic measurements, such
as AC susceptibility can be helpful in detecting a more pronounced presence of B* in magnetic
properties of CeRhlng.
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Chapter 4

CeCoIn5

4.1 Introduction

CeColnj is an extremely heavy fermion material having an enhanced Sommerfield coefficient v ~
1 J/K?mol [146]. At ambient pressure and zero magnetic field, CeColns exhibits a non-Fermi-liquid
behaviour at low temperatures in the normal state just before becoming a superconductor below
a critical temperature T, = 2.3 K [146], signaled by a huge jump in specific heat [see Fig. [4.1].
The unconventional Cooper pairing in CeColns is considered to be mediated by antiferromagnetic
quantum fluctuations [146], 147, 148, 149].
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Figure 4.1: A strong signature of the superconducting transition in CeColng at 2.3 K in the specific
heat. Adapted from Ref [146].

The SC state is entirely suppressed by a pressure of about 3.6 GPa, above which a Fermi-liquid
state was observed. The presence of an antiferromagnetic QCP at a negative pressure in CeColns
was proposed [I50] in an analogy to the Cuprates, in which at negative chemical pressures, close to
the suppression of the AFM state, several novel phases, such as the pseudogap phase, non-Fermi
liquid, and the SC state were observed [151), 152]. The temperature-pressure phase diagram for
CeColnj is shown in Fig.

In an applied magnetic field, the superconducting state in CeColnjs is suppressed at the upper
critical field H.o = 5 T along the ¢ axis and H.o = 12 T along the a axis. The temperature-field
phase diagram for the two orthogonal orientations of fields, i.e, along [110] and [001] is shown in
Fig. 4.3(a) and (b), respectively.

At T < 1K, the superconducting phase transition near the H.o = 5 T becomes first order [147].
Furthermore, a new phase, different from the main d-wave superconducting phase, appears close to
H.o at low temperatures [I55]. This new phase was interpreted as a )-phase with a field-induced
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Figure 4.2: (a) Temperature-pressure phase diagram of CeColns. (b) Schematic T-P phase diagram
of CeColns in an analogy with Cuprates. Adapted from Ref. [I50].
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Figure 4.3: Temperature-magnetic field phase diagram of CeColns for fields applied along (a) the
[110] direction Ref. [I53] and (c) the ¢ axis Ref. [154].

SDW formation close to the nodes [156]. Alternative origins of this new phase have been argued to
be the formation of a Cooper pair signet with a non-zero momentum [I57, [153] (the elusive FFLO
phase [158]), singlet and triplet SC pairing, and intertwined orders with p-wave pair-density-wave
[159]. Specific heat and transport measurements suggested CeColns to be in the proximity of a
magnetic QCP at H.o [155], where the SC is suppressed. Additional indications for the presence
of a field-induced QCP at H.s stem from the observed cross-over from non-Fermi-liquid state to
Fermi-liquid state above the SC state and the emergence of a new intertwined state in the vicinity
of He. Further, a recent dHvA study revealed an emergence of a field-induced instability above
H.e at a very low temperature T;, = 20 mK [I54]. It was interpreted as a field-induced AFM state
[see Fig. 4.3((b)]. How this instability evolves into the Fermi-liquid state remains an open question.

4.1.1 Fermi surface and effective masses of CeColnjs

The Fermi surfaces of CeColns are quasi-two-dimensional consisting of an almost cylindrical band
15-electron Fermi surface and a highly corrugated cylindrical band 14-hole Fermi surface. The band
13-hole Fermi surface consists of two kinds of small closed pockets. Figure|4.4]shows the calculated
Fermi surfaces in CeColns obtained from the full potential linear augmented plane wave (FLAPW)
band-structure calculations assuming itinerant f electrons [78]. Since CeColns is a compensated
metal, the volumes of the electron and the hole-Fermi surfaces are equal.

Previous dHvA studies [124, 119, [78, 161, 160, 154] detected most of the Fermi surface orbits
predicted by the calculations, namely, as, as, a1 corresponding to the nearly cylindrical band 15-
electron F'S and f2, and (1 corresponding to the corrugated cylindrical band 14-hole FS. The orbits
€ and ~ correspond to two small pockets of the 13-hole band FS. The angular dependence of the
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Figure 4.4: Calculated Fermi surfaces of CeColns assuming itinerant f electrons. Adapted from

Ref. [78]

experimentally observed dHvA frequencies in CeColns in magnetic fields up to 17 T by R. Settai et
al. [I19)] is shown in Fig. c). Here the « branches follow approximately a 1/cos @ dependence,
where 6 is the field-angle from the [001] toward either [100] or [110] direction, indicating nearly
cylindrical Fermi surfaces. The 35 branch has a positive curvature, while 8, has a negative curvature
in agreement with the itinerant calculations. The outer large orbit ¢ in the 14-hole band Fermi-
surface has not been detected experimentally. The excellent agreement between the experimentally
observed dHvA orbits and the itinerant band-structure calculations confirms the itineracy of the f
electrons in CeColng.

A dHvA study at still higher fields up to 28 T detected an emergence of new dHvA frequencies
F,, F. and Fj; at fields above 23 T, as shown in Fig. d) [160]. Further, a decrease of the
Dingle temperature around 23 T was also observed for the frequency Fj, revealing a new magnetic
field scale at B ~ 23 T. The change of Dingle temperature above 23 T suggests an important
modification of the quasiparticle scattering, and, therefore, magnetoresistance of CeColns must be
probed for a direct signature of any scattering changes.

The cyclotron effective masses corresponding to the main dHvA branches are extremely en-
hanced. For instance, in the field range 15 - 16.9 T along the ¢ axis,the observed cyclotron masses
are about 50 mg for §; and P branches, 15 mq for aq, 8.4 mq for ag and 18 mg for ay [119].
However, the observed heavy masses do not completely account for the huge zero-field Sommerfield
coefficient v ~ 1000 mJ/K?mol. The ‘missing mass’ was in part accounted for by the observation
of a field-dependent effective masses on the majority of the Fermi surfaces as shown in Fig. 4.6 (a)
and (b). The effective masses were observed to reduce with fields up to 18 T [119]. The reduction
of the effective masses with magnetic field is common behavior in heavy fermions. Another reason
for the ‘missing mass’ was uncovered by the observation of a spin-dependent mass enhancement
for ag and B9 orbits in fields up to 18 T without any non-linear splitting of these Fermi surfaces
[161] as shown in Fig. c). However, there are still undetected dHvA frequencies predicted by
the calculations such as ¢ in band-14 [see Fig. , which might have an enhanced mass.

Therefore, CeColng needs to be explored at still higher fields to understand the field evolution

of the Fermi-liquid state through the Fermi surface and the effective mass studies, as well as to
understand the field-induced instabilities such as the one observed at 23 T [160].
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Figure 4.5: Low-fields quantum oscillations in CeColns. (a) As-measured quantum oscillations and
(b) the corresponding FFT spectrum. (c¢) The angle-dependence of the dHvA frequencies reported
by R. Settai et al. [I19]. (d) FFT spectra of the high-field quantum oscillations reported by I.
Sheikin et al. [160].
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Figure 4.6: Effective masses in CeColns (a) and (b) field-dependence of the effective masses by R.
Settai et al. [119]. (c) Spin-dependent mass enhancement for a3 orbit at orientation # = 0° and
6 = 10° by A. McCollam et al. [161].

4.2 Results

4.2.1 Abstract

We present high-resolution low-temperature dHvA effect and magnetoresistance measurements in
CeColnj in static magnetic fields up to 36 T. In the dHvA effect, for a field applied close to the
¢ axis, we observed a previously undetected high frequency F, = 10.24 kT at high fields. This
frequency has a strongly enhanced effective mass m* =25-30 mg. Furthermore, an anomalous
behavior of the quantum oscillation amplitudes as well as the effective masses corresponding to the
« orbits was observed around 23 T. The effective masses on the o Fermi surface rapidly decrease
with magnetic field up to 23 T and then increase abruptly above this field. The large field interval
of our dHvA measurements allowed us to observe a clear field-induced splitting of several dHvA
frequencies. Our magnetoresistance measurements on FIB-fabricated microstructures of CeColng
revealed a distinct anomaly at 23 T in the in-plane transport, while the out-of-plane transport
remains featureless. We interpret these field-induced changes at B ~ 23 T as a possible signature
of the departure from the conventional Fermi-liquid state in high fields in CeColns.

4.2.2 dHvVA effect in CeColn; in high fields

The dHVA effect measurements were performed in static magnetic fields up to 36 T in an dilution
fridge equipped with a in-situ rotator. A single crystal of CeColns was mounted on a 50 pm thick
metallic cantilever with a 100 pm spacer separating it from the ground plate, as shown in the inset

of Fig. [£.7]

4.2.3 Angle-dependence of the dHvVA oscillations

Using the rotator, the ¢ axis of the sample was carefully aligned along the magnetic field where
the magnetic torque vanishes. Using the rotator, we measured the dHvA effect at several different
orientations 6 of the magnetic field from the ¢ toward the a axis, as shown in Fig. [£.7]

As shown in Fig. [4.7] on increasing the field angle 6 the background torque becomes larger.
There is a distinct signature of the superconducting transition at H.s = 5 T in the magnetic torque.
Further, quantum oscillations start appearing at fields below 10 T and are strongly enhanced at
high fields [see Fig. [4.7|(b)].
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Figure 4.7: (a) As-measured magnetic torque in CeColnjs for fields applied at several field angles
from the ¢ towards the a axis at 7' = 30 mK. (b) Quantum oscillations obtained by subtracting a
smooth polynomial background from the raw torque signal in (a).

Fig. shows the FFTs corresponding to the quantum oscillations in Fig. |4.7[(b). The FFTs
are performed over the high-field intervals 25 - 36 T to study the Fermi-surface of CeColns at fields
entirely above 23 T and with a high enough resolution to well resolve close dHvA frequencies.

We observed all the previously detected dHvA frequencies [124], 119} [78| 161, 160, 154], as shown
in Fig. [£.8] In addition, we detected a new frequency F, = 10.24 kT, which was not observed in
any of the previous studies. F, appears at § = 6° between the second harmonics of as and «;.
Either it corresponds to the so far undetected fundamental frequency ¢ in the hole band-14, or it
is new frequency not accounted for in the band-structure calculations. Another possible origin of
Fe, although unlikely, is the spin-split of as, which is clearly resolved only in the second harmonic.
The a9 peak is indeed asymmetric. However, the spin-splitting of as cannot be directly resolved
in this field range. Further, the frequency F, and 2 also seem to be split into two peak for § = 6°.

4.2.4 Field-dependence of quantum oscillations in CeColnj;

The evolution of the dHvA frequencies with magnetic field at three different orientations is shown
in Fig. [4.9] It is evident that the frequencies F,, F,. and F, appear only at fields above 23 T. This
observation is consistent with the previous report [160].

Further, the new frequency F, also seems to appear only at fields above 23 T, as is evident from
Fig. H(c) Its presence at high fields might also be related to the field-induced instability at 23 T,
like Fy,, F. and Fy, or indeed it is only observed only at high fields due to its strongly enhanced
effective mass.

The dHvA frequencies F,, F}, and 3, are strongly field dependent [see Fig. [1.9(d)]. F, and S
decrease with magnetic field. For example, 82 changes from 7.2 kT at 15 T to 6.8 kT at 32 T, i.e.,
it decreases by about 5%. The frequency Fj increases with field. Such a strong field dependence of
these dHvA frequencies, probably, results from a field-induced non-linear splitting of these orbits,
where the heavier split peak is not detected due to extremely heavy quasiparticle mass, and only
the lighter split peak is observed.

Figure [4.10] shows the evolution of the dHvA amplitudes of the ag, as and «y orbits with
magnetic field. An anomalous behavior of their amplitudes is observed over the field range 20-
24 T. This anomalous behavior of the dHvA amplitudes is more pronounced for co and «q and at
field orientations closer to the ¢ axis. The amplitude of a7 gradually increases with field following
a pronounced suppression close to 22 T before a new increase at higher fields. The amplitude
of the a3 frequency gradually increases at fields above 23 T signaling an abrupt increase of the
Dingle temperature, which is almost doubled. At fields above 23 T, the amplitude of as is almost
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Figure 4.8: FFTs of the quantum oscillations in CeColns (shown in Fig. 4.7 at several field angles
f from the ¢ towards the a axis in the FFT range 25 - 35.95 T.

126



4.2. RESULTS

~
Qo
~

Amplitude (arb. u.)

CS:D
[\

4 6 8 10 12 14 0 2 4 6

8 10 12 14

dHvA Frequency (kT) dHvA Frequency (kT)

(d),
o
X< 6
S 3 53
£ :
- 2 g 2
O] —
< i3
£1 <
2 =
Lo 133T°
0 2 4 6 8 10 12 14
dHvA Frequency (kT)

7'=30 mK

AAAAAAAAAAAAA

b

°
¢ ®ef a
.°°ooo..

I5 20 25 30

Magnetic field (T)

Figure 4.9: Evolution of the dHvA frequencies in CeColns as a function of magnetic field at
T = 30 mK and for three different orientations of the magnetic field (a) § = 0.48°, (b) 6 = 2°,
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Figure 4.10: Evolution of the dHvA amplitudes of the « orbits in CeColns with magnetic field at
T = 30 mK and for several orientations (a) 8 = 0.48°, (b) # = 2°, and (c) # = 6° of the magnetic
field from the ¢ toward the a axis. (d) Dingle plot of the dHvA frequencies as, ay and «a; at
T =30 mK and 6 = 6°. The effective masses used in the Dingle fit are shown in Fig. The
Dingle temperatures obtained from the fit both below and above 23 T are also shown.
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Figure 4.11: Evolution of the dHvA amplitudes in CeColns with magnetic field applied at 8 = 6°
at several temperatures for (a) the ag, (b) asz, and (c) ay orbits.

unchanged for field orientations close to the ¢ axis, i.e., at § = 0.48° and 6 = 2° [see fig. [4.10)a)
and (b)]. At a larger field angle of § = 6°, the dHvA amplitudes of a3, a2 and «; all show a similar
behavior, i.e., a gradual increase with field with an anomalous decrease between 20 and 23 T. The
observed decrease of the Dingle temperature suggests a modification of the quasiparticle scattering
for the « orbits. Therefore, the field-induced instability at 23 T seems to be related to the quasi-2D
band-15 Fermi-surface.

Finally, in Fig. we show the field evolution of the dHvA amplitudes of the as, as, and a3
orbits at different temperatures. The anomalous decrease of the dHvA amplitudes, which is most
pronounced for «q, around 23 T becomes less prominent at higher temperatures, and is no longer
observed at 400 mK [see Fig. [4.11)(c)]. For oy and a3 [see Fig. [£.1a) and (b)], the anomalous
behavior already become less noticeable already at 200 mK.

The disappearance of the anomalous behavior of the dHvA amplitudes at higher temperatures
provides an important insights into the field-induced instability. It suggests the quasiparticle scat-
tering in the vicinity of 23 T is strongly affected at low temperatures only.

4.2.5 Effective masses in CeColn;

Figure. shows the temperature evolution of the dHvA amplitudes in two different field ranges
(equal intervals in A(1/B)) with the reciprocal average Bg,y (a) 25.28 T and (b) 31.51 T. The
corresponding mass plots are shown in Figs. (c) and (d).

The effective masses for both field interval are listed in Table In accordance with previous
reports, some of the effective masses are found to be strongly enhanced. The effective mass of the
new frequency F, is also strongly enhanced, i.e., 29.6 mg at 25.28 T, and 24.7 mg at 24.7 T. The
effective masses of the frequencies appearing above 23 T are also quite high.

Further, some of the effective masses are strongly field dependent, as shown in Fig. The
effective mass of (87 is more than halved from ~ 60 mg at B =~ 15 T to = 25 mg at B =~ 32 T.
The effective masses of 81 and (o rapidly decrease with field up to about 25 T following by a slow
decrease up to about 28 T, above which they do not change any longer. The effective masses of
the « orbits shows a peculiar field dependence. The masses of all the orbits decrease with field up
to 23 T. Above 23 T, the effective masses no longer decrease, but rather increase with field. Such
a field enhancement of the effective masses is quite rare. The increase of the effective mass is the
strongest for the as frequency, where it increases from 11mg at 23 T to 16 mg at 32 T. For a3 and
a1, the masses increase with field only up to 28 T, and then start to decrease gradually at higher
fields.
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Figure 4.12: Temperature-dependence of the dHvA amplitudes in CeColns over the field intervals
with the reciprocal field average (a) Bavg =25.28 T and and (b) B,y =31.51 T. The corresponding
mass plots are shown in (c) and (d).

m* at 31.51 T (myg)

Effective masses in CeColns

dHvA Frequency (kT) m* at 25.28 T (my)

Qa3 7

9 13.2

aq 11

Bo 27.3

o 36.6

F, 21.4

Fy 16.3

F. 29.6

7.8

15.7
9.8

18.9
28.5
12.2
15.7
24.7

Table 4.1: Effective masses (m*) corresponding the various dHvA frequencies in CeColns.
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Figure 4.13: Field-dependence of the effective masses in CeColns for (a) the o and (b) the
frequencies for the magnetic field orientation 8 = 6°.

4.2.6 Field-induced splitting of the Fermi surface
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Figure 4.14: FFT of the dHvA oscillations in CeColns obtained over a large field interval 18 - 36 T.
The inset shows a still larger field interval to resolve the splitting of the a orbits.

The field-induced spin-splitting can be resolved by performing the FFT over a larger field range,
such as shown in Figs. and The frequency as has an asymmetric shape, in which the
splitting can be resolved by a double-peak fit. Similarly, the shape of the a; and as is asymmetric.
Further, there are small split-peak-like features around the oy and ag orbits. The small peak ay3)
close to main as orbit has an effective mass similar to as, i.e., m* ~ 12 mg. There are two small
peaks, ay(1) and ay(3), close to the main oy orbit as well. Their effective masses are m* ~ 12 my for
ag(1) and m* ~ 10 mg for ay(z). The effective mass of ay(3) was obtained by a double-peak fitting,
as shown in Fig. (a). Further, the splitting of «; is clearly resolved in its second harmonic over
the field range 15.4 - 29 T [see Fig. [£.16|b)].
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Figure 4.15: Temperature-dependence of the spin-splitting dHvA frequencies (a) ag, (b) ag, and
(¢) a1 in CeColns obtained by performing the FFT over a large field interval.
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The FFT spectrum showing the second harmonic of some dHvA frequencies. The corresponding
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The ratio of the effective masses of the split peaks oy () and ay(3) is almost the same as that
for their second harmonic, i.e., m*(ay())/m*(ay(2)) = m*(2ay(3))/m*(201(2)) = 1.4. A still larger
interval is required to extract the effective masses of the small split peak in the second harmonic
of as [Fig. :4.16(b) and (f)]. The effective mass ratio of the split peaks ay(9) and ay3) as well as
their second harmonics is also similar, i.e., m*(ay(s))/m*(ag2)) = m*(2a933)) /m* (202(2)) = 1. The
splitting of a3 cannot be resolved in its second harmonic 2a3. A split peak (5(1) is observed close
to main [y frequency labeled (2(2). However, no such splitting in seen in its second harmonic.
Therefore, it is not clear if By1) is a result of field-induced spin-splitting, in which the main 3
frequency should split into a heavier 31y = 6.8 kT with m* = 25.8 mg and a lighter fy(5) = 7 kT
with m* = 15.7 mq (see Fig. 4.15]).

4.2.7 Magnetoresistance in CeColnj;

The magnetoresistance measurements on a FIB-fabricated microstructure of CeColns were per-
formed in static fields up to 36 T in a dilution refrigerator equipped with an in-situ rotator.

Figure 4.17: FIB-fabricated micro structured devices of CeColns. Devices labeled (a) and (c) are
equivalent

The micro-structured devices of CeColns were prepared by T. Helm at the MPI Dresden; the
details of the process can be found elsewhere [162]. As shown in the Fig. there are three
different microstructured devices labeled (a), (b) and (c). The vertical devices labeled (a) and
(c) are equivalent and their length is along the ¢ axis. These devices were used to measure the
out-of-plane transport, i.e., I || ¢. The horizontal device labeled (b) has its length along the a axis
and was used to measure the in-plane transport with I || ¢. The dimensions of these devices are as
following.

For the out-of-plane transport device labeled (a) : I x b x h = 11.74 pm x 1.876 pm x 2.045 pm
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Figure 4.18: In-plane and out-of-plane transport in CeColns for the field applied along the ¢ axis
at T'= 30 mK. The arrow indicate the field-induced instability in the in-plane transport.

For the in-plane transport device labeled (b) : I x b x h = 17.45 pm x 1.713 pm x 2.045 pum.

Figure [4.18) shows the in-plane and out-of-plane transport in the microstructured devices of
CeColns in fields up to 36 T applied along the ¢ axis. Both configurations show the superconducting
transition at H.o = 5 T. The out-of-plane transport is featureless above H.. However, the in-plane
transport shows an unusual behavior. It first increases with field up to 21 T followed by a step-like
feature at 22 T and then decreases at higher fields.
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Figure 4.19: (a) In-plane and (b) out-of-plane transport in CeColns for field applied at several
angles 0 from the ¢ axis toward the a axis at T' = 30 mK.

On increasing the angle 6 of the magnetic field from the ¢ toward the a axis, the high field
magnetoresistance increases for both transport directions. The feature at 22 T becomes smaller
with increasing 6. Also, the anomaly shifts to a slightly higher field with increasing the angle 6 [see

Fig. £.19(a)].

Furthermore, we observed clear Shubnikov-de Haas oscillations at high fields for transport
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along both directions. The quantum oscillations in the in-plane transport after subtracting a non-
oscillatory background for a field applied along the ¢ axis are shown in the inset of Fig. The
FFT of the SAH oscillations reveals most of the frequencies detected in our dHvA measurements
[see Fig. . The relative amplitudes of the SAH oscillations are entirely different from those
observed in the dHvA measurements. The field-induced splitting is clearly resolved for the o orbit.
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Figure 4.20: FFT spectra of Shubnikov de Haas quantum oscillations in CeColns (shown in the
inset) for a field applied along the ¢ axis at 7" =30 mK.

4.3 Conclusions

In summary, we performed dHvA and mangetoresistance measurements in CeColns at high fields
close to the ¢ axis. Our measurements revealed an anomalous quantum oscillation behavior at
intermediate fields between 20 and 24 T, which is more pronounced at low temperatures and
becomes unnoticeable at T" = 400 mK. The effective masses also show an unusual field dependence.
The effective masses of the « orbits show an abrupt increase above 23 T. Finally, magnetoresistance
measurement revealed a clear anomaly at 22 T. Based on these observations, we suggest that a
field-induced instability occurs in CeColns at high fields. The enhancement of effective masses with
magnetic fields suggests a departure from the standard Fermi-liquid behavior.
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Chapter 5

Ce-218 heavy-fermion materials

5.1 Introduction

The Ce-115 family of heavy-fermion materials, comprising of members, such as CeRhlns, CeColns
and Celrlng, has been extensively studied and revealed rich and exciting physics, as discussed in
the preceding chapters. It is only natural to expect similar exotic physics to occur in their more
3D analogs, such as CesRhlng, CeoColng and Ceslrlng.

prnlls- ()

Celn; CeMlIn,

Figure 5.1: The crystal structure of (a) cubic Celns, (b) tetragonal CeMIns formed by stacking
alternating layers of Celns and MIny along the ¢ axis and (c) tetragonal CeaMIng formed by adding
an extra Celng layer in between the alternating Celnsz and MlInsy layers in CeMlIns.

These compounds form the so-called Ce-218 family (CeaMIng, M = Rh, Co, Ir, Pt, Pd) of
cerium-based heavy fermions. These compounds crystallize into a tetragonal HooCoGag type crystal
structure. Unlike Ce-115s, where the crystal structure comprises of alternating layers of conducting
Celns and insulating MlIng, in Ce-218s, an additional conducting Celns layer is sandwiched in
between two MIny layers [see Fig. [5.1]. The stack so formed has two layers of Celng followed by a
layer of MIny alternating along the ¢ axis. Therefore, the electronic structure becomes more 3D-like
in comparison with the 2D-like electronic structure in CeMIns.

The physical properties of the 218 compounds are found to be qualitatively similar to their
corresponding 115 analogs. For instance, similar to CeRhlng, CeaRhlIng is also an antiferromagnet,
but with a lower Ty = 2.8 K [73]. CealrIng shows a field-induced non-Fermi liquid behavior [163]
just like its 115 analog Celrlns. Similarly, CesColng also becomes superconducting at ambient
pressure like CeColng, but with a lower T, ~ 0.45 K [164].
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Considering significant lowering of the superconducting ordering temperature T, with the ad-
dition of an extra conducting Celns layer in Ce-218s, these compounds can be an ideal playground
to understand the role of dimensionality in unconventional superconductivity. In this regard, in-
formation about their Fermi surfaces can play a crucial role. It is, therefore, important to check if
the extra conducting layer drastically changes the Fermi-surface morphology in 218s in comparison
with 115s or only the Fermi surfaces only grow bigger in size, but with a morphology similar to
115s. However, there are not many Fermi-surface studies on these compounds. To the best of my
knowledge, dHvA oscillations have never been observed in Ceslrlng and CesColng due to a poor
sample quality, while in CeaRhIng there is only one dHvA study in low fields, in which only two
frequencies were detected [165]. Therefore, the Fermi surfaces of these compounds remain largely
unexplored.

That is why, we tried to grow high-quality single crystals of these 218 compounds as well as
their non-f lanthanum analogs to perform Fermi-surface studies. I grew these samples during my
brief stay at the ICC-IMR, Tohoku university in Oarai, Japan.

5.2 Single crystals growth

The single crystals of CesMlIng’s are grown using the self-flux method. The method is named as
such because one of the starting materials, taken in excess amount, acts as the flux. In case of
CesMlIng’s, excess indium (In) acts as flux that helps in melting the starting elements (Ce, Co, Rh,
Ir) well below their melting points. The single crystals grow as a result of precipitation when the
molten homogenized supersaturated solution of the starting materials is slowly cooled down in a
controlled manner. The following steps were perfomed for growing the single crystals.

1. Cleaning and baking the crucible The single crystals are grown in an alumina crucible.
The crucible first has to be cleaned thoroughly to avoid unwanted impurities before placing the
starting materials in it. To this end, the crucible is kept in acetone in a small flask, which is placed
in an ultrasonic vibrator for about 10 minutes. The crucible is then taken out and placed in a
baking furnace. In the baking furnace, the crucible is heated and simultaneously pumped using a
turbo pump. The crucible baking is done for at least a few hours or overnight.

2. Starting materials The starting materials are commercially available elements of very high
purity (more than 95%). The starting materials for growing single crystals of Ce(La)2MIng’s were
then placed in the cleaned alumina crucible in the stoichiometric ratio Ce(La): M (Co,Rh,Ir): In
i 2:1:20. Note, that indium (In), which acts as the flux, is taken in excess.

For growing CeyColng and LagColng, at first a stoichiometric ratio (Ce(La):Co :: 2:1) of the
two starting materials, cerium (lanthanum) and cobalt was arc-melted to lower their melting points
further and obtain a good homogeneous alloy of the two. After arc-melting a pellet of CesCo
(LagCo) is formed, which is then placed in the crucible along with the excess indium. For the
other two compounds, CesRhIng and Ceslrlng, the starting materials were placed in the crucibles
in elemental forms without arc-melting.

3. Evacuation and encapsulation of the crucible Once the starting materials are placed in
the alumina crucible, it is encapsulated in an evacuated quartz ampoule, which is then placed in
the programmable heating furnace.

4. Crystal growth The stating materials in the sealed ampoules were put through the heating-
cooling profile shown in Fig. to grow single crystals. For growing CesColng, the profile shown
in Fig. [5.2|(a) was used, while for growing CeslIrIng and CepRhing the profile shown in Fig. [5.2(b)
was used. The mixture of starting materials was first heated up to about 1000°C. All the starting
materials, even with a melting point much higher than 1000°C melt at this temperature because
of the indium flux. The heating is kept constant at 1000°C for a few hours so that the melted
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Figure 5.2: The heating-cooling profile used for growing single crystals of (a) CesColng and (b)
06211‘1118 and CethIIlg.

materials form a homogenized solution. Then comes the most crucial step for the crystal growth,
i.e., precipitation upon cooling.

The growth of crystals largely depends on the cooling profile followed. In order to grow CeyColng
single crystals, the heated melt is first cooled rapidly to 650°C in 30 minutes. From 650°C onwards,
the mixture was cooled very slowly, at a rate of 4 °C/hour down to 350 °C, during which time
the single crystals grow. To grow CesRhlng and Ceslrlng single crystals, the molten homogenized
solution at 1100°C is slowly cooled at a rate of 8°C/hour down to 650°C during which the single
crystals grow.

The single crystals are still immersed in the molten excess of indium flux. This excess of indium
can be removed by spinning it off in a centrifuge. Further, any residual indium flux can be removed
by immersing the crystals in dilute Sulphuric acid for a short time.

Finally, after all these steps, we obtained nice faceted single crystals, such as shown in Fig. [5.3
The crystals grew in all sizes ranging from less a millimeter up to half a centimeter. The elemental
characterization of these crystals was done using energy dispersive X-ray spectroscopy (EDS).

Ceolrlng grew in a mixed phase with Celns, i.e., single crystals of Celns also grew along with
Ceslrlng. Similarly, CeoColng grew in a mixed phase with CeColns. On the other hand, CesRhlng
grew in pure single phase. Further, the lanthanum analogs of CeslrIng and CesRhlng were also
successfully grown in single phase. However, instead of the intended LayColng, crystals of LaColns
grew in a pure phase. Few nice looking single crystals were selected from among the lot to study.
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Ce,Colng

0.4 mm

CeColn

Figure 5.3: Single crystals of Ce-based 218 heavy fermions and their La analogs grown at the
ICC-IMR.

5.3 CeyColng
As already mentioned, CesColng grew in a mixed phase along with CeColns. The single crystals

of CesColng have a truncated hexahedron shape, while single crystals of CeColns have a plate-like
shape, as shown in Fig.

Ce,Colng CeColng

truncated hexahedron plate-like
Figure 5.4: Single crystal of CeaColng (left) and CeColns (right)

Using single crystal diffraction, the lattice parameters of the CesColng single crystal are esti-
mated as a = 4.4643 A and ¢ = 12.26 A. The lattice constants are in agreement with previous

reports [164], [166].

5.3.1 Resistivity and specific heat

We selected two crystals, a truncated hexahedron shaped crystal of CeaColng (S2) and a plate
shaped crystal of CeColns for resistivity measurements using PPMS. The current was applied
along the a axis in both cases. As expected, upon cooling down, both compounds showed a hump-
like maximum corresponding to the onset of the Kondo coherence at intermediate temperature
and a superconducting transition at lower temperatures [see Fig. [5.5]. For CeColnjs, the Kondo
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coherence occurs at T.,, ~ 50 K and the superconducting transition occurs at 7, = 2.3 K. For
CeyColng, both T, =~ 10 K and T, = 0.4 K are much lower.

Further, two additional step like features were observed in CesColng at T, = 0.9 K and T, = 1.3
K. These features were also detected in the previous studies as well [164] [167]. However, there is
no detectable feature around 2.3 K, the superconducting transition temperature of CeColns, in
Ce2Colng suggesting the absence of any CeColng impurity in this CesColng sample.
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Figure 5.5: (a) Temperature dependence of resistivity in CeaColng (blue) and CeColns (red). (b)
Low-temperature specific heat of CeoColng obtained using the thermal relaxation technique at zero
field (blue) and at 11 T (red). The upper inset shows a zoomed in view of specific heat at low
temperatures. The lower inset shows the sample (S1) used for the specific heat measurement.

Next, we selected a smaller crystal of CeaColng (S1) for specific heat and dHvA effect measure-
ments. A picture of this crystal is shown in the lower inset of Fig. |5.5(b). The low-temperature
specific heat measured using the thermal relaxation technique is shown in Fig. b). The spe-
cific heat decreases upon cooling down to ~3.5 K and then increases slightly at lower temperatures.
There is no detectable trace of a CeColns impurity in this single crystal (S1). Therefore, we selected
this crystal to measure the dHvA effect as well.

5.3.2 dHvVA effect

Figure 5.6: Single crystal of CesColng mounted on a 25 pum thick cantilever for dHvA effect
measurements. The sample was rotated from the ¢ towards the a axis.

To measure the dHvA effect in CeaColng, we used the most sensitive cantilever (25 pm thick).
Figure [5.6] shows the single crystal S1 mounted on the cantilever. The dHvA effect in CesColng
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was measured in static magnetic fields up to 36 T in a dilution refrigerator equipped with an in-situ
rotator.
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Figure 5.7: dHvA effect in CesColng at T'= 50 mK in magnetic fields up to 36 T applied at 8 = 6°
from the ¢ toward the a axis. (a) The as-measured magnetic torque in CesColng. (b) Quantum
oscillations in CeaColng obtained by subtracting a smooth non-oscillatory background from the
torque signal. (¢) FFTs of quantum oscillations in (b) for different field ranges.

Figure (a) shows the magnetic torque acting on the CesColng single crystal in magnetic
fields applied at 8 = 6° from the ¢ toward the a axis. The magnetic torque shows a peculiar broad
minimum at By ~ 28 T. The origin of this minimum is not clear. Further, there is another small
step-like feature at By, =~ 5 T, which becomes clear on subtracting a smooth background, as shown
in Fig. (b) The origin of this feature is also not clear. Coincidentally, By corresponds to the
H. || ¢ in CeColns and, therefore, might be due to a tiny amount of a CeColns impurity. However,
this would be surprising as specific heat showed no detectable trace of any CeColns impurity in
this crystal (S1) [see Fig. [5.5|(b)].

Most importantly, we observed clear quantum oscillations in the heavy-fermion superconductor
CesColng for the first time. To the best of our knowledge, quantum oscillations have not been so
far observed in this compound. The oscillations appear already at about 10 T and grow stronger
with field, such that the low-frequency oscillations become distinguishable on the magnetic torque
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Figure 5.8: Angle dependence of the dHvA frequencies in CesColng at T = 50 mK obtained over
the field range 25.5 - 31.4 T. (a) FFTs at various orientations of the magnetic field. The bottom
four FFTs at (1°,2°,4° and 6°) are obtained from torque measurements using a 25um cantilever,
for the rest (6° to 44°), a 50um cantilever was used. Curves are shifted vertically for clarity. (b)
dHvA frequencies plotted as a function of angle 6 from the ¢ toward the a axis.

signal itself.

The FFT of these quantum oscillations reveals several frequencies 7, €, as, as and a; shown
in Fig. (c) While most of these frequencies are present already below 20 T, although their
amplitudes are very small, the a; frequency with the smallest amplitude is visible only at high
fields, above 24 T.

Next, we performed angle dependent measurements of these dHvA frequencies to map the Fermi
surface of CeaColng. The angle dependence of all the observed frequencies is shown in Fig. [5.8(d).
The frequency ag is observed up to large angles ~ 44°. The frequencies as and «; persist up
to smaller angles. «s roughly follows a 1/cos(f) dependence suggesting that it originates from a
quasi-2D Fermi surface. The angle dependence of as and «a; is comparatively flatter suggesting
a more distorted cylindrical Fermi-surface. The dHvA frequency « is almost angle independent
suggesting that it originates from a small isotropic Fermi-surface pocket.

To determine the nature of the f electrons, i.e., itinerant or localized, we compare the experi-
mentally obtained dHvA frequencies in CeaColng with those obtained from the LDA band-structure
calculationsﬂ The calculated Fermi-surfaces for LasColng assuming the f electrons to be localized
and for CesColng assuming the f electrons to be itinerant are shown in Fig.

The experimental dHvA frequencies are plotted against these band-structure calculations as-
suming the f electrons to itinerant [see Fig. |5.10[(a)] and localized [see Fig. |5.10[(b)]. The agreement
with the localized calculations is extremely poor for the « frequencies. The agreement between the

!These calculations were performed by H. Harima, Kobe university, Japan.
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Figure 5.9: Theoretical Fermi surfaces of LagColng (left) and CeoColng (right) obtained from band

structure calculations.
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Figure 5.10: Comparison of experimentally obtained dHvA frequencies (coloured: red, green, cyan
and magenta) in CeaColng with (a) the theoretical band structure calculations assuming the f
electrons to be itinerant and (b) localized (c) the experimentally obtained dHvA frequencies in
CeColns from ref [119] (open circles) and our work (closed black circles).
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experimental frequencies and the itinerant calculations is not very good either. Although there is
some resemblance of a3 and ~y with the calculations, as and a1 do not match any of the calculated
branches.

Finally, in Fig. [5.10{c), we compare the dHVA frequencies in CeaColng with the experimentally
obtained dHvA frequencies in CeColns. Here, the open circles are dHvA frequencies in CeColng
obtained by R. Settai et al. in field up to 17 T, [119] at low fields and closed black circles rep-
resent the dHvA frequencies in CeColny that we obtained in our high field (25.5 - 31.4 T) dHvA
measurements discussed in the previous chapter.

There is a certain qualitative agreement between the experimentally obtained dHvA frequen-
cies in CeyColng and those in CeColns. However, compared to CeColns, the dHvA frequencies
in CeoColng are shifted upwards suggesting larger orbit sizes. Based on the qualitative agreement
between the experimentally obtained dHvA frequencies in CesColng with those in CeColns, it ap-
pears that the Fermi surfaces of CeoColng have a morphology qualitatively similar to CeColns, but
with a larger volume. Another possibility for the qualitative agreement between the experimental
frequencies in both compounds it that the frequencies observed in CeaColng might be originating
form a CeColns impurity phase that is somewhat misaligned with the main CesColng phase. Al-
though, this seems to be extremely unlikely, as no detectable trace of CeColns was found in the
specific heat measurements, further studies are needed to rule this out completely.
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Figure 5.11: (a) Temperature-dependence of the dHvA amplitudes in CesColng obtained over the
field range 24-36 T at 6 = 6° from the ¢ toward the a axis. (b) Corresponding mass plots for as,
ag and «1. (c) Field-dependence of the effective masses for ag and «s.

Next, we measured the temperature dependence of the dHvA amplitudes to determine the
corresponding effective masses, as shown in Fig. [5.11a) and (b). The effective masses deduced
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form the standard LK fit to the temperature dependence of the dHvA amplitudes are 6.7+0.3 my
for az, 1941 mgy for as and 5.440.6 mg for ;. The effective mass of ay in CeyColng is higher
than that in CeColns, while for «q it is lower. The effective mass of a3 is almost field independent,
while ap shows a mass enhancement with magnetic fields Fig. [5.11](c). The field-dependence of the
effective masses could not be extracted at lower fields due to the very small amplitudes.

Moving further, in Fig. we show the dHvA effect measurements in CesColng performed in
a superconducting magnet for fields applied close to the a axis. Fig. (a) shows the magnetic
torque (top) and the signal left after subtracting a smooth background (bottom). There are two
features in the magnetic torque: a small one at B; ~ 5.5 T and a bigger one at By, ~ 11 T. It is not
clear if the feature at B; is the same as that observed for the field along the ¢ axis also close to 5 T.
The origin of the feature at 11 T is not clear either. At increasing orientation of the field away from
the a toward the ¢ axis, it becomes smaller and moves to higher fields. It becomes undetectable at
~ 11° from a axis in field up to 18 T as shown in Fig. [5.12|b).
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Figure 5.12: dHvA effect in CeaColng at T' =50 mK for a field applied close to the a axis. (a)
Magnetic torque in CeaColng (top) and the signal left after subtracting a smooth background
(bottom). (b) Angle dependence of the feature at By at a few different orientations of field from
the a toward the ¢ axis. (c) The FFT of the magnetic torque after subtracting a polynomial
background for a field applied at 0.65° from the aaxis.

The high frequency quantum oscillations are not present for fields close to the a axis suggesting
that the large Fermi surfaces in CesColng are anisotropic and quasi-two-dimensional. The small
isotropic Fermi-surface pocket ~ is present, as shown in fig. c).
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5.4 CegII'IIlg

We also tried to measure the dHvA effect on a small plate-like single crystal of Ceslrlng in an
18 T superconducting magnet in a dilution refrigerator equipped with an in-situ rotator. Fig.
a) shows the magnetic torque in Ceslrlng for magnetic fields applied in the vicinity tof the
two principal crystallographic, i.e., close to ¢ (left) and a axes (right).
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Figure 5.13: Magnetic torque in Cezlrlng in magnetic fields up to 18 T at 50 mK. (a) Magnetic
torque in CexIrIng for fields applied close to the ¢ (left) and the a (right) axes. (b) The corresponding
torque signal after subtracting a polynomial background from the curves in (a). (¢) FFT spectra
of the torque signals in (b).

It is evident from Fig. [5.13(b) and (c) that there are no quantum oscillations for either ori-
entation of the magnetic field up to 18 T. This suggest that the measured sample of Ceslrlng is
not of a high enough quality to observe quantum oscillations in intermediate fields. Measurements

at still higher fields are needed to check if quantum oscillations can be observed in this sample of
Ceslrlng.
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5.5 CethIng

Magnetic toque in CeaRhlng was also measured on a small plate-like single crystal in the 18 T
superconducting magnet in a dilution refrigerator. Fig. [5.14{a) shows the magnetic torque in
CesRhlIng for a magnetic field applied close to the ¢ axis.
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Figure 5.14: Magnetic torque in CesRhIng at 50 mK in magnetic fields up to 18 T close to the ¢ axis
(a). Magnetic torque in Ceslrlng for fields close to the ¢ axis. (b) The inset shows the torque signal
after subtracting a polynomial background from (a). The main figures shows the FFT spectrum of
the torque signal from the inset.

The inset of Fig. [5.14(b) shows the remaining magnetic torque after subtracting a smooth
background. The FFT of this signal reveals a very low frequency, as shown in Fig. [5.14{b). In
addition, there seem to be a at 5.6 kT barely above the noise level. Measurements at much higher
fields are needed to check if it is a real dHvA frequency or not.

5.6 Conclusions

In summary, we were able to successfully grow single crystals of the Ce-218 family. The CeoColng
crystals are of high enough quality to show clear quantum oscillations. We performed angle- and
temperature-dependent measurements of the dHvA frequencies in CeaColng. The Fermi-surface
of CeyColng is found to be qualitatively similar to CeColns but with larger orbits. Some of the
effective masses in CesColng are quite heavy, especially for the aip orbit. The samples of CeaRhlIng
and CeslrIng do not show reliable quantum oscillations up to 18 T.
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Chapter 6

Conclusions and perspectives

The results presented in the preceding chapters put forward a more evolved understanding of the
Ce-115 and related compounds in high magnetic fields. In this final chapter, I list the conclusions
of our results for the three compounds CeRhlns, CeColns and CesColng one by one. While some
of the conclusions and interpretations are supported in entirety by our results, for the others
additional /complimentary measurements are needed either to definitely confirm our hypotheses or
to further understand the physics that still remain unresolved even after this work. Therefore,
right after the conclusions, I discuss some complimentary measurements that can be helpful in this
regard.

CeRhIn5

We performed high-field dHvA measurements on CeRhlng and LaRhIns. In CeRhlns, several
additional dHvA frequencies emerge above certain threshold fields. In particular, we observed the
previously undetected, thermodynamically important 81 branch predicted by the f-localized band-
structure calculations. Almost all of the dHvA frequencies observed in CeRhlns are also present in
LaRhIns. In addition, their angular dependence is identical in the two compounds. The presence
and angle dependence of the observed dHvA frequencies are well accounted for by band-structure
calculations with localized f electrons, indicating that the f electrons of CeRhlng remain localized
not only above B* ~ 30 T, but also above B, ~ 50 T. We emphasize that delocalization of the Ce
f-electron at high magnetic field would change the whole FS from the localized to the itinerant FS.
Continued observation of the 8o branch at the highest magnetic fields is clear evidence of that the
Ce f-electron remains localized over the full magnetic field range that we have explored. It was
previously reported that the f electrons also remain localized in Celng above its critical field B, >~
60 T [125]. Whereas Celng is an isotropic HF compound with an almost spheroidal FS, CeRhIng
is a prototypical example of a strongly anisotropic material with quasi-2D FSs. The continued
localization of the f electrons well above B in both compounds is not consistent with either of the
two existing theoretical models of AFM QCPs. This implies that magnetic field, which itself tends
to localize f electrons, should be treated differently from such control parameters as pressure or
chemical doping.

We also performed specific heat measurements in this compound in static fields up to 36 T
applied both along the a and the ¢ axis. For field along the a axis, we confirmed previously
established rich phase diagram, and extended it to higher fields. For field along the ¢ axis, we
observed a distinct anomaly at B* ~ 30 T, suggesting that a real thermodynamic phase transition,
probably weakly first-order, is likely to take place at this field.

Further, we also performed high-field ultrasound velocity measurements on bulk single crystals
of CeRhIns. For a magnetic field slightly tilted from the ¢ axis, we observed distinct anomalies at
both B,, ~ 20 T and B* ~ 30 T at low temperatures in all the symmetry breaking modes, i.e., C11,
Cu4, Cgg, and Crp. In all these modes, the anomalies are of similar shape, but of the opposite sign.
Both anomalies are absent in the symmetry preserving C's3 mode. Furthermore, our temperature-
dependent measurements reveal that both anomalies exist within the AFM state only. Given that
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the transition at B,, corresponds to a change of magnetic structure from IC below B,, to C above
B, we argue that the transition at B* is of the same origin, i.e., from the C phase below B* to a
new IC phase above it. This makes CeRhlns one of the rare compounds, in which the application
of a high magnetic field induces a C to IC transition. When a magnetic field is tilted further
away from the ¢ axis, the anomaly at B* slowly moves to higher fields, and progressively becomes
smaller and broader. This behavior is in contrast with what was observed in the previous transport
measurements on microfabricated samples, in which a sharp resistivity jump at B* was observed to
increase up to about 20° following by a decrease up to 60°, where it faded away. Different behaviors
observed here on bulk samples and on the FIB-fabricated microstructures are likely to be due to
uniaxial strains or stresses inevitably present in the latter. CeRhIns seems to be very sensitive
to uniaxial strains. For instance, previously reported NQR measurements on bulk and powder
samples of CeRhIns suggest that even small strains (or stresses) change the zero-field magnetic
structure from incommensurate to commensurate. Finally, while both the anomalies at B,, and
B* are absent in the C3s clear distinct features are observed around B* which are not observed in
any other modes. These two features forms a done around B* which seems to be expanding in field
with decreasing temperatures.

Finally, our results on CeRhIns opens up new perspectives for performing the following exper-
iments in future

Neutron diffraction experiments in pulsed fields to determine the () vector for
the magnetic structure of CeRhIn; above B*

Neutron diffraction experiments now possible in high fields above 30 T [I42] is the most natural
experiment perform to definitely confirm our hypothesis about the transition at B* being a change of
magnetic structure. The @ vector for the AFM4 state can be determined through this experiment.

High field NMR experiment at slightly tilted magnetic fields from the c axis

The high field NMR experiment for field precisely along the ¢ axis revealed that the antiferromag-
netic structure above B* (AFM4) is incommensurate. For fields slightly tilted (say by 2°) from
the ¢ axis, similar NMR experiment should definitely be able to distinguish the three magnetic
structures (AFM1, AFM3, and AFM4) in the B-T phase diagram. Therefore, an NMR experiment
at slightly tilted magnetic fields can also be helpful in confirming our hypothesis.

AC specific heat at temperatures lower than 2 K.

If the two features above and below B* are indeed real thermodynamic phase transition, then they
can possibly be detected as small but distinct anomalies in the AC specific heat similar to the
anomaly at B*. Therefore, extending our AC specific heat measurements at lower temperatures is
a natural experiment to perform.

High-field magnetostriction experiment for fields close to the ¢ axis

If the features observed close to the transition at B* in the C33 mode are related to the volume
change, magnetostriction measurements for fields applied close to the ¢ axis should be able to
detect them as anomalies corresponding to an expansion or compression along the ¢ direction of
the tetrogonal lattice.

Transport measurements on bulk single crystals under uniaxial strain

The angular-dependent behaviour of the transition at B* observed in our ultrasound velocity mea-
surements performed on bulk single crystals is contradictory to the highly influential transport
study performed on microstructured devices of CeRhlns in which strains are inherently present.
To the best of our knowledge, so far the enhanced in-plane anisotropic transport has not been
observed in bulk single crystals. Therefore, to truly understand the enhanced in-plane anisotropy
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and the role of strains in its emergence in the FIB devices, such transport measurements must be
performed on bulk single crystals under uniaxial strain.

Neutron diffraction experiments on bulk single crystal under uniaxial strain

To understand the change of magnetic structure from incommensurate at zero-field in bulk single
crystals to commensurate in powered sample at zero-field, neutron diffraction experiments on bulk
single crystal under uniaxial strain can be helpful.

Ultrasound velocity in the (33 mode in dilution refrigerator

While extending our ultrasound velocity measurements to dilution refrigerator temperatures is
definitely desirable for all the modes to extend the T-B phase diagram to lower temperatures, the
case for C33 mode is particulary interesting. The dome formed by the two feature in the T-B phase
diagram, centered around B*, is unique to this mode and seems to get broader in field at lower
temperature. Therefore, extending the T-B phase diagram to lower temperatures is necessary to
observe the full expanse of this dome.

High field AC susceptibility in CeRhlIn;

An anomaly at B* is absent in longitudinal magnetization. However, a small feature is observed
in magnetic torque near 30 T for field applied very close to the ¢ axis (2° and 4°) which tends to
become stronger for a better alignment of field from the ¢ axis, i.e, it is stronger at 2° than 4°.
But for fields closer to the crystallographic axis magnetic torque starts vanishing and therefore, the
signal becomes noisy. This makes a strong case for AC susceptibly in CeRhIns where unlike torque,
measurements close to the crystallographic axis are not an issue. Also, sometimes metamagnetic
transitions that weakly manifest in torque appear as pronounced anomalies in AC susceptibly.

Ultrasound velocity in the )4y mode using a in-situ rotator

The anomalies at B,, and B* in the C44 modes have a kink like rather than sharp step like in
Cp mode. Further, the anomaly at B* is greater than the one at B,,. Based on these strange
observations, it is possible that an angle-dependence of ultrasound velocity in the Cyy at lower
temperatures might also reveal features that were only observed in the Cs3 mode.

Ultrasound velocity in the (' and (53 modes using a double axis in-situ rotator

For field applied precisely along the ¢ axis, the metamagentic transition at B,, induced by an in-
plane component of magnetic field (B > 2 T) moves to fields higher than 36 T. Therefore, it would
be interesting to see if the transition at B* also disappears or not for field precisely along the ¢
axis. Such a measurement can elucidate the role of in-plane and out-of-plane field components on
the transition at B*.

CeColn;

We performed dHvA and mangetoresistance measurement in CeColns at high fields close to the
c axis. Our measurements revealed anomalous quantum oscillation at intermediate fields between
20-24 T which is more pronounced at low temperatures and becomes unnoticeable at 7' = 400 mK.
The effective masses also show a peculiar field dependence. The effective masses of the o orbits show
an abrupt increase above 23 T. Finally, magnetoresistance measurement revealed a clear anomaly
at 22 T. Based on these observations we suggest a field-induced instability occurs in CeColns at
high fields. The enhancement of effective masses with magnetic fields suggests a departure from
the usual fermi liquid behavior.

Finally, our results on CeColns opens up new perspectives for performing the following experi-
ments in future
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Extending the dHvVA study in CeColn; to still higher fields

Our dHvA study in CeColns should be extended to still higher fields in CeColns, to see if the
field enhancement of effective mass of g orbit continues, and if it diverges at still higher fields and
resulting into another QCP.

Temperature-dependent magnetoresistance study

The magnetoresistance study also needs to extended further, especially a temperature dependence
of the anomaly at 23 T transition to understand its origin.

High-field specific heat study

A high-field specific heat study is definitely needed to see if a field-induced phase transition occurs
at 23 T.

High field AC susceptibility in CeColn;

Certain transitions of magnetic origin are sometimes not observed in magnetic torque but may
appear in AC susceptibly. Therefore, AC susceptibly measurement on CeColns can be helpful in
identifying if the 23 T anomaly has magnetic origins.

High field ultrasound velocity in CeColn;

It is clear from our measurements on CeRhlns that ultrasound technique is a powerful tool to
understand unknown phase transitions. Therefore, ultrasound velocity measurement in CeColns is
a plausible experiment to perform to understand the 23 T anomaly.

CeyColng

In summary, we are able to successfully grow single crystal of the Ce-218 family. The CeyColng
crystals are of high quality and show nice quantum oscillation. We performed angle and temperature
dependance of dHvA frequencies in CeyColng. The fermi surface in CesColng is found to be
qualitatively similar to CeColns but with larger orbit sizes. The effective masses in CesColng
are quite heavy especially for the as orbit. The compounds CesRhIng and Ceslrlng do not show
quantum oscillation up to 18 T.

Growing single crystals of still higher quality

The effective masses of the observed orbits do not fully account for the huge Sommerfield coefficient.
Therefore, we expect heavier dHvA frequencies are still missing. Therefore, to fully map the fermi
surface of CeaColng single crystals of still higher quality are needed.

Specific heat study

The features observed at 5 T and 11 T in the magnetic torque are not fully understood and therefore
warrant further studies. A specific heat study is needed to see these features corresponds to real
phase transitions as well as to elucidate their origin.
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