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ABSTRACT

Strongly correlated electron systems are quantum materials that reveal a deep intertwining be-
tween different electronic charge, orbital, spin and lattice degrees of freedom. The interaction
among them can stabilize ground states that feature novel collective phenomena and that po-
tentially contribute to the development of future technical applications, if they are understood
on a microscopic level.

Particular complex quantum phenomena occur in systems containing rare earth elements,
where the conduction electrons either screen or couple the magnetic moments of partially filled
electronic f-states. The subtle balance between these energy scales yields strong electronic
fluctuations that trigger a rich diversity of ground states, including unconventional supercon-
ductivity, antiferromagnetism or correlated insulating, metallic and topological protected states.

CeColns is a model heavy-fermion d-wave superconductor that is believed to be mediated
by magnetic fluctuations. Superconductivity is Pauli limited and features an additional phase
at very low temperatures and large magnetic fields. This so-called Q-phase reveals magnetic
order that only survives inside the superconducting condensate and directly couples to it.

Here, we show that the substitution of the local-moment element Nd for Ce in CeColns
tunes the hybridization between the 4 f-electrons and the conduction band, such that the system
is driven into an antiferromagnetic state arising from a small Fermi surface. We demonstrate
that the Q-phase is stable under a small perturbation represented by a Nd doping of 5%. The
high-field phase is separated from a low-field antiferromagnetic state via a magnetic instabil-
ity that may origin from a field-induced quantum phase transition. Intriguingly, both phases
display an identical magnetic symmetry, which prevents the emergence of a primary order pa-
rameter of magnetic nature in the Q-phase. The detailed investigation of the magnetic order in
the two phases shows that the spin-density modulation directions are affected differently by a
rotation of the magnetic field inside the tetragonal plane. While the anisotropic spin suscepti-
bility in both phases arises from intertwined spin and orbital degrees of freedom, the coupling
between superconductivity and magnetism is altered in the high-field state. These results sug-
gest that the field-induced quantum phase transition triggers the emergence of an auxiliary
superconducting order parameter in the Q-phase that couples magnetic order with d-wave su-
perconductivity. In contrast, we suggest that magnetism and superconductivity are decoupled
in the low-field phase. This conclusion is based on the investigation of the low-energy exci-
tation spectrum of Ndg 05sCeg.95Colns at zero field. We observe magnetic fluctuations that are
related to the superconducting condensate, but which are not affected by magnetic order. We
suggest that the superconducting resonance consists of Ising-like fluctuations along the direc-
tion of static magnetic order.



ZUSAMMENFASSUNG

Stark korrelierte Elektronensysteme sind Quantenmaterialien, in welchen elektronische La-
dungs-, orbitale, Spin- und strukturelle Freiheitsgrade intrinsisch verflochten sind. Die Wech-
selwirkungen zwischen diesen Parametern konnen Grundzusténde stabilisieren, die neue kollek-
tive Phianomene hervorrufen, welche wiederum fiir die Entwicklung zukiinftiger technischer
Anwendungen relevant sein konnten, falls sie auf einer mikroskopischen Ebene verstanden
werden.

Besonders komplexe Quantumphé@nomene tauchen in Systemen mit seltenen Erden auf. In
diesen Materialien schirmen die Leitungselektronen die magnetischen Momente der teilweise
besetzten elektronischen f-Zustinden ab oder vermitteln diese. Das subtile Gleichgewicht
dieser Energieskalen fiihrt zu starken elektronischen Fluktuationen, die verschiedene Grund-
zustinde, wie unkonventionelle Supraleitung, Antiferromagnetismus oder korrelierte isola-
torische, metallische und topologisch geschiitzte Zustinde hervorrufen konnen.

CeColns ist ein Vorzeigesystem der schweren Fermionen mit d-Wellen Supraleitung, von
welcher man glaubt, dass sie durch magnetische Fluktuationen induziert wird. Die supralei-
tende Phase ist Pauli limitiert und verfiigt tiber einen zusétzlichen Zustand bei tiefen Tempe-
raturen und hohen magnetischen Feldern. Diese sogenannte Q-Phase ist charakterisiert durch
eine magnetische Ordnung, welche nur innerhalb des supraleitenden Kondensats iiberlebt und
direkt an dieses koppelt.

Die vorliegende Arbeit zeigt, dass die Substitution des lokalen Momentes von Nd fiir Ce
in CeColns die Hybridisation zwischen den 4 f-Elektronen und dem Leitungsband verindert,
sodass das System in einen antiferromagnetischen Zustand getrieben wird, der sich in einer
kleinen Fermioberfliche bildet. Wir demonstrieren, dass die Q-Phase stabil bleibt, wenn sie
durch eine 5% Nd Konzentration gestort wird. Die Hochfeldphase wird durch eine magnetische
Instabilitit, welche durch einen Quantenphaseniibergang hervorgerufen werden konnte, von
einem antiferromagnetischen Zustand bei tiefen Feldern getrennt. Interessanterweise zeigen
beide Phasen dieselbe magnetische Symmetrie, was einen priméren magnetischen Ordnungspa-
rameter am Ursprung der Q-Phase ausschliesst. Die detaillierte Untersuchung der magneti-
schen Ordnung beider Phasen offenbart, dass die Modulationsrichtungen der spin-dichte Welle
von einem rotierenden magnetischen Feld in der tetragonalen Ebene unterschiedlich beeinflusst
werden. Wihrend die anisotropische Spin-suszeptibilitit beider Phasen von einer Verflechtung
von Spin und orbitalen Freiheitsgraden herriihrt, verdndert sich die Kopplung zwischen der
Supraleitung und dem Magnetismus in der Hochfeldphase. Diese Resultate suggerieren, dass
der feldinduzierte Quantenphaseniibergang einen zusitzlichen supraleitenden Ordnungspara-
meter in der Q-Phase hervorruft, der die magnetische Ordnung mit der d-Wellen Supraleitung
verbindet. Im Gegensatz dazu denken wir, dass Magnetismus und Supraleitung in der Tief-
feldphase voneinander unabhingig bleiben. Dies schliessen wir aus der Untersuchung des
Anregungsspektrums von Ndg gsCeg.95Colns bei verschwindendem Feld, in welchem wir mag-
netische Fluktuationen beobachten, die zur Supraleitung gehoren, aber nicht von der magneti-
schen Ordnung beeinflusst werden. Wir interpretieren dies als supraleitende Resonanz, welche
ising’sche Fluktuationen aufweist, die entlang des statischen magnetischen Momentes pola-
risiert sind.
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Chapter 1

Introduction

The ground state of a thermodynamic system condenses into one of four different states of mat-
ter denoted as solids, liquids, gases and plasmas. These states can be modified by temperature,
such as a solid material that melts into a liquid where it recovers the broken rotational and trans-
lational symmetry. Temperature-induced phase transitions are commonly referred as classical,
because they are driven by thermal fluctuations [1,2]. They are in contrast to phase transitions
that arise from quantum mechanical fluctuations, which are governed by Heisenberg’s uncer-
tainty principle. These so-called quantum phase transitions appear in the zero temperature limit
and are tuned by external parameters, such as pressure, chemical substitution or magnetic field.

Most quantum phase transitions occur in solids, as it is the state of matter that stabilizes at
low temperatures. Here, the atoms can arrange in well-defined structures that are classified in
two hundred thirty space groups, which obey certain symmetry properties [3]. Intriguingly, the
interaction among the chemical elements in crystalline structures can trigger quantum phases
including magnetism [4, 5], superconductivity [6], multiferroicity [7] and many more. These
states yield macroscopic properties that may be relevant for future technical applications, but
many of their fundamental properties are not understood yet and require detailed investigations.

Superconducting condensates are particularly interesting, because they feature a coherent
ground state over macroscopic length scales and reveal zero electrical resistance [8]. Thus,
superconducting wires have the potential to substantially decrease mankind’s power consump-
tion, if they were usable at room temperatures. Superconductivity, however, has not been
observed above one hundred thirty Kelvins at ambient pressure yet [9]. A widespread inten-
tion among physicists is focussed on the microscopic understanding of these so-called uncon-
ventional superconductors. This insight may serve as basis to synthesize room temperature
superconductors.

Unconventional superconductors are different from the well-understood phonon-driven su-
perconducting phases. It is believed that they emerge from magnetic fluctuations, which are
known to be particularly strong in the vicinity of quantum critical phase transitions [6, 10, 11].
The drawback of these high-temperature superconductors is that they reveal complex ground
states, which are robust under macroscopic constraints. In fact, they are tunable only via chem-
ical substitution, if commercially available magnetic field and pressure devices are used.

Fortunately, another family of compounds, so-called heavy-fermion superconductors, also
feature superconducting condensates that are thought to be driven by magnetism [11]. These
materials reveal energy scales that are much smaller than in high-temperature superconductors,



such that the ground state properties typically occur below a few Kelvins. In consequence,
these compounds are highly tunable via magnetic field or pressure that is of the order of several
Teslas or Gigapascals, respectively [2, 12, 13].

Neutron scattering is an excellent technique, by which the microscopic properties of a sys-
tem can be investigated under extreme conditions [14—16]. The particle is charge neutral and
features a magnetic moment. Thus, it cannot only easily penetrate complex sample environ-
ments, but it gives also access to the lattice and magnetic degrees of freedom on an atomic
scale.

CeColns is an exceptional heavy-fermion superconductor that can be synthesized in a very
clean form and that is naturally placed in an environment of strong magnetic fluctuations [17-
20]. Its ground state is highly susceptible to external perturbations and it reveals field-induced
magnetic order that couples directly to superconductivity [21-25]. This cooperative magneto-
superconducting state is in contrast to the generally observed competition between supercon-
ductivity and magnetism and it is unclear under which circumstances such phases occur. More-
over, despite the fact that this so-called Q-phase has been discussed for the last fifteen years,
its microscopic origin remains elusive [25].

The intertwined degrees of freedom in the Q-phase may be decoupled when chemical sub-
stitution is used as an auxiliary tuning parameter. The field-induced phase, however, appears to
be highly sensitive upon doping, and found to be suppressed at extremely small impurity con-
centrations [26]. Here, we study the effect of Nd substitution on the Ce-site of CeColns that
gives rise to a competition between localized moment magnetism and heavy-fermion proper-
ties [27]. The application of magnetic field supplementary to 5% Nd doping on the Ce-site
demonstrates that the Q-phase remains stable under a small Nd-induced perturbation to the
CeColns ground state [28]. Thus, the series displays both a competition and a cooperation
between superconductivity and magnetism under substitution and magnetic field, respectively.

The phase diagram of Nd 05Cep 95Colns against magnetic field and temperature further
suggests a quantum phase transition inside the superconducting phase that is driven by fluctua-
tions related to the superconducting condensate [28]. The meticulous investigation of the mag-
netic order for different magnetic field directions provides evidence for an intertwining among
spin and orbital degrees of freedom and suggests the emergence of an auxiliary superconduct-
ing order parameter in the Q-phase [29]. Finally, we find evidence for magnetic fluctuations
that are related to superconductivity, which may show fluctuations along the ordered magnetic
moment at zero field [30].

The thesis is structured as follows: chapter 2 provides the background of localized and
itinerant magnetism, heavy-fermion physics, quantum criticality, superconductivity and its in-
terplay with magnetic order. The theoretical content of neutron scattering, instrumentation,
magnetic structure determination as well as insight in the data analysis is given in chapter 3.
Chapter 4 introduces the compound CeColns and describes the state-of-the-art research in the
field. The presentation and discussion of the studies on the series Nd;_,Ce,Colns is carried
out in chapter 5. It is noted that these results are partly adopted from the manuscripts published
in Ref. [28-30]. Finally, the thesis is summarized in chapter 6, where also possible future
investigations are suggested.



Chapter 2

Strongly Correlated Electron Systems

A crystal defines a solid material consisting of N ~ 10> atoms or molecules that are arranged
in a regular lattice in three dimensional space. The electronic Eigenstates are calculated by
Bloch’s theorem, which models the electrons as non-interacting quasiparticles in a static peri-
odic potential [31]. Taking into account Pauli’s exclusion principle, the chemical composition
of the crystal and its space group symmetry [3], the approach leads to the description of the
electronic band structure.

The concept shows that quantum mechanics can be used to illustrate collective phenomena
in condensed matter physics and provides a microscopic description of fundamental material
properties, such as metals or insulators. Band theory, however, ignores the coupling between
different electronic (charge, spin and orbit) and/or lattice (phonon, defects and strain) degrees
of freedom.

In strongly correlated electron systems a deep intertwining among these degrees of freedom
leads to novel macroscopic properties that are not understood within band theory [32]. As
examples, a strong electron-phonon coupling can stabilize charge-density wave order [33],
crystal defects can cause Anderson localization [34] or the interaction among electrons can
trigger magnetism [4, 5]. In order to disentangle the microscopic interactions of novel quantum
phases with emergent macroscopic phenomena, active theoretical and experimental research is
conducted on a multitude of strongly correlated electron systems. This includes unconventional
superconductors [6], geometrically frustrated systems [35], quantum magnetic or topological
insulators [36, 37], multiferroic materials [7] or heavy fermions [12,23,38-41].

2.1 MAGNETISM

Magnetic order in crystalline structures is a collective phenomenon that arises purely from
quantum mechanical effects [5]. The magnetic interaction that is mediated among the electrons
originates from orbital and/or spin degrees of freedom. Depending on the mobility of the
magnetic moment carriers, both localized and itinerant electrons can give rise to magnetic
order in metallic materials.

2.1.1 Localized Moment Magnetism.
The electrons in a partially filled atomic shell cause a non-vanishing total angular momen-
tum J = L + S that is composed of the angular momentum, L, and the spin degree of freedom
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S. A single Ce®" ion, for instance, contains an unpaired electron in the 4 f'-shell that yields
L=3,S=1/2and J=L-S=5/2*. The ground state consists of 2J + 1 = 6 degenerate orbitals
with an associated effective moment p. rr = 2.54up that is calculated via [5]:

Mefs = grtp\/J(J +1), (2.1)

where up = 9.27401-1072* J/T is the Bohr magneton. g; describes the Landé splitting factor
that is given by [5]:
3 S(S+1)—L(L+1)

A Y )

Localized moments that are embedded into a crystalline structure reveal a splitting of the
2J + 1 fold degeneracy that arises from the influence of the crystalline environment [5]. The
strength and spacial symmetry of this crystal field effect heavily depends on the structure and
chemical composition of the considered material. The reduced local magnetic moments can
still interact and may lead to collective static magnetic order below an ordering temperature
Ty. It is noted that in a time-reversal symmetric system the ground state crystal field multiplet
is at least doubly degenerate, when an odd number of electrons per magnetic ion is considered
[42].

The exact form of the exchange interaction is influenced by several parameters including
the distance between the magnetic ions, the crystal field anisotropy and the magnetic moment
strength. A direct exchange occurs in materials, where the partially filled orbitals of two neigh-
boring magnetic ions overlap. The Pauli exclusion principle and the Coulomb repulsion give
rise to a local two-particle Hamiltonian HI,Z =-2JS 15'2 [5]. S 1,2 are the two spin operators and
J the isotropic exchange integral, which is ferromagnetic for J > 0 and antiferromagnetic for
J < 0. In materials that contain rare-earth elements direct exchange can be neglected, because
the spatial extend of the 4 f orbitals is very limited.

Magnetic moments can also interact via their dipolar magnetic field, but in general this
coupling is weak. It requires magnetic moments of the order of u = 7up to realize Ty ~ 0.65 K
when a distance d ~ 4 A between two magnetic ions is assumed [43].

In most metallic systems consisting of rare-earth elements, localized moment magnetism
mediated over large distances is driven by an indirect exchange process. A localized mag-
netic moment can polarize the surrounding conduction electrons, which yields an induced
spin-density modulation that interacts with the nearest neighbor localized moment [5]. This so-
called Rudermann-Kittel-Kasuya-Yoshida (RKKY) interaction is similar to superexchange in
insulating materials and can trigger ordering temperatures up to room temperature [5,43-46].
The exchange interaction can be written in the form of an Heisenberg-like" spin Hamiltonian
with a spatially-dependent coupling term, J(r), that is given by [5, 43]:

2.2)

sin(2kpR) — 2kpR cos(2krR)
(2kpR)*

Jrxky (r) = 121v|J|>N(EF) (2.3)

Here, v denotes the number of conduction electrons per ion, |J| is the exchange integral, N(Er)
represents the density of states at the Fermi surface and kr is the Fermi wave-vector. The

*The quantum numbers are determined by Hund’s rule, where S and L are maximized. In addition, spin-orbit
coupling leads to J = |L-S| and L+S for less and more than half-filled shells, respectively [5].

pling P y

TSimilar to the direct exchange interaction H = Yitj Ji,jfigj.
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equation reveals an effective exchange interaction that depends on the distance between two
adjacent moments defining the sign of the magnetic interaction [44—46].

It is noted that other exchange interactions among localized moments can be relevant in
insulating or non-centrosymmetric systems, such as superexchange, double exchange or the
Dzaloshinskii-Moria interaction [5]. Since this thesis focuses on metallic materials, they are
not considered here.

2.1.2 Itinerant Magnetism.

Magnetic order in metals can also arise via an instability of the Fermi liquid state [5, 47]. In
certain cases it may be favorable for the material to align the electronic spins of the conduction
band, because it can reduce the contribution of the Coulomb repulsion. In general, ferromag-
netic metals, such as Fe, Co and Ni are distinguished from spin-density waves (SDWs), as
found in Cr and Mn [47]. In both cases the Hamiltonian of the system is described by mobile
electrons that feature a repulsive contact interaction, U, and that reads [47];

=Y ex] 2, +U / B (1S(r — )P, () dPrd’Y 2.4)
ks

The sum runs over all conduction electrons, where € is the band energy at wave-vector k
in reciprocal space and é,t , (Cxs) the creation (annihilation) operator of a quasiparticle with

spin s. Ps(r) = ‘/I\’I (r)¥,(r) is the electron density with spin s that is described by the electron
field operators ‘/I\’sT (r) =1V Zk’sé,:sexp(—ikr) and ‘f’s (r) =1V Y i Ck sexp(ikr), where V is the
volume of the system. '

The effective exchange interaction among the electrons induces a spin polarization that
acts as a local field. The resulting spacial, ¢, and frequency, ®, dependent spin susceptibility is
derived in a random phase approximation approach [47]:

X0 (q7 (D)

x(g,0) = ——FF—"—— (2.5)
- %XO (qa 0‘))
B
where y0(g,®) is the bare susceptibility that is described by the Lindhard function [47]:
2
8H Miet-q,t — Tk,
%o(g,0) = —°-E tal ki (2.6)

V e g — & —ho+iim’

Here, g denotes the Landé splitting factor, ng ; are the number of electrons at the reciprocal
wave-vector k and spin s, & is the reduced Planck constant #/27t = 1.055-1073* Js and the term
ihn takes into account causality.

A magnetic instability is represented by the divergence of the susceptibility which appears
at the generalized Stoner criterium U /(Zu%)XO(q, ®) = 1. Itinerant ferromagnetic metals feature
an instability at ¢ = 0, whereas an arbitrary wave-vector can be realized in SDW's that depends
heavily on the band structure [47].

A crucial ingredient for the stabilization of a SDW at g = Q is so-called nesting close to the
Fermi surface that features an energy €. The major contribution to %o(Q,0) arises from Fermi
surface areas that satisfy €, ¢ - €r = € - & [4,47]. Below the ordering temperature Ty these
parts of the Fermi surface gap* and stabilize magnetic order along Q. While a SDW-instability

#The Néel temperature Ty o exp(-2/(UN(eF))) depends on the Coulomb repulsion, U, and the density of states
at the Fermi level N(er) . The gap size in the zero temperature limit reveals |A| = 2er exp(-1/(UN(ef))) [4,47].
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FIGURE 2.1: Macroscopic Transport Properties of a Heavy-Fermion Metal. Temperature depen-
dent a) electrical resistivity p(7'), b) magnetic susceptibility x(7) and c) electronic specific heat C(T')
of a HF metal (orange) when compared to the normal Fermi liquid behavior (blue). Taken from [24].

yields a metal-to-insulator transition in an one-dimensional material, the Fermi surface is only
partly gapped in two or three dimensions.

2.2 HEAVY-FERMION SYSTEMS

Heavy-fermion (HF) systems are intermetallic compounds containing partially-filled f-bands
that strongly interact with the conduction electrons [12]. The correlated ground state features
a renormalized Fermi liquid behavior that is reflected in the macroscopic transport properties,
such as electronic resistivity, magnetic susceptibility and electronic specific heat (see Fig. 2.1).
The low-temperature attributes are directly related to the effective mass, m*, which is two to
three orders of magnitude larger in HF metals when compared to ordinary conductors [12,47].

2.2.1 The Kondo Lattice.

The essence of the HF ground state is the Kondo effect that describes the antiferromagnetic
exchange coupling of a single localized moment impurity, S r, with the conduction electrons.
It reads [48, 49]:

A=Y exe) ers — TP (0)0%,(0)S, 2.7)
k,s

with &, é,(js) and ‘i’gﬂ(r) as defined in Eq. 2.4. 6 = (0y, 0, 0;) denotes the vector of Pauli

matrices and J < O the antiferromagnetic contact interaction strength. It reveals a logarithmical
temperature dependence that has a large impact on the low temperature properties of the system
[48].

Below the single-ion Kondo temperature, Tx ~ exp(-1/|J]), the interaction between the
impurity and the conduction electrons cannot longer be treated perturbatively [38]. The strong
coupling triggers an effective screening of the localized moment via the conduction electrons
and entangles them into a singlet state (see Fig. 2.2a).
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FIGURE 2.2: Microscopic Development of the Heavy-Fermion Ground State. a) Representation
of a Kondo singlet and b) the Kondo lattice. ¢) Electronic bands from band theory (dashed lines) and
hybridized bands (solid lines). Modified from [50].

In HF materials the partially filled f-shells are arranged in a periodic array that transforms
the Kondo singlet into a lattice (see Fig. 2.2b) [38,49]. The momentum conservation in the
crystalline structure gives rise to a coherent ground state below a characteristic Kondo coher-
ence temperature that equals several tens of Kelvins. The material features localized f-bands
that actively contribute to the Fermi surface, modifying the band structure.

Figure 2.2c displays a flat f-band and a dispersing conduction band. While in the non-
interacting band theory they remain separated, the Kondo interaction leads to a band hybridiza-
tion with low-energy admixed quasiparticles [50]. The resulting f-band contribution to the
Fermi surface gives rise to large effective masses that feedback into the macroscopic response
(see Fig. 2.1). The avoided band crossing reconstructs the Fermi surface and opens a direct
gap, v ~ 20-30 meV [51], that appears upon cooling the system below the Kondo coherence
temperature. Kondo insulators, such as SmBg or YbBg, establish a fully gapped Fermi surface
with an accompanying metal-to-insulator transition [52, 53], whereas in a HF metal, such as in
CeColns, the Fermi surface is only partly gapped [54].

Kondo insulators are currently heavily investigated, because spin-orbit coupling can cause
a band inversion that stabilizes topological protected surface states [38,52,53]. In metals, a
rich diversity of ground states, such as unconventional superconductivity and antiferromag-
netism have been discovered since the investigation of the first HF material in 1975 [55]. This
variety of possible ground states arises mainly from two reasons. Firstly, the Kondo interaction
competes with the RKKY-exchange interaction [44-46]. Secondly, the low energy scales of
these quantum ground states are tunable with external parameters, such as pressure, chemical
substitution or magnetic field [2, 10, 12, 13].

It is noted that the description of the HF ground state reveals some similarities to the
Hubbard model, which is often used to treat strongly correlated d-electron systems such as
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transition-metal oxides [12]. In the isotropic limit it is given by [47]:

A=—t Y (& &js+cc)+UY iy, (2.8)
(i.J).s i

where, the sum runs over all nearest neighbor lattice sites i, j and spin configurations s. c.c.
is the complex conjugate, él(? are the real-space field operators and fi; ; = ézséi,s is the density
operator. ¢ denotes the hopihg integral that enables the electron to move to 'adjacent sites and
U is the contact Coulomb repulsion. The ratio U/t leads to either an insulating or a correlated
metallic ground state. The difference between doped Mott insulators and HFs arises from the
characterization of the correlated itinerant electrons [12]. While in HF materials the f-band
couples to the conduction band, d-electrons in the transition-metal oxides become itinerant
because of nearest neighbor interactions.

2.2.2 Competing Energy Scales and Quantum Ceriticality.

The Kondo interaction screens the magnetic moments via the surrounding conduction elec-
trons, giving rise to the hybridized ground state [12,57,58]. The resulting contribution of
the f-electrons to the conduction band forms a so-called large Fermi surface. In contrast, the
RKKY interaction is an indirect exchange coupling between localized moments, where long-
range magnetic order is established. In this case, the volume of the Fermi surface remains
invariant and is denoted as small Fermi surface. The competition between these rivalry mi-
croscopic mechanisms yields a rich phase diagram that was studied first by Doniach in 1977
[59]. He considered a one dimensional insulating Kondo lattice, where the conduction band
is replaced by a lattice of coupled spins. The characteristic temperatures, Tgrxxy and Tk, de-
pend on the coupling parameters, J, with Trxxy ~ J> and Tx ~ exp(-1/|J|) for the RKKY and
the Kondo? interaction, respectively. The interplay between both mechanisms results in a JT-
phase diagram that is shown in Fig. 2.3a. Small Js yield a dominating RKKY interaction that
triggers magnetic long-range order, whereas a heavy-fermion ground state is stabilized when
the localized moments are strongly hybridized. At a critical interaction strength, J,, long-range
magnetic order and heavy-fermion properties are suppressed in a second order phase transition
at zero temperature [59].

Although the Doniach phase diagram arises from an oversimplified model, it shows that the
competition between the RKKY and Kondo interaction can trigger quantum phase transitions
(QPTs) [1,2]. They define phase transitions at zero temperature driven by quantum fluctu-
ations that are governed by Heisenberg’s uncertainty principle. These transitions are, thus,
different from classical phase transitions at finite temperatures, which are induced by thermal
fluctuations. However, they are partly described within the same theory.

Classical phase transitions are treated in Landau’s theory that is based on the concept of
spontaneous symmetry breaking at the second order phase transition [60]. The change of sym-
metry is illustrated by an order parameter with an associated correlation length &. While the
order parameter is present in one phase, it is suppressed in the other one and emerges or col-
lapses at the phase boundary where & diverges. The spatial fluctuations of the order parameter
are described within a field theoretical ¢*-model in d dimensions [61]. As an example, a stag-

$Here, the Kondo coherence temperature is set to the single ion Kondo temperature Tx. In general, this is not
correct and an open theoretical question [49].
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FIGURE 2.3: Doniach Phase Diagram and Quantum Critical Phase Transition. a) Schematic illus-
tration of the Doniach phase diagram that treats the competition between Kondo and RKKY-exchange
interaction. b) Schematic illustration of a quantum phase transition between a Fermi liquid (V) and an
antiferromagnetically ordered state (A). A fan shaped region is established around the quantum critical
point, where quantum fluctuations dominate the finite temperature properties. Taken from [2, 56].

gered magnetic field with diverging magnetic correlation length emerges as an order parameter
at the phase boundary between a paramagnetic and an antiferromagnetically ordered phase.

The standard representation of a QPT follows the phenomenological model of a classical
order parameter (see Fig. 2.3b) [1, 62, 63]. However, in addition to spatial fluctuations a critical
slowing down is considered that is associated to imaginary time fluctuations. The correlation
time, Ty, is connected via the critical dynamic exponent, z, to the correlation length Ty o< 2.
Depending on z the effective dimension in the ¢*-model is modified to degr = d + z. For
instance, it has been shown that an antiferromagnetic quantum critical instability features z =2
[62,63]. A three-dimensional system d.rr = 5, thus, exceeds the critical dimension d,, > 4,
for which the Ginzburg-Landau theory is valid even close to phase transitions. In consequence,
mean-field critical exponents are expected close to so-called spin-density wave quantum critical
points. In the vicinity of the critical point quantum fluctuations dominate the finite temperature
properties and give rise to a typical fan-shaped critical region, where non-Fermi liquid behavior
is expected (see Fig. 2.3b).

As a result of the classical approach, the Landau theory cannot describe phase transitions
that arise from inherent quantum effects. Such transitions are observed, for instance, in quan-
tum magnets and some HFs [12, 36], where quantum fluctuations can destroy the Kondo lattice.
In consequence, a quantum critical Kondo breakdown involves a major reconstruction of the
Fermi surface from a large to a small extent. The origin of the attributed quantum fluctua-
tions is currently an open question. Popular theories include fluctuations of localized moments
[57, 58], spin-charge separation [64] or the formation of a spin liquid among the localized mo-
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Yb(RhyIr,),Si, Yb(Rh,_,Co,),Si,

FIGURE 2.4: Global Phase Diagramm of Heavy-Fermion Metals. Schematic illustration of the
possible magnetic ground states in HF metals as a function of the localized-moment fluctuations, G, and
the relevant Kondo scale Jx. Py denotes a paramagnetic phase with a large Fermi surface, Py a param-
agnetic phase with a small Fermi surface, AF; antiferromagnetic order with a large Fermi surface and
AF; antiferromagnetic order with a small Fermi surface. Experimental realizations for three possible
trajectories are shown in I, IT and II. Modified from [12, 13, 67].

ments [65, 66].

2.2.3 The Global Phase Diagram of Heavy-Fermion Metals.

The interplay between magnetic and Kondo fluctuations is captured in the global phase
diagram that is depicted in Fig. 2.4. It is parameterized by the two relevant exchange param-
eters Jx and G, where the latter is a measure of the fluctuations assigned to localized-moment
magnetism [13]. It may represent the degree of frustration, the nearest-neighbor interaction,
the effective dimensionality or the spatial anisotropy. The probability that the system develops
magnetic order decreases for an increasing G. The Kondo coupling strength, Jx = |J|/W, is
directly correlated to the degree of hybridization between the f-electrons and the conduction
band and is divided by the conduction bandwidth W. The phase diagram depicts four distinct
regions AFs, AFr, Ps and P;. AFs denotes the antiferromagnetic phase within the small Fermi
surface, where magnetic order is mediated via the RKKY interaction. P, is the heavy-fermion
paramagnetic large Fermi surface, where a fully developed Kondo lattice is established. AF,
represents the antiferromagnetically ordered ground state with a large Fermi surface. Here,
magnetism emerges either from unscreened localized moments attributed to AFs or from Py, via
a SDW instability triggered by nested Fermi surface regions. Pg is the paramagnetic metallic
state within a small Fermi surface, where the broken rotational symmetry of AFg is recovered.

The QPTs between P;, and AF;, as well as Pg and AFg can be modeled within Laudau’s the-
ory of spin-density wave quantum critical points [62, 63]. The transition between P;, and AFg,
however, represents a quantum critical Kondo breakdown that is referred either to localized
moment fluctuations or to spin-charge separation [57, 58, 64]. The transition across Py, and Pg
is believed to originate either from the formation of a spin liquid among the localized moments
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or via a transition from a spin Peilers state to a HF-liquid [65, 66].

The low energy scales of these ground states allow to effectively tune G and J via ex-
ternal tuning parameters [2, 10, 12, 13]. The ground state of YbRh;Si,, for instance, is tuned
over a quantum critical Kondo breakdown by means of a magnetic field (see trajectory I in
Fig. 2.4) [68]. A similar QPT is achieved in CeCug_,Au, by chemical substitution [69], or
in CeRhlns via pressure [70]. However, more complex trajectories across the global phase
diagram are found in nature (see trajectories II and III in Fig. 2.4). The field dependence of
Yb(Rh;_,Co,)»Si,, for instance, reveals a case where AFg is modified to P; upon crossing
AF, for increasing magnetic fields [67]. In contrast, the field dependence of Yb(Rh;_,Iry),Si,
shows first a magnetic QPT from AFj to Ps and a subsequent Kondo breakdown towards Py
for sequential field increments [67]. One challenge of the current research in the field is the
assignment of the observed phase transitions to the different sections in the global phase dia-
gram. This may allow to disentangle the interactions among the various degrees of freedom in
HF systems.

Hitherto, there exists no unified theory that can predict all aspects of the global phase di-
agram. A widespread approach to interpret the observed experimental data is provided by the
phenomenological two-fluid model, which deals with a two-component system of coexisting
fluids [71-74]. One fluid represents the large Fermi surface of itinerant conduction electrons
that hybridize with f-electrons below the Kondo coherence temperature. The other fluid con-
siders the residual unscreened local moments of the small Fermi surface that works antitheti-
cally to the first fluid. The key idea of this approach is evidenced by the hybridization order
parameter, f(T), that defines the relative fraction of the two fluids. This temperature dependent
variable is tunable via external parameters. The fluid of the large Fermi surface is dominating
for £(0) > 1, where the system features a HF liquid ground state. In contrast, the overall
Fermi surface remains small if f(0) is smaller than unity and f(0) = 1 characterizes the critical
value, where a quantum critical Kondo breakdown occurs. Both liquids can stabilize an anti-
ferromagnetic ground state that can be modeled within Landau’s theory using a magnetic order
parameter.

Within this framework it is straightforward to reproduce the global phase diagram of Fig.
2.4. AF;g and Py define cases with f(0) < 1 and where antiferromagnetic order originates from
the predominant small Fermi surface of unscreened localized moments [74]. P; and AF depict
the scenario in which f(0) > 1 and where a major fraction of the f-bands are hybridized with
the conduction electrons. Here, magnetic order can arise either from a SDW instability of the
fluid representing the large Fermi surface or via the RKKY interaction of the uncompensated
local moments in the fluid describing the small Fermi surface.

The multitude of possible QPTs in the global phase diagram of HF metals provide an
environment with strong electronic fluctuations. They can stabilize strongly correlated ground
states that interact with the HF ground state, and in which the contributing electronic degrees of
freedom are further intertwined. The most prominent one is superconductivity that was found
in this class of materials in 1979 [75].

2.3 SUPERCONDUCTIVITY

Superconductivity characterizes a ground state, in which electrons near the Fermi surface con-
dense into a macroscopically coherent bosonic ground state [84,85]. The superconducting
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phase transition breaks the global Gauge symmetry and is accompanied by a gap opening,
A(k), at the Fermi surface that is usually of the order of a few meV. Below the critical temper-
ature, T, the bosonic state is established by electron pairs, coupled via an attractive exchange
interaction that overcomes the screened Coulomb repulsion. The macroscopic properties that
emerge from the quantum liquid feature zero resistance and perfect diamagnetism.
Superconductivity was discovered in 1911 [8]. In 1950 Frohlich proposed that the convo-
Iution of electronic and lattice degrees of freedom acts as a glue between the paired electrons
[76]. The key idea originates from a moving electron that is attracted by the excess of posi-
tive charges, arising from ions that are polarized by an other electron. In 1956 Cooper found
that the two-electron bound state with minimal energy corresponds to a so-called Cooper pair
with vanishing center of motion (k, -k) [77]. The microscopic mean-field description of the
phonon-mediated superconducting ground state was provided in 1957 by Bardeen, Cooper and
Schrieffer (BCS) and could account for the emergent macroscopic properties [78]. Starting
from the 70’s novel types of superconducting materials were found that could not be explained
in the scope of the BCS theory [79]. Most referred classes include the HF superconductors
[11, 80], the high-T; cuprates [81], the iron pnictides [82] and several organic materials [83].

2.3.1 The Symmetry of the Superconducting Order Parameter.

The derivation of the superconducting gap using a general attractive interaction potential in
reciprocal space (k and spin dependent) yields four spin dependent components that are given
by [84]:

Apy(k) Ay (k
Ap(k) Ay (k)

Here, ¢ denotes the vector of Pauli matrices and / is the unity matrix. The equation represents
a mixture of spin-singlet and spin-triplet pairing that is distinguishable by the parity proper-
ties Ay = A_y, for singlet and d(k) = —d(-k) for triplet pairing, respectively. In experimental
realizations only one parity solution is expected, because a mixture will lead to two different
critical temperatures for which a considered pairing mechanism, most probably, favors only
one solution. It is possible to expand the respective gap components in spherical harmonics,
which results in [84]:

~—

. (—du(k) +idy(k) A+ d(k)
>_1(Ak1+d(k)c)0y_< A (k) dx(l’;)ﬂd)(k)). (2.9)

Ak =Y NimYim (O, Ox) (2.102)
l,m

dy(k) =Y MvimYim Ok, Ox)- (2.10b)
I,m

V =X, y, z accounts for the three vector components of d(k) and the quantum numbers equal
[=0,1,2,.. and m = -1, ..., [ . The parity properties ensure that only even /s contribute to
spin-singlet pairing, while odd values are allowed in the spin-triplet case. In principle several
angular momenta can contribute to the symmetry of the superconducting gap and this is be-
lieved to be the case in UPt3 [86]. However, usually only the most dominant term is stabilized,
because a multitude of / contributions would trigger several critical temperatures within the

same compound.
The superconducting order parameter features an isotropic gap for [ = 0 (see Fig. 2.5a),
which stays invariant under all symmetry operations of the respective crystallographic point
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FIGURE 2.5: Possible Gap Symmetries. Illustration of various spherical harmonics assigned to
A(k). a) BCS ground state with spin-singlet superconductivity and isotropic gap [84,85]. b) Spin-
triplet superconductivity as found in superfluid *He and in the Q-phase of CeColns [79, 88]. ¢) Spin-
singlet superconductor with d,> > symmetry as observed in the main superconducting phase of CeColns
[18, 19]. Taken from [24].

group [84,85]. This case is derived by the BCS theory and is defined as conventional su-
perconductivity. Along these lines superconductivity is called unconventional for / > 0, which
breaks at least one symmetry operation of the crystal point group symmetry. A multitude of un-
conventional spin-singlet and spin-triplet superconducting order parameters that are observed
in nature are shown in Fig. 2.5b-c.

2.3.2 The Superconducting Pairing Interaction.

One of the major questions regarding the superconducting ground state concerns the origin
of the attractive pairing interaction between two electrons at k and k’. In general, free electrons
reveal a repelling Coulomb interaction of the form U(q) = 4ne®/|q|> with ¢ = k - k’ [85].
Electrons in a metal are, however, described by quasiparticles that possess a reduced repulsion,
as they move in a dielectric medium. The effective Coulomb force is screened over the Thomas
Fermi length 1/ks ~ 1 A, which substitutes |g|> with |g|? + |k|? in U(g).

An attractive interaction may arise via a virtual phonon with momentum /¢ that is created
by one electron and absorbed from the other one (see Fig. 2.6a). This yields a final electron-
electron interaction of the form [84, 85]:

_ 4me? n 4me? wy
a |q‘2+’ks|2 |q‘2+’ks|2 ('02_0)3’

U(q,) (2.11)

where hw, is the energy of the virtual phonon. Although the model is oversimplified!, it

IThe model does not include the band structure of the material and the interaction is suppressed for @ = 0.
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FIGURE 2.6: Possible Superconducting Pairing Interactions. Illustration of attractive interaction
potentials among electrons as a function of distance r. a) denotes the case of phonon mediated super-
conductivity as proposed by Frohlich [76]. b) and ¢) show scenarios of attractive spin-spin interaction
potentials on the border of ferromagnetism and antiferromagnetism. Taken from [6].

shows that the phonon-mediated interaction is of the same order as the Coulomb repulsion and
attractive for ® < ;.

The original BCS model is derived from a g-independent effective interaction potential -U,
where the phonon frequency, ®, s, is of the order of the Debye frequency [78,85]. The su-
perconducting ground state features a spin-singlet order parameter with isotropic s-wave sym-
metry (see Fig. 2.5a). In the weak-coupling limit N(ef)U << 1, where N(gr) is the density
of states at the Fermi level, the superconducting order parameter equals Agcs = 2hm, rrexp(-
2/(N(ep)U)).

Most of the superconducting materials that are found in nature can be described by the BCS
theory of conventional superconductors. In contrast, this points towards the open question of
the attractive paring interaction in unconventional superconductors. Historically this question
was addressed first in *He, which becomes superfluid below 2-3 mK [79]. Since the phase
is characterized by a fluid, there exist no phonons that can generate an attractive interaction
among the fermions. However, *He may be located close to ferromagnetic order and features
strong van der Walls forces [10]. Ferromagnetic fluctuations would trigger an attractive inter-
action for spin-triplet superconductivity (see Fig. 2.6b) and experimental evidence foral =1
p-wave gap has been found (see Fig. 2.5b) [79].

In crystalline solids unconventional superconductivity has been observed in HF materials
[11,80], the high-T, cuprates [81], the iron pnictides [82], several organic materials [83] and
conceivably in other material classes [87]. Similarly to 3He, it is possible to tune most uncon-
ventional superconductors over QPTs into other correlated ground states (c.f. Fig. 2.4 for HF
materials). Several superconducting phases feature maximal critical temperatures at specific
points in phase space, where electronic fluctuations are strongest [6, 10, 11,25]. Therefore,
ferromagnetic, antiferromagnetic or other electronic fluctuations, such as of Kondo-type, are
proposed as attractive pairing interactions for unconventional superconductivity [6, 10, 11,25,
80, 89].
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2.3.3 The Superconducting Spin Resonance.

Several cuprates, HFs and pnictides feature a characteristic spin-1 excitation that occurs
below the critical temperature [91, 92, 104]. The energy of this so-called spin resonance scales
linearly with the size of the superconducting order parameter and is independent on the material
class. This suggests that magnetic excitations play a major role in the formation of these spin-
singlet Cooper pairs [93].

A magnetic excitation causes an enhanced dynamic susceptibility, (g, ®), that is shown
in Eq. 2.5 for an itinerant paramagnet. The emergence of the superconducting gap yields
modifications of the Lindhard function, Yo(q, ®), and the quasiparticle interaction U(q,®) [94,
95].

A widespread interpretation of the superconducting resonance is the spin exciton that orig-
inates from a feedback effect of the superconducting ground state on the excitation spectrum
[94-96]. Similar to an electron-hole exciton in an insulator, the spin exciton in an unconven-
tional superconductor represents a collective bound state inside the superconducting gap. As a
result of the superconducting condensate, the Lindhard function features an auxiliary coherence
factor and reads [97]:

(2.12)

u A A + +8 € ~+ n ~+ +n - 1
k

v ErEg+q Eitq — Ex — ho+ihm '

Vv
Coherence factor

8 V, nis and g are defined as in Eq. 2.6. E; = NAi —1—8,% is the quasiparticle dispersion
of the superconducting condensate that acquires a spin-singlet gap A;. The coherence factor
triggers a maximal yo(q,®) at the characteristic wave-vector @, where the superconducting
order parameter satisfies Ay.o = -A;. This is in agreement with an enhanced quasiparticle
interaction along the node of the superconducting order parameter and results in a peaked
x(gq, ®) [94,95].

It is noted that the resonance has also been described as a magnon-like excitation in HF
systems, which is connected to the hybridization between the f- and the conduction band [98-
100]. In the normal state this excitation decays rapidly into the conduction electrons as a result
of Landau overdamping. The opening of the superconducting gap suppresses the damping
term and triggers an enhancement of the excitation. The conclusion for either of the models
is complicated, because it is thought that the superconducting ground state is stabilized by the
hybridized electrons in HF systems [73].

2.3.4 The Question of a Microscopic Model for Unconventional Superconductivity.
Hitherto, there exists no unified microscopic theory for unconventional superconductivity,
which may arise particularly from the high complexity of the correlated many-body problem
[10,87]. The minimal description of the cuprates, for instance, is thought to be reduced to
the Hubbard model that is shown in Eq. 2.8. However, already for the potentially insufficient
case of a single d-orbital, Quantum Monte Carlo simulations show conflicting results [10]. In
contrast, multiband models are unavoidable in most cases including HF materials, pnictides
and probably cuprates. Additional complexity arises from the fact that the electron-electron
interaction cannot be treated in a perturbative approach. Even the phonon-mediated exchange
in the BCS theory is not analytic in the zero interaction limit [85]. In consequence, the potential
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is not expandable in a power law, which may be one of the reasons that delayed the development
of the theory. Theoretical models for unconventional superconductivity have tried to work
around this problem but have revealed only limited success so far [10].

The situation is further complicated because there is no general agreement on the type
of fluctuations among the different material classes [87]. While in most HFs, pnictides and
organic superconductors the pairing interaction is thought to arise from antiferromagnetic fluc-
tuations [87, 101-106], this is controversial in the cuprates [6, 87, 107, 108]. Based on the large
Hubbard repulsion, ferromagnetic fluctuations have been proposed in this class of materials
by Phil Anderson [108]. Moreover, several HF materials, such as CeCu,Sip, CeCu,Ge; as
well as CeRhlns under pressure and, as it will be discussed in chapter 5.3, Nd;_,Ce,Colns
for x = 1 and 0.95 under magnetic field feature superconducting phases that may arise from
non-magnetic fluctuations [28, 70, 80, 109, 110].

Further insight in the microscopic nature of unconventional superconductors may be gained
from the interaction with magnetic order, which is discussed in the following section for con-
ventional superconductors and HF materials.

2.4 INTERPLAY BETWEEN SUPERCONDUCTIVITY AND MAGNETISM

The interplay between magnetism and superconductivity has been studied initially by Ginzburg
in 1956 [111]. He considered the possibility of a ferromagnetic superconductor, concluding
that magnetic impurities will suppress the bosonic ground state. Experimental evidence for
this prediction was found first in La, where the BCS ground state is destroyed by a 1-2%
intercalation of Gd impurities and ferromagnetism emerges for concentrations larger than about
3% [112]. In this case the exchange field between the magnetic impurity moments and the
bound spin-singlet states triggers Cooper pair breaking effects.

2.4.1 Conventional Superconductors.

Starting from the early 70’s coexistent magnetic order and superconductivity has been ob-
served in the Chevrel phases (RMogSg and RMogSesg), the thodium borides (RRh4B4) and the
borocarbides (RNi;B>C) [113—-119]. R are selected rare-earth elements. The materials fea-
ture conventional superconductivity within a small Fermi surface (see Fig. 2.4). Magnetic
order among the localized moments is mediated via the indirect RKKY interaction, which
strongly reduces the direct exchange with the Cooper pairs [120, 121]. Here, a coexistence
between magnetism and superconductivity is established, unless electron pairs are separated
by magneto-static or Fermi surface effects.

In this respect, non-destructive ferromagnetic superconductivity is found in cases where the
internal field, arising from the localized moments, is smaller than the lower critical field H,., |
[120,121]. An exceeding internal field causes orbital supercurrents that break up Cooper pairs,
destabilizing the superconducting ground state. At internal fields above the upper critical field,

lOne distinguishes between type-I and type-II superconductors. A type-I superconductor shows perfect diamag-
netism until the increasing magnetic field strength surpasses the binding energy of the Cooper pairs. In a type-II
superconductor magnetic fields can penetrate the superconducting state in quantized flux lines (vortices) above H,
and below the upper critical field H,,. This so-called mixed state reveals non-superconducting vortex cores that are
of the order of the Cooper pair coherence length, &, and screened by orbital supercurrents [84].
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H.,, superconductivity is lost and a reentrant ferromagnetic phase occurs, such as observed in
ErRh4B4 [122, 123].

In an antiferromagnetic superconductor with an internal field that is fluctuating on a length
scale shorter than the coherence length of the Cooper pairs, the suppression of superconduc-
tivity does not originate from magneto-static interactions [122, 123]. In these cases the com-
petition originates mainly from conflicting electron states because both the RKKY interaction
and superconductivity involve quasiparticles close to the Fermi surface. Conventional super-
conductivity reveals an isotropic gap that gives rise to exotic phenomena, such as anomalous
upper critical fields resulting from pair-breaking effects.

2.4.2 Heavy-Fermion Superconductors.

The superconducting state in HF materials results from a large Fermi surface [11, 74]. Here,
the superconducting gap symmetry features points or line nodes, where low-energy quasiparti-
cles can mediate magnetic order without competing directly with the condensate. In addition,
these ground states often emerge in an environment with strong electronic fluctuations, where
the application of external parameters may trigger phases that display novel physical phenom-
ena [6,10, 11,25, 80, 89].

CeCu,Si, is the HF superconductor that has been discovered first and which is located close
to a quantum critical point at ambient pressure [75, 124]. Depending on the exact Cu content,
experimental realizations show either antiferromagnetic, superconducting or coexistent phases
[125]. In the latter case, the ordered states are spatially separated and competitive [125, 126].
This is consistent with a superconducting order parameter that features a gap along the mag-
netic ordering vector [127-129]. Under pressure the antiferromagnetic order is suppressed and
superconductivity emerges in a two dome-shaped structure, such as in isostructural CeCu,Ge;
[130]. While the superconducting dome at lower pressure is thought to arise from antiferromag-
netic fluctuations, the pairing mechanism of the high-pressure phase is debated [80, 109, 110].
Leading theories argue either in the direction of Kondo fluctuations, as found in pressurized
CeRhlns [39, 70, 80], or along the lines of orbital fluctuations [109, 110].

A microscopically coexisting and competing magneto-superconducting state is observed in
other HF superconductors. This includes the cases of CePd;Si,, Celns, UPd;Als and UNiy Als
[131, 132], for which the generic temperature, T, and tuning parameter, g, phase diagram is
depicted in Fig. 2.7a. CePd;,Si; and Celns show antiferromagnetic order at ambient pressure
that reveals a linearly decreasing ordering temperature, 7y, as the pressure is increased. Uncon-
ventional superconductivity emerges in a dome centered around the critical pressure, p., where
a spin-density wave quantum critical point is expected [131, 132]. In UPd,Als; and UNiyAls
a superconducting phase emerges within an antiferromagnetic phase. Upon increasing pres-
sure 7, remains constant in UPdyAls up to p = 6.5 GPa and then linearly decreases, whereas
superconductivity is rapidly suppressed in UNiAls [131, 132].

These materials show only moderately enhanced effective masses at ambient pressure and
magnetic order that may be attributed to localized-moment magnetism [131]. This suggests a
globally small Fermi surface with partially screened localized moments that can be described
within the two-fluid model by a non-vanishing large Fermi surface fluid (see chapter 2.2.3).
Thus, the application of pressure in CePd;Si, and Celnz may increase the hybridization, which
results in a decreasing small Fermi surface fraction. In consequence, the magnetic moment is
reduced until the superconducting state is established. Experimental evidence for a continuous
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FIGURE 2.7: Interplay between Superconductivity and Magnetism in Heavy-Fermion Systems.
Generic temperature, 7', and tuning parameter, g, phase diagram of magnetic order (MO) and super-
conductivity (SC) in HF systems. a) Coexisting competition as observed in CePd;Si;, Celnsz, UPd; Al
and UNizAl3. b) MO-induced superconductivity that occurs in UGe;. ¢) SC-induced magnetic order as
found in CeColns. Modified from [25].

Fermi surface reconstruction from a small Fermi surface at low pressure to a large Fermi surface
above p. has been observed in Celnsz under field [133]. Similarly, several experimental probes
suggest a dual system in UPd,Al3, in which one of the three uranium 5 f-bands is hybridized
with the conduction band and the other two remain localized [134].

In contrast to systems where magnetic order and superconductivity compete, there exist
cases in which both phenomena are intertwined into a cooperative ground state [25, 131]. In
these materials a magnetic phase can stabilize only inside the superconducting phase or, vise
versa, a superconducting state is caused by magnetic order. The only known experimental real-
ization where magnetic order induces superconductivity is UGe,, whose generic phase diagram
is shown in Fig. 2.7b [25, 131]. The HF features ferromagnetic order below 7, = 52 K at am-
bient pressure with a reduced magnetic moment that is consistent with itinerant 5 f-electronic
states [135]. Inside the ferromagnetic phase an anomaly of the electrical resistivity at 7, ~ 25 K
is observed that is accompanied with an increasing ferromagnetic moment [136, 137]. This
suggests the existence of two distinct ferromagnetic phases in UGe;. Under pressure, 7, and
T, monotonically decrease, whereas the ferromagnetic transition becomes first order above
px ~ 1.2 GPa and the phase boundary collapses at p. = 1.6 GPa [138-140]. The lower fer-
romagnetic phase is expected to vanish at p,, where the center of a superconducting dome is
found. Superconductivity is most probably of spin-triplet p-wave type that enables a coexis-
tence with the ferromagnetic ground state [131, 132]. Intriguingly, the superconducting ground
state exists only within the ferromagnetic phase and collapses simultaneously with magnetic or-
der at p. = 1.6 GPa [138-140]. This provides direct evidence for a strongly correlated ground
state, in which the presence of magnetic order triggers an unconventional superconducting
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phase. Hitherto, the origin of the QPT at p, is unsolved, but it has been suggested to arise from
orbital moment fluctuations [141].

The opposite scenario in which magnetic order is only stabilized within a superconducting
phase is observed in CeColns (see Fig. 2.7c). The material features unconventional super-
conductivity with a well-established d,>_,»2-gap symmetry at zero magnetic field and ambient
pressure [17-19]. Antiferromagnetic order emerges in a field-induced quantum phase transi-
tion above upH =9.8 T and collapses in a first-order transition at the upper critical field together
with superconductivity [23, 88, 144—-146]. Magnetic order is populated along the d-wave node
providing direct evidence for a microscopic coexistence of both phases that arise from a mul-
ticomponent ground state [23]. Further information on the properties of CeColns is shown in
chapter 4.

2.4.3 Theoretical Models of Superconductivity-induced Magnetism.

The microscopic origin of a magnetic phase that is induced by the superconducting con-
densate has been studied by several theoretical approaches over the last years [147-158]. A
multitude of them require Pauli-limited superconducting condensates, in which the bound
electron-pairs are separated via field-induced Zeeman splitting*™*. In HFs the effective masses
that contribute to superconductivity substantially increase the critical field, for which orbital
supercurrents destroy the Cooper pairs'™. In consequence, Pauli paramagnetic pair breaking
effects gain in importance in spin-singlet HF superconductors, making CeColns a prime can-
didate to test some of the proposed theories.

A relative direct way to couple antiferromagnetic order and unconventional superconduc-
tivity is the condensation of the spin resonance into the ground state of the system [147]. The
spin resonance arises from magnetic fluctuations and appears only inside the superconducting
state (see chapter 2.3.2). Thus, in a scenario where the gap of the spin resonance is suppressed,
static magnetic order is present only inside the superconducting phase and couples directly to it.
Theoretically it was shown that a superconducting spin exciton can become soft under magnetic
field in a two-dimensional material that features Pauli-limited d,>_,»-wave superconductivity
[147].

Other models rely on so-called pair-density waves (PDWs) that represent spatially-modula-
ted superconducting order parameters [148—153]. Their existence was predicted first by Fulde,
Ferrel, Larkin and Ovchinnikov, who studied the emergence of a PDW in a Pauli-limited s-
wave superconductor [148, 149]. Their theory, however, is also relevant for other spin-singlet
superconducting gap symmetries, such as d-wave superconductors. A strong magnetic field can
cause Zeeman-split, spin-polarized conduction bands. In cases where the orbital limited field is
much larger than the Pauli limiting field, the field-induced energy imbalance between spin-up
and spin-down conduction electrons results in spin-singlet Cooper pairs for which the center of
motion does not longer vanish (see Fig. 2.8a). They feature a net momentum g = k4 - k| that is
proportional to the magnetic field strength and SDW order can arise from Andreev bound states
in the nodal directions of the superconducting order parameter at low temperatures [155]. A

**The Pauli limiting field of a superconductor is calculated by the size of the superconducting gap, A, and the
Landé splitting factor, g, by means of yon; =A/\/g [143].

" The orbital limiting field is calculated from the critical field at which two vortex cores overlap and is given by
uoHZ, b= @y / 21E2 oc m*2, where @ is the magnetic flux quantum, & the Cooper pair coherence length and m* the
effective mass [142].
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FIGURE 2.8: Spatially-Modulated Superconducting Order Parameter. a) Creation of a Cooper
pair in a FFLO-phase via Zeeman split, spin polarized electronic bands. b) HT-phase diagram of a
spin-singlet d-wave superconductor that features an additional superconducting phase, where a SDW is
coupled to superconductivity via a spin-triplet PDW. Taken from [24, 153].

spatially-modulated spin-singlet superconducting phase is commonly referred as FFLO-phase
and separated from the main superconducting phase (k4 = -k|) by either a first or a second order
phase transition [154, 155].

In contrast to FFLO-superconductivity, other theoretical models predict PDWs that fea-
ture a spin-triplet state [150-153]. The general structure of a superconducting gap that arises
from a generic k and spin dependent attractive interaction potential, describes a mixture of
spin-singlet and spin-triplet Cooper pairs (see Eq. 2.9). Although in most cases only one
parity solution is realized, a simultaneous occurrence of both symmetries is predicted in the
case where superconductivity and magnetic order emerge from the same electrons [150]. An
admixed spin-singlet spin-triplet superconducting condensate is supported by a study that con-
siders the scenario where the attractive interaction potential is mediated by antiferromagnetic
fluctuations in two dimensions [151]. This theory shows that a singlet state is realized at zero
magnetic field, but weakened by Pauli paramagnetic effects at high fields where a spin-triplet
pairing is favored. The coexistence of both parity solutions is particularly enhanced when Pauli
limiting and orbital critical fields are of the same order [152]. In this study it was also found
that the mixed ground state breaks spin-rotational symmetry and features spin-triplet Cooper
pairs that are oriented perpendicular to the field direction. Later, numerical calculations of
a mean-field model Hamiltonian that accounts for a superconducting d-wave, a SDW and a
spin-triplet PDW order parameter revealed a phase diagram as shown in Fig. 2.8 [153]. In
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addition to d-wave superconductivity, another phase is suggested below the upper critical field
that features a SDW induced by a primary spin-triplet PDW order parameter. In contrast, it
has also been argued recently that the SDW arising from FFLO-superconductivity can trigger
a secondary spin-triplet superconducting order parameter [158].
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Chapter 3

Neutron Scattering

Strongly correlated electron systems feature a deep intertwining among various degrees of free-
dom [32]. The emergent transport properties can be characterized by macroscopic probes, such
as electrical resistivity, magnetic susceptibility or heat capacity (see Fig. 2.1). A detailed study
of the microscopic interactions on an atomic scale is, however, needed for a fundamental under-
standing of the underlying physics in these materials. Scattering techniques based on particle
beams consisting of photons or neutrons have proven to be particularly potent in the field of
condensed matter [7,23,36,37,39]. X-ray and neutron scattering are two highly complemen-
tary techniques, which are often combined to progress in an open scientific question.

Investigations of magnetic interactions at low temperatures (sub-Kelvin) and large mag-
netic fields are particularly suited for neutron scattering [14—16]. The particle is a charge neu-
tral stable fermion with spin S = 1/2 [159]. Since no Coulomb barrier needs to be overcome,
the neutron is scattered from the nuclear forces in the bulk of the material [14—16]. Thus, the
technique can be used to distinguish isotopes and chemical elements with comparable atomic
numbers. The weak interaction with their surrounding has two additional advantages. Firstly,
neutrons can easily penetrate sample environments, such as dilution refrigerators, pressure cells
or cryogenic magnets that are required for experiments under extreme conditions. Secondly,
slow neutrons only weakly perturb the ground state of the system, such that a linear-response
theory accurately models the scattering process. Cold and thermal neutrons (A = 1 - 10 A)
feature length scales comparable with the interatomic distances in a crystal and energies in the
range of their elementary excitations. Therefore, the technique allows to investigate dynamic
processes that are related to the ground state properties of the material. Finally, the neutron
carries a magnetic moment, which enables a direct study of magnetic order and correlations in
experimental realizations [14-16].

3.1 NEUTRON SOURCES

Neutrons that can be used for scientific research are produced either by a nuclear reactor
or by a spallation source. While reactor facilities use the spontaneous fission process of
233U, neutrons are generated via proton collision in spallation sources [14]. The results pre-
sented in this thesis were mainly carried out at the High Flux Reactor of the Institut Laue-
Langevin (ILL), Grenoble France and at the Swiss Spallation Source (SINQ) of the Paul Scher-
rer Institut, Villigen Switzerland. The research reactor in France delivers a neutron flux of



3.2. SCATTERING THEORY 24

I ~ 1.5-10" neutrons/(cm?s) with a thermal power of W ~ 58.3 MW, whereas SINQ is based
on a 590 MeV proton cyclotron with accelerator frequency of T = 50.63 MHz [160, 161]. In
the latter case a quasi-continuous proton beam is guided on a neutron target that is made of an
array of lead rods enclosed in zircaloy tubes [162].

Irrespective of their production the energy spectrum of the neutrons released from the
source is in the range of several MeV [14]. Moderator tanks filled with deuterium or an admix-
ture of heavy and light water are used to shift the initial energy of the neutrons to £ = 0.5 - 5
or 5 - 100 meV in a cold or thermal source, respectively. Finally, the neutrons are directed
to the instruments using total reflection on supermirrors that are mounted inside lead-shielded
neutron guides [163].

3.2 SCATTERING THEORY

Prior to the scattering process with a sample placed on the instrument, neutrons with an identi-
cal wave-vector k; are obtained from a velocity selector or from a monochromator (see chapter
3.5). The initial energy of the neutron is given by E; = h?/(2m)|k;|*> and its spin is denoted as
s;. 1 is the reduced Planck constant and m = 1.675-10~%7 kg represents the neutron mass [15].
The interaction of the neutron with the sample is described by the potential U and yields the
state ks with E¢ and sy, accordingly.

The partial differential cross section defines the number of neutrons that are scattered into
the infinitesimal small solid angle dQ) with an energy transfer d® and is normalized by the
incident neutron flux. For a general interaction operator, U, it can be calculated using Fermi’s
golden rule [14-16]:

d*c 2k .
T (2;;2) ?f YN paps| (hrokgosy| Ok kissi) [P8(Ey, — By, + o), (3.1)

! 7\.,“5_,0 7\‘,"\'1

Matrix element Energy conservation

where |A;) and ‘lf> denote the quantum states of the sample before and after the scattering
process, respectively. Ej, and Ej, are the associated energies, py, is the thermal population
factor of |A;) and pj, the spin polarization probability. The nuclear forces responsible for the
scattering process have an interaction radius that is about ten thousand times smaller than the
neutron wave-length [15]. Thus, the incident and scattered neutrons can be described as plane
waves |k; ) = exp(ik; r).

3.2.1 Nuclear Scattering.
The scattering process between neutrons and atoms that are fixed at discrete positions R;
is approximated by the Fermi pseudopotential [14—-16]:

.~ 2mh?

Ur) Y b;3(r—R;). (3.2)
j

oom

b; defines the interaction radius of the nuclear forces at position R;. Since these radii are
much smaller than the neutron wave-length, the scattering takes place at the atomic site and
is independent on the modulus of reciprocal space position* (|@Q|-independent). The general

*This is in contrast to an X-ray experiment, where the photons interact with the spatially extended electron cloud
[15].
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Ocoh Oinc Oubs

Nd | 743 9.2 50.5
Ce | 294 0.001 0.63
Co | 0.779 4.8 37.18
In | 208 054 1938

TABLE 3.1: Coherent, Incoherent and Absorption Cross Sections of Nd, Ce, Co and In. Cross
sections of the chemical elements that are relevant for this thesis. The values are given in barns, 1 barn
=10"28 m? [164].

nuclear cross section is derived by substituting U into Eq. 3.1 and reads [14-16]:

d*c 1 ks . 4
b Z ~iQR; (0) iOR, (1) ,—ior
d0de ~ amh k; &7 / e (3-3)

A)=zrmMAR)
where Q = ky-k;.

A system consisting of one single chemical element is described by the nuclear scattering
lengths, b;, at R; that depend on the considered isotope and its nuclear spin quantum state.
Since there is no correlation between the scattering length of atom j and j/, we derive the
averaged values (b;b ) = (b)? (i # j) and (b;b,) = (b*). The resulting differential cross section
decomposes in a pair-correlated (coherent) and self-correlated (incoherent) part [14—16]:
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where N is the total number of nuclei in the sample. The coherent cross section, G, = 4n(b>2,
represents the squared weighted average of the different scattering lengths. The incoherent
cross section, G, = 4n((b)? - (b)), defines the statistical variation of G..,. The element
specific coherent and incoherent cross sections are tabulated and the ones relevant for this
thesis are shown in Tab. 3.1 [164]. S.n(Q,®) and S;,.(Q,®) are the respective dynamical
structure factors [14-16]:

(3.4)
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The coherent dynamical structure factor, S¢,;(Q,®), is the Fourier transformation of the
space-time dependent pair correlation function, which is the most general description of static
and dynamic processes in condensed matter on an atomic scale [14]. The incoherent dynamical
structure factor, S, (Q, ), represents the self-correlation of one particle at different times.

(3.5)
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The elastic differential cross section is obtained from the static part of Eq. 3.4. The time
average yields [15]:

1
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(3.6)

The incoherent elastic cross section leads to an isotropic background in neutron diffraction
experiments, whereas the coherent elastic cross section provides information about the atomic
arrangement in the sample.

So far, we limited ourself to a Bravais lattice that consists of one rigid chemical element. In
contrast, a single crystal can feature different atoms per unit cell that reveal a thermally-induced
displacement around their equilibrium position. If Ny is the number of crystallographic unit
cells in the sample and each cell consists of a volume Vj, the coherent elastic cross section is
generalized to [16]:

do \ (2m)3 5
— =Ny Fv(G)|78(0 - G). 3.7)
(&) =S Timerse-6
The delta function corresponds to Bragg’s law and G are the reciprocal lattice wave-vectors
determined from the crystal lattice. Fy(G) denotes the nuclear structure factor that depends
on the atoms in the unit cell at positions d;, their coherent scattering length (b;), and their
mean-square displacement encoded in the Debeye-Waller factor exp(-W;) [16]:

Fn(G) =Y (bj)e“ie V. (3.8)
J
Neutron diffraction, thus, allows to determine the nuclear structure and space group symmetry
of a novel material and can refine the actual concentration of different chemical elements in
substituted samples (see chapter 5.1). The technique is complementary to X-ray diffraction,
where the scattering amplitude scales with the atomic number Z.

3.2.2 Magnetic Scattering.

The neutron is a spin S = 1/2 fermion with a magnetic dipole moment that equals y = -
YunG [14-16]. Y= 1.913 is the gyromagnetic ratio, uy = 5.05078-10~27 J/T denotes the nuclear
magneton and G represents the vector of Pauli matrices. The dipole moment of the neutron
interacts with an electron via its magnetic field that arises from its spin and momentum (see
chapter 2.1). The general interaction potential, U, at the position r is given by [14]:

3.9)

g,uBS/\r> ev,A\r }
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u@r) = —nyc[VA (

T As a result X-rays are less sensitive to light elements and show little contrast among atoms with similar Z. A
huge advantage of X-ray scattering is, however, the large photon flux with high coherence that is provided by 3rd
generation synchrotrons.
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The spin of the electron is denoted as S, g is the Landé splitting factor, v, is the electron
velocity, up substitutes the Bohr magneton, e = 1.602177-10~1° C represents the elementary
charge and ¢ = 299792458 m/s is the speed of light. If we consider an experimental setup
for unpolarized neutrons and a sample that consists of magnetic ions at positions r; with spin
amplitude S; arising from localized electrons (v, = 0), Eq. 3.1 is expressed as [15]:

2 2 .

oo — (1) Z%e’g("f’f’)gjg.ﬂfj(Q)f}‘/(Q)e‘Wf'eW-f’\SL,j,/\z- (3.10)
Here, ry is the classical electron radius, exp(-W;) the Debeye-Waller factor of the magnetic
ion j at r; and g; its Landé splitting factor. The magnetic form factor, f;(Q), is the Fourier
transformation of the unpaired spin density of atom j and features a spacial extension in real
space. Thus, in contrast to the nuclear cross section, the magnetic form factor reveals a |Q|-
dependence and decreases with increasing modulus. The magnetic interaction vector, <§ L)
between the neutron and the magnetic ion at r; reads [16]:

0(0(5)))
o
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or (3.11)

and shows that only the spin component perpendicular to the scattering vector @ is probed in
a neutron experiment. The squared modulus of the magnetic interaction vector can be written
in terms of the specific magnetic scattering function, S?E/(Q,co), representing the Fourier trans-
formation of the time dependent magnetic correlation function between the moment j and ;.
Using the cartesian coordinates o, B = x, y, z we find [14-16]:

QOCQ o
S0P = Z (8(1,[3 - yQ|ZB)S.i3’(Q’m) (3.12)
ap
with
ap _ 1 = 8% yab —iot
Sj,j/(Q7°3) = ﬁ/_m(sj (O)Sj/(t)>e dr. (3.13)

We note that the derivation of the neutron scattering process is more involved when the or-
bital angular momentum of the magnetic ions is not suppressed [14—-16]. In this case the differ-
ential cross section is a combination of spin and orbital moments and can reveal an anisotropy
in the magnetic form factor as well as a modified Landé splitting factor. The magnetic scatter-
ing function, So‘ﬁ(Q,co) =Y Si[;,(Q,m)exp[iQ(r -1 )], is related to the generalized magnetic
susceptibility tensor, x*#(Q,m), via the fluctuation dissipation theorem [14—16]:

Nh _ 1o\ —1
sP(Q,0) = = (1=¢ ") m[xP(Q.w)], (3.14)

where N is the total number of magnetic ions. The real part of the magnetic susceptibility
tensor is obtained via the Kramers-Kronig relation [16,97]. Neutron scattering is, thus, a
microscopic probe that allows to measure x*#(Q,m) in an energy and wave-vector resolved
manner. This is in contrast to macroscopic magnetization measurements that probe the Q-
integrated susceptibility tensor.
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3.3 MAGNETIC STRUCTURE DETERMINATION

Long-range static (A® = 0) magnetic order in a crystal yields a magnetic structure with a unit
cell volume, V), that may extend over several chemical cells. The derivation of the differential
cross section is similar to the one of nuclear coherent elastic scattering (see Eq. 3.7) and reads
[16]:

do el . Yro 2(27’5)3 )
<dﬂ)coh_NM<2) WGZM’FM(GM” 3(Q — Gu). (3.15)

Ny refers to the number of magnetic unit cells and the delta function corresponds to Bragg’s
law at the reciprocal lattice positions Gy;. The magnetic structure factor, Fyy (Gyr), encodes the
information on the magnetic structure and is given by:

Fu(Gy) =Y. fi(Gu)e ig;(S1 j)e ™, (3.16)
J

where the sum runs over the magnetic atoms within the unit cell and may involve different
chemical elements that can order independently. This happens, for instance, in TbMnO3, where
the Mn>* moments order below Ty, = 42 K and the Tb3* moments below Ty, = 8 K [165].
Using the principle of superposition we can concentrate on magnetic order of one independent
spin species only.

3.3.1 Magnetic Moment and Wave- Vector.

Static order reduces the crystalline space group symmetry, Gy, that is compatible with the
elements g = {h|t}, where h represents a rotation and T a translation [166]. Magnetic Bragg
peaks appear at reciprocal lattice positions Gy, that are related to the crystal structure (with
lattice vectors G) via the set of magnetic wave-vectors {k} = min[Gy-G]. It can be reduced to
elements that do not transform into each other under #, i.e., k # hk. The resulting minimal
set of distinct wave-vectors is called star and each element represents one arm of it [166]. The
doubling of the tetragonal P4/mmm structure along the crystalline a and c-axis, for instance,
reveals the star {k} = {ky, kp} with the two arms k; = (1/2, 0, 1/2) and k, = (0, 1/2, 1/2) (see
chapter 5.2.2). The subgroup of Gy that leaves an arm invariant is named little group and is
essential for the magnetic structure determination.

The majority of experimental realizations that feature several distinct wave-vectors, con-
sist of different domains that are represented by a single propagation vector (multi-domain
structure) [166]. If higher-order exchange interactions, such as of quadropolar type or crystal
electric-field effects have to be considered, the magnetic order may be realized by a multi-k
structure consisting of several arms in a single domain. Experimentally, both scenarios lead to
identical diffraction patterns and it is only possible to distinguish them by the application of
an external constraint. An external tuning parameter breaks the crystal symmetry on a macro-
scopic scale and can induce a change in the magnetic domain population (see chapter 5.4.1).

If we define the magnetic moment distribution of the atom j atr; as u;(r;) =Y gy g’]‘. (S"i ,.>eik’ i
= Z{k},u’;.e”" 7 [166], we can rewrite Eq. 3.15 as sum over the crystalline lattice, G, with trans-
formed magnetic structure factor:

Fu(G) =Y £i(G+k)e Wiujd;)e’®. (3.17)
J
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,u']‘. is the magnetic moment vector of atom j and arm k, which is forced to be real by the sum
with its complex conjugate. This is necessary for incommensurate structures where k # -k.

3.3.2 Representational Analysis.

The little group, Gy, consists of all symmetry elements, g = {A|t}, that leave the magnetic
wave-vector, k, invariant. Thus, also the magnetic structure needs to be compatible with these
elements, where g acts on the positions of the magnetic atoms and on the axial magnetic mo-
ment vector [166]. The symmetry operations of Gy permutes the magnetic ion positions, which
is described by the representation* I'p8. The associated character, Xp(g), equals the number
of magnetic ion positions that remain unchanged under the symmetry operation g. In cases
where several magnetic sites in the unit cell exist, each magnetic orbit requires an independent
treatment [166]. Here, different scenarios can occur. An identical moment orientation of all
sites is expected when the inter-site coupling is dominant. In contrast, distinct structures may
arise for strong intra-site exchange interactions.

The transformation of the magnetic moment vector by a symmetry element g = { |t} with
rotation 4 yields the axial character [166]:

%a(g) = Tr[T (k)] det|T(h)|. (3.18)

The general magnetic representation Fﬁ,[ is the direct product of the permutation and axial
vector representation, I',I'4, and leads to the character table x’,ﬁl =XpPXA-

Based on Landau’s theory of second-order phase transitions it is advantageous to diagonal-
ize Fl’f,[ into orthogonal, irreducible representations F§4 =Y, afT%. The theory states that the
symmetry-breaking fluctuations govern the symmetry of a single I [166]. The irreducible rep-
resentations of Gy with a magnetic wave-vector k are tabulated and reveal the character table
x% [168]. This allows to decompose Fﬁ,[ into the irreducible representations I'* with prefactors
[166] :

dy = n(lg) Y (@) xu(2)] (3.19)

8€Gyk

n(g) is the number of symmetry operations in the little group Gy and the sum runs over the
individual elements.

The magnetic moment can be written as ,u’; =Y, CkSK, where S¥ are the basis vectors of the
irreducible representations I} that are calculated via the projection formula 1 [166]:

P(S) =Y [tv(2)] e(S). (3.20)
8€Gy

Ck is the representation specific amplitude of the magnetic moment that is expected to be
nonzero for one v only, according to Landau’s theory. In this thesis, the representational anal-
ysis was performed with the program Basireps of the FullProf suite [169].

A representation denotes the set of matrices that describe the general transformations of a group [167].
SIf g(rj) = hr; + T is outside the first Brillouin zone, a phase factor 8 = -2ntk[g(r ;)-r;] is added.
s = (Sx, Sy, S;) is a general axial vector.
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3.4 ABSORPTION AND EXTINCTION

Atoms in a crystalline structure experience an unequal neutron intensity, because the beam is
attenuated as the particles penetrate the material [14]. This arises from two effects, which refer
to absorption and extinction that is related to the diffraction process.

A monochromatic beam guided on a single crystal that is oriented in Bragg condition grad-
ually decreases in intensity as neutrons diffract on successive lattice planes [14]. Extinction is
mainly relevant for ultra clean single crystals and negligible for polycrystalline samples. Here,
the random distribution of crystallites suppress the probability of consecutive Bragg planes in
the same orientation. Most single crystals feature imperfections, such as defects and disloca-
tions that lead to a crystalline mosaicity for which primary extinction is small.

The incident neutron intensity is also reduced when the neutrons are absorbed by the nuclei
in the material [14]. The absorption cross section is element specific and shown in Tab. 3.1 for
Nd, Ce, Co and In [164]. The reduction of the initial neutron intensity, Iy, arising from coher-
entll and incoherent scattering as well as from absorption is described by the linear attenuation
factor u. It yields a reduced transmitted intensity, /;, when the neutrons travel through a crystal
of thickness d [14]:

Iy = Iye ™. (3.21)

Both attenuation effects have to be included in the data analysis of the recorded neutron
patterns. While extinction effects are dominating for single crystal diffraction on small samples
(V ~ 1 mm?), absorption effects may be dominant for certain chemical compositions [14].

This thesis focuses on the microscopic properties of the series Nd;_,Ce,Colns. The mate-
rial consists mainly of indium (5:7 parts), which reveals a large absorption cross section (see
Tab. 3.1). Moreover, the chemical substitution of Nd for Ce in CeColns introduces disorder
in the crystal lattice, which is observed, for instance, in the reduced residual resistivity ratio of
synthesized crystals (see chapter 5.1). Thus, absorption effects are dominant in this case.

The correction depends on the geometrical shape of the sample with respect to k; and k.
The spacial extent of the experimental realizations (powder or single crystal) was simulated in
the considered scattering condition and the average neutron path, (d(Q)), was modeled using a
finite element method. The attenuation length,

_ Vo ki
dy=p ' = 3.22
o lu G[(;t ’kf| b ( )

was estimated from the unit cell volume Vj and the total scattering cross section G;,; = Y ;
n{(Ccon,i + Oinc,i + Oaps,i). ;i 1 the number of atoms of the element i in the unit cell and Gcep,;,
Oinc,i and O ; 1s the coherent, incoherent and absorption cross section, respectively. The
absorption correction, Ab(Q), at a wave-vector transfer Q reads:

Ab(Q) = ¢ 4@/ du. (3.23)

IThe coherent elastic scattering at a Bragg peak position is treated by the extinction and, thus, excluded here.
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3.5 EXPERIMENTAL TECHNIQUES

Neutron scattering probes the dynamic scattering function, S(Q,m), that gives access to the mi-
croscopic interactions in a material [14—16]. Six orders of magnitude in Q and twelve orders of
magnitude in ® can be covered by various neutron scattering setups [14]. Thus, it is necessary
to choose the instrument that is optimal for the addressed scientific question. The following
discussion is focussed on the experimental techniques that are used in this thesis.

3.5.1 Powder Diffraction.

Nuclear and magnetic order in experimental realizations can be probed by means of the
elastic differential cross sections that are written in Eq. 3.7 and 3.15. Powder diffraction is an
excellent technique to study these properties, in particular when the structure or the magnetic
wave-vector is unknown. A random orientation of the crystallites transforms the sharp Bragg
condition into Debeye-Scherrer cones at constant -moduli [14]. These cones are resolved in
an angular-dispersive diffraction mode, because a Bragg angle, 0, triggers an elastic signal at
the scattering angle 26.

The method requires a monochromatic neutron beam that is scattered at the sample and
detected by a position sensitive *He-detector covering a large area of scattered angles [14, 170].
The schematic view of the high-resolution powder diffractometer HRPT at SINQ is shown in
Fig. 3.1 and covers an angular range of 160° with a resolution of 0.05° [170].

The mosaicity of the monochromator crystal and the angular divergence of the neutron
beam stretch the §-function of the |Q|-dependent Bragg condition into a Gaussian [14]. Its
line-width, Iy, is parametrized by the instrument-dependent coefficients U, V and W and is
given by [14]:

e = V/Utan20 + Vtan® + W. (3.24)

The scattered intensity at 26; that arises from a powdered material and that features magnetic
long-range order is modeled by [14]:

)3 —din 20;—-2001 \ 2
1(29,-):BG(ze,-)+L(29,-)Ab(2e,-)(zvo("/‘) my (2648 (20 e )

0
hkl niin 2~ 42 (P ze%d)z
mar (2004 Fay (20060 2 20 ) (3.25)

yro>2 (2m)3
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where BG(29;) is the background at 26; that results mainly from incoherent scattering. In this
thesis the background was fitted with a polynomial function. Ny (Nys) denotes the number of
nuclear (magnetic) unit cells, Vy (Vyy) is the structural (magnetic) unit cell volume, ¥ substitutes
the gyromagnetic ratio, ry is the classical electron radius and FN(ZG}I(,]") (FM(ZG%‘I)) describes
the nuclear (magnetic) structure factor of the Bragg reflection (4, k, [) at 295’\,"’ (295{}1) that
is closest to 26;. The multiplicity of the nuclear or magnetic Bragg peak is represented by
mN(ZGf’Vk’ ) or mM(ZG%‘l ), respectively™. L(26;) is the geometrical Lorentz factor, enhancing the
signal at small and large |Q|-values. In a powder diffraction experiment the factor equals L(26;)
= 1/(sin(0;)sin(26;)). Ab(26;) describes the correction that is attributed to absorption.

100
N

**The multiplicity of my(265") in P4/mmm, for instance, is 4, whereas mN(ZGR,Ol) =2.
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FIGURE 3.1: Powder and Four-Circle Diffractometer. a) Schematic view of the angular-dispersive
high-resolution powder diffractometer HRPT at SINQ. b) Illustration of the four-circle diffractometer
D10 at the ILL. Taken from [170, 171].

The analysis of the diffraction patterns conducted in this thesis is based on the Rietveld
method and performed with the FullProf suite [169, 172]. The program uses an iterative process
to minimize the residuals between the observed and calculated structure factors F,,; and F_4..
The goodness of the fit is evaluated by the crystallographic R ¢-factor [173]:

_ Zh ’F()bs,h - Fculqh

R¢
/ Zh ’Fobs,h‘

(3.26)

3.5.2 Single Crystal Diffraction.

The randomly oriented crystallites in powdered samples distribute the Bragg peak inten-
sity over the entire angular range at constant |@| [14]. This limits the sensitivity to magnetic
moments sizes that are typically larger than y ~ 0.5up. In cases where magnetic signals with
smaller moments are studied, neutron diffraction on single crystals is performed.

Structural and magnetic Bragg reflections in a standard single crystal diffraction experiment
are accessed by an Eulerian cradle that enables three independent rotations. Additional to the
m-axis (L to the scattering plane), the single crystal can be rotated perpendicular to ® ()-axis)
and 90° to y (¢-axis). This instrumental setup is a four-circle diffractometer, where the rotation
of the detector in the m-plane represents the fourth rotation.

The schematic view of the four-circle diffractometer D10 at the ILL is displayed in Fig.
3.1b. The instrument reveals various detector options, including a two-dimensional area detec-
tor, a flat-cone detector and an analyzer option with a single-counter *He detector [171]. The
advantage of an analyzer unit in a diffraction experiment is the highly efficient reduction of the
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FIGURE 3.2: Lifting-Counter Two-Axis Diffractometer and Triple-Axis Spectrometer. a)
Schematic view of the thermal neutron lifting-counter two-axis diffractometer D23 at the ILL. b) Il-
lustration of the cold-neutron three-axis spectrometer IN12 at the ILL. Taken from [174, 175].

background that arises from inelastic scattering of the sample and the environment. The ana-
lyzer (third axis in Fig. 3.1b) is oriented such that only neutrons with |k | = |k;| are diffracted
into the detector unit.

The neutron intensity is directly related to the coherent elastic differential cross section via:

el
110) = 56(@) +L@1(0) (43 ) (©) G27)
dQ coh

where the background, BG(Q), at wave-vector Q =k - k; originates from incoherent elastic
scattering of the single crystal and the sample environment. Ab(Q) is the absorption correction
that is discussed in chapter 3.4. The elastic cross section consists of the coherent nuclear
and magnetic contributions that are written in Eq. 3.7 and 3.15. Here, the d-function of the
Bragg condition is replaced by a Gaussian with a finite line-width that results from instrumental
resolution effects. The integrated Bragg peak intensity is directly proportional to the square of
the structure factor and is usually measured by an ®-rotation. This yields a Lorentz factor L(Q)
= 1/sin(20¢), where 20 is the position of the detector with respect to the incoming neutron
beam that corresponds to the wave-vector transfer Q [14, 16].

Single crystal neutron diffraction experiments can be performed under magnetic fields
along specific crystallographic directions. In this case the single crystal is placed in a cryo-
genic magnet (see chapter 3.6) that prevents the use of an Eulerian cradle. In consequence, the
angular range is limited to the horizontal scattering plane (w-rotation) in a standard two-axis
diffractometer or when a triple-axis spectrometer with |k;| = |k¢| is employed (see 3.2b).

Two-axis diffractometers with lifting-arm detectors, such as D23 at the ILL and Zebra at
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FIGURE 3.3: The Triple-Axis Spectrometer RITA-II. a) Schematic view of the cold-neutron three-
axis spectrometer RITA-II at SINQ. b) Illustration of the multi-blade analyzer and the position sensitive
3He-detector of RITA-IL. Taken from [177].

SINQ, enable the investigation of Bragg reflections up to v = 12° above the scattering plane,
even when cryogenic magnets are used’" [174]. The schematic view of D23 is shown in Fig.
3.2a. The detector angle, 26, consists of the in-plane rotation, v, and the out-of-plane angle, v,
which change the geometrical Lorentz correction factor to L(Q) = 1/(sin(Yp)cos(vp)) [176].

Single crystal diffraction was also conducted on the triple-axis spectrometer RITA-II at
SINQ. The schematic view of the instrument is shown in Fig. 3.3a. The analyzer unit con-
sists of nine blades that diffract the scattered neutrons onto individual position-sensitive *He-
detectors (see Fig. 3.3b) [177]. This allows a simultaneous measurement of different Qs for
a fixed sample position. Furthermore, the position-sensitive detectors access out-of plane an-
gles of +-2° when the beam divergence is restricted** by the vertical 15 T cryogenic magnet
available at SINQ [177, 178].

3.5.3 Inelastic Neutron Scattering.

Neutron scattering allows to study the elementary structural and magnetic excitations of a
material by means of the inelastic dynamical scattering function, S(Q,®) with ® # 0. While
phonons are the basic collective lattice excitations of all crystalline structures, the nature of the
magnetic excitations depend on the corresponding exchange coupling [4, 5, 14].

The dominating magnetic energy scale in crystals containing 4 f-electrons is governed by
the crystal field splitting (see chapter 2.1.1) that is usually of the order of 10-100 meV [97].
A transition from the ground state multiplet into a higher energy level arises from a local
excitation that is attributed to a single magnetic site. S(Q,®) can be expressed exactly if the

The motor of D23 reveals an angular range of -28 < v < 29° that is reduced to -2 < v < 12° by the opening
windows of the vertical 12 T cryogenic magnet used in our experiments [174].
*Without restrictions an opening angle of £3° is obtained [177].
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total angular momentum, J, is a good quantum number. Thus, inelastic neutron scattering
enables a direct measurement of the crystal field scheme.

The counterpart of crystal field transitions are collective magnetic excitations that restore
the broken symmetry in a magnetically ordered phase [97]. Here, it is necessary to distinguish
the two extreme cases, where magnetic order arises either from a small or large Fermi sur-
face (see chapter 2.1). In metallic systems that feature unhybridized f-bands, local moment
magnetism is mediated via the RKKY interaction that is equivalent to a superexchange in insu-
lators [5]. The elementary collective excitations are dispersing spin waves that yield a magnetic
susceptibility, which can be modeled within the random phase approximation [14, 97]. The dy-
namic local susceptibility is connected to S(Q,®) via the dissipation fluctuation theorem (see
Eq. 3.14). In rare-earth metals typical exchange couplings |Jrxky| ~ 1-10 meV are found [97].

Magnetic excitations are more complex in HF systems, where the hybridized state leads to
quenched localized moments [12]. Here, magnetic order arises from a Fermi surface instability
that triggers a gap in reciprocal space and a corresponding spin-density modulation in real space
(see chapter 2.1.2) [47]. The SDW features two collective excitations that are attributed to the
amplitude and the phase of the SDW [4]. At large wave-vectors they merge into the Stoner
continuum that is associated to particle-hole excitations across the SDW gap [97]. Neutron
scattering allows to probe the excitations via the fluctuation dissipation theorem (see Eq. 3.14
and 2.5). It is noted that the interpretation of the magnetic excitation spectrum is complicated
in materials described by the two fluid model consisting of finite small and large Fermi surface
fractions.

In this thesis inelastic neutron scattering was used to study the magnetic excitations inside
a superconducting phase. The description of the superconducting spin resonance in unconven-
tional spin-singlet condensates is given in chapter 2.3.3. The magnetic excitation reveals a peak
in the magnetic susceptibility that can be probed with neutrons.

A triple-axis spectrometer that is used in the inelastic mode (|k;| # |k|) is an excellent
instrument to measure S(Q,®) in a highly resolved and controlled manner [14, 16]. Here, the
analyzer (third axis in Fig. 3.2b) is oriented such that only neutrons with a specific energy
transfer ho = A% /(2m)([k;|>-|k ¢|?) are diffracted into the detector unit. The dynamic suscep-
tibility can be measured for a particular line in reciprocal space by means of an appropriate
rotation of the sample at a fixed energy transfer (constant-E scan). In contrast, the energy de-
pendence of an excitation at a specific point in reciprocal space is studied via rotation of the
monochromator (constant-Q scan). The orientation of the analyzer is usually fixed, because
in this setup the conversion from neutron intensity to the inelastic cross section requires only
minimal corrections [14].

The detailed specifications of the employed instruments are described in the experimental
details prior to the corresponding results (see chapter 5.2.1, 5.3.2, 5.4.1 and 5.5.1).

3.6 SAMPLE ENVIRONMENT

Strongly correlated electron systems are quantum materials in which different degrees of free-
dom are intrinsically coupled [32]. Their ground state properties are often observed at low
temperatures only and the application of magnetic fields or pressure may be required to decou-
ple the microscopic exchange interactions.
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Neutron scattering is an excellent technique, by which structural and magnetic properties
can be studied under such conditions [14—16]. The particles interact only weakly with their sur-
rounding, enabling the use of a complex sample environment. In this work we tuned the ground
state properties via chemical substitution and magnetic field. Thus, the following discussion is
focused on cryostats, cryogenic magnets as well as on *He inserts and dilution refrigerators.

Cryostats and cryogenic magnets are made of aluminium close to the sample position,
because the material reveals a tiny incoherent and absorption cross section [164, 179]. In con-
trast, the cooling devices that are connected directly to the sample are often made of Copper as
it features a small heat capacity.

3.6.1 Cryostats and Cryogenic Magnets.

Experiments at zero magnetic field are mainly conducted in cryostats that can access tem-
peratures between 7' = 1.5 and 300 K. So-called orange cryostats from Scientific Products may
be used on powder and two-axis diffractometers as well as on triple-axis instruments. The
schematic design of the device is depicted in Fig. 3.4a [180]. The sample is mounted on a stick
with appropriate diameter. It is inserted into the core of the cryostat that is surrounded by a
liquid 4He bath [179, 181]. The thermal shielding between the “He bath and the outer world is
realized by a nitrogen bath. The cooling of the sample is achieved via a continuous transfer of
liquid “He into the heat exchanger. The evaporated liquid is pumped along the tube around the
sample stick, where radiation baffles enable the thermal contact with the sample holder [180].
The pumped “He is collected by a recovery line and the cold valve control, also called needle
valve, allows an accurate manipulation of the sample cooling rate.

The various rotational degrees of freedom complicate the cooling concept on a four-circle
diffractometer. Here, the *He bath is placed next to the instrument and the sample is covered
by an aluminium shielding [182]. This head is connected with the bath using helium transfer
lines with rotating joints that allow a free movement of the cradle angles [179]. The cooling of
the sample is established by pumping evaporated He gas through the space between the sample
and the shielding.

The vertical cryogenic magnets that are provided by Oxford Instruments keep the cooling
concept of the orange cryostats, but add two solenoid coils to their design [183]. The coils,
made of superconducting Nb3Sn wires, are placed above and below the Al window and are
cooled by the “He bath (see Fig. 3.4b). The magnetic field is produced by circulating super-
conducting currents in the two coils. It can be changed by an external switch that heats a small
part of the wire above the critical temperature. Subsequent to the modification of the current
in the solenoid coils, the switch heater is turned off. Finally, the external current source ramps
down, after the entire coil has reentered the superconducting phase.

3.6.2 *He Inserts and Dilution Refrigerators.

3He reveals a substantially larger vapor pressure than “He [179]. In contrast to “He (7, ~
2.2 K), the isotope is not superfluid for temperatures above several Millikelvins, which pre-
vents heat transfer problems during experiments. The production costs of *He are, however,
approximately ten times higher than the ones of *He, which is the main disadvantage of using
3He as a cooling medium. In consequence, a closed system with *He gas is used in experiments
where temperatures between 7' = 0.3 and 1.5 K are required. The insert fits into the core of the
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FIGURE 3.4: Cryostats, Cryogenic Magnets and Dilution Refrigerators. a) Schematic design of
an orange cryostat, produced by Scientific Products. b) Picture of the vertical CRG-CEA 12 T magnet.
Schematic view of a dilution refrigerator. Taken from [24, 180].

cryostat or the cryogenic magnet and the gas is turned into a liquid (T3, = 3.3 K) using “He
as a cooling medium. Sample temperatures below 7 = 1.5 K are achieved by pumping on the
evaporated 3He gas [179].

3He-*He dilution refrigerators are used to conduct experiments down to 7 ~ 20 mK and are
based on the xT-phase diagram of the two He isotopes. The superfluid transition temperature
of “He is suppressed when it is diluted with the Fermi liquid *He [179]. At a 3He concentration
larger than 67.5% and temperatures below T ~ 0.9 K the phase boundary between the super-
fluid condensate and the normal fluid phase meets the phase-separation line. Here, He and
4He can mix for certain concentrations only, which leads to two separated phases with a low
concentration of *He (diluted phase) and a concentrated *He phase. At lowest temperatures,
T ~ 20 mK, the diluted phase reveals 6.6% of admixed >He.

The schematic view of the refrigerator is shown in Fig. 3.4c where the diluted phase is de-
picted in blue and the concentrated phase in orange color. Because of gravity, the concentrated
phase is separated from the diluted one that is on the bottom of the mixing chamber. *He of
the diluted phase flows from the mixing chamber into the Still because of an osmotic pressure
difference [179]. The Still is operated at T ~ 0.7 K, where *He reveals a higher vapor pressure
than “He. Thus, the evaporation of almost pure He yields the pressure difference between the
two chambers. The *He concentration in the mixing chamber is maintained by the transition of
the isotope from the concentrated into the diluted phase. This mixing process features a latent
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heat that is used to cool the sample. Finally, *He that is evaporated in the Still recondenses via
heat exchange with the “He-bath and is guided back to the concentrated phase.

Dilution inserts are also available for four-circle cryostats, where a special geometry is
needed to overcome the gravitation problem of the phase separation [184].



Chapter 4

The Pauli-Limited Heavy-Fermion
d-wave Superconductor CeColn;

The HF material CeColns reveals one of the highest critical temperatures, 7, = 2.3 K, among
all Ce-based superconductors [17]. Single crystals can be grown with very little impurities
featuring residual resistance ratios (RRR) up to values of 300 and electronic mean free paths
larger than one micrometer [185, 186]. The high tuneability of the ground state properties by
means of magnetic field, pressure and chemical substitution and its proximity to the cuprates
lead to a plethora of experimental and theoretical studies on this system over the last years.

4.1 HEAVY-FERMION PROPERTIES

CeColns is a member of the series Ce,M,,Inz,42, (M = Co, Ir, Rh) that is shown in Fig. 4.1a
[131]. The parent structure is defined by Celns (n = o and m = 0) that crystalizes in the face-
centered cubic space group Pm3m. Other members are constructed by n-fold Celns layers that
are separated by m-fold MIn; sheets. This gives rise to a tetragonal structure that becomes
more two dimensional for increasing n and m. CeMIns crystalizes in the space group P4/mmm
(a=4.6 A and ¢ = 7.54 A for M = Co) and reveals two inequivalent In sites. One site appears
in the MIn, building block and is detached from the other one that is found in the tetragonal
basal Ce-In plane.

The Fermi surface of CeColns is displayed in Fig. 4.1b and characteristic of all CeMIns
compounds [54, 188-193]. It features a quasi-two dimensional structure with tubes along the
tetragonal c-axis that are centered around the middle of the Brouillon zone, I', and around the
corners M. Thus, two dimensional-fluctuations that arise in the basal Ce-In plane are important
in these so-called 115 compounds, but their ground state properties cannot solely be attributed
to such correlations.

The parent compound, Celns, is constructed only from one Ce-In building block and re-
veals antiferromagnetic order within a small Fermi surface at ambient pressure [133,194].
Under pressure, Ty linearly decreases and extrapolates to zero at a critical value p. = 2.6 GPa,
where the center of an unconventional superconducting phase is found [11]. CeMIns is very
sensitive to the isovalent transition-metal ion M = Co, Ir and Rh, despite no apparent trend in
the Ce-In bond lengths/angles is observed in the family [195]. While CeColns and Celrlns are
superconductors below 7. = 2.3 and 0.4 K, respectively, CeRhlns features antiferromagnetic
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FIGURE 4.1: Crystal Structure and Fermi Surface. a) Crystal structure of the series Ce, M,,In3,42,,
(M =Co, Ir, Rh) fon =00, 1,2 and m = 0, 1. b) Fermi surface of CeColns measured by de Haas-van
Alphen oscillations. Taken from [187, 188].

order below Ty = 3.5 K at ambient pressure [131]. A pressure-induced QPT is established in
the latter compound, at which the Fermi surface is substantially enlarged [39]. Moreover, it is
believed that the f-electrons are more itinerant in CelrIns than in CeColns that is located close
to a SDW quantum critical point [20, 195].

The comparison underlines that the choice of the transition-metal ion in CeMIns is cru-
cial for the degree of hybridization between the 4 f-electrons and the conduction band. Recent
systematic x-ray absorption spectroscopy results show that the degree of itinerancy among
CeRhlns, CeColns and Celrlns scales with the out-of-plane anisotropy of the crystal-electric
field ground state wave function that tunes the 4 f-orbital overlap with the out-of-plane In 5p-
orbitals [196]. The scenario is supported by dynamical mean-field calculations that predict a
strong hybridization among these bands in Celrlns and CeColns [195]. This is in line with
angle-resolved photoemission spectroscopy (ARPES) measurements on CeColns that show
only a moderate 4 f-hybridization for the most pronounced two-dimensional band in the tetrag-
onal plane [192].

Heavy effective masses in this material are also reflected in the strongly enhanced Sommer-
feld constant, ¥ = 290 mJmol !, just above T, [17]. The same authors provide evidence for a
coherent Kondo lattice below Tx ~ 45 K. Recent ARPES results on samples that were cleaved
perpendicular to the c-axis demonstrated that hybridization occurs mainly around the I'-point
(see Fig. 4.2a and b) [54]. Figure 4.2c displays high statistic momentum distribution cuts in
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FIGURE 4.2: Angle-Resolved Photoemission Spectroscopy on CeColns. a) Fermi surface of
CeColns measured on the 4d — 4f resonance of Ce above and below the Kondo coherence temper-
ature. b) Momentum distribution cuts in the I'M-direction at 7 = 170 and 17 K. ¢) High statistic cuts
near the Fermi crossing of the o- and y-band. Taken from [54].

the diagonal direction of the Brioullin zone (I" - M) that provide evidence for the emergence of
a direct Kondo gap with v ~ 30 meV.

4.2 PAULI-LIMITED SUPERCONDUCTIVITY NEAR A SDW QUANTUM
CRITICAL POINT

It is believed that the hybridized electrons trigger the superconducting ground state in HF ma-
terials [73]. The ARPES results depicted in Fig. 4.2, thus, indicate a dxz,yz-wave symmetry
in superconducting CeColns with a gap along the tetragonal a-axis and nodal planes along the
(1, 1, 0) direction in reciprocal lattice units (r. 1. u.). This gap symmetry has been suggested
first by macroscopic measurement, such as the temperature and angular dependent thermal con-
ductivity and the angular dependence of the specific heat [198-200]. Subsequent point-contact
spectroscopy and quasiparticle interference studies provided evidence for a d-wave amplitude
AE =~ 0.6 meV [18, 19, 197]. The symmetry of the superconducting order parameter is consis-
tent with the emergence of a spin resonance below 7. [92]. High-resolution inelastic neutron
scattering results have shown that the resonance arises at a wave-vector transfer Q = (g, ¢, 0.5)
with g ~ 0.45 and for an energy transfer AE = 0.6 meV [201].

A close connection between superconductivity and magnetism in CeColns is revealed by its
vicinity to a SDW quantum critical point [17, 20, 22,202-204]. The normal state specific heat
and electrical resistivity feature non-Fermi liquid behavior in their temperature dependence
[17,22,202,203]. This suggests the presence of quantum critical fluctuations, which have been
determined to be of antiferromagnetic nature using nuclear magnetic resonance spectroscopy
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FIGURE 4.3: HT-phase Diagram of CeColns. a) Superconducting phase of CeColns for H||[1 0 0]
and H||[1 1 0] with the Q-phase below T = 300 mK and above poH?” = 9.8 T. b) Superconducting phase
of CeColns for H||[0 0 1]. ¢) Square of the magnetic vortex form factor as a function of magnetic field
strength for H||[0 0 1]. The dashed line represents the field dependence expected from the Abrikosov-
Ginzburg-Landau approach. d) Vortex lattice phase diagram for H||[0 0 1]. Taken from [22, 205, 206].

[204]. Finally, the quantum critical point has been located at zero field by means of the tem-
perature dependent Griineisen parameter [20]. The origin of the magnetic instability and its
relation to superconductivity is still unclear. Its presence, however, provides an environment of
strong fluctuations, where novel physical phenomena may be expected.

CeColns displays an anisotropic superconducting phase as a function of the magnetic field
orientation (see Fig. 4.3a and b) [21,22]. At lowest temperatures superconductivity is sup-
pressed at upH., = 5 T for a field perpendicular to the tetragonal plane, but the condensate
remains stable up to uoH,, = 11.5 T for fields applied in the basal plane. Here, a 4% increase
of the upper critical field is observed when the field is rotated from the d-wave node towards
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the maximal gap (see Fig. 4.5a inset).

The temperature dependence of H,,(T) reveals an orbital limiting field ugH*? = 35 and
13 T for H||[1 0 0] and H||[0 O 1], respectively, which is considerably higher than H,,(0)
[21,22]. This provides strong evidence that close to the upper critical field Pauli paramagnetic
effects gain in importance, which is also revealed by the suppression of superconductivity in
a first-order transition for critical fields larger than yopH? = 9.8 and 4.7 T, respectively [21,
22,207]. Microscopic evidence for strong spin paramagnetic effects at high fields has been
provided first by de Haas-van Alphen oscillations [208], and has been further investigated via
small-angle neutron scattering [209, 210].

These experiments reveal an increasing magnetic form factor of the superconducting vor-
tices with magnetic fields that are oriented along the basal plane and perpendicular to it (see
Fig. 4.3¢) [209, 210]. The behavior is in contrast to all previously studied type-II superconduc-
tors that show a decreasing form factor and that is commonly modeled within an Abrikosov-
Ginzburg-Landau approach [211]. This provides evidence for the emergence of an additional
scattering cross section in CeColns that has been attributed to paramagnetic moments around
the vortex core or to antiferromagnetic fluctuations [212-216].

The vortex lattice phase diagram as a function of temperature and magnetic field is dis-
played in Fig. 4.3d for H||[0 O 1]. It shows a cascade of geometric transitions as the field is
increased with a reentrant triangular structure below the upper critical field [206]. While the
transitions at low fields are expected [25,217], the triangular phase below H,, is thought to
arise from paramagnetic or antiferromagnetic effects [206].
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4.3 THE Q-PHASE OF CECOIN;

Thermal heat capacity results provide evidence for a supplementary phase (Q-phase) inside the
superconducting condensate of CeColns that exists above ygH? = 9.8 T and below T = 300 mK
for H1 ¢ [22,23]. The phase consists of SDW order that arises at a wave-vector transfer
0 = (g, £q, 0.5) with g ~ 0.44, identical to the reciprocal space position of the spin resonance
[23, 88, 144-146,201]. The magnetic structure is amplitude modulated along the c-axis with
an ordered moment u = 0.15up (see Fig. 4.4b) [23, 88, 145]. Magnetic order appears from a
second-order mean-field-like transition at the phase boundary of the Q-phase and collapses in
a first-order transition at the superconducting upper critical field. This demonstrates that the
Q-phase features a multicomponent magneto-superconducting ground state that emerges from
a field-induced QPT at ygH? = 9.8 T (c.f. Fig. 4.4b). SDW order is suppressed upon rotating
the magnetic field 17° towards the tetragonal c-axis, which coincides with the angle where H,,
decreases below H? [188,218]. This demonstrates that Pauli paramagnetic effects are crucial
for the development of the Q-phase. It is noted that heat capacity results have also suggested
a supplementary phase for H||[0 0 1] [21]. However, no microscopic evidence for magnetic
order has been found in this phase yet [24].

The multicomponent ground state of the Q-phase is hypersensitive to the magnetic field
direction in the tetragonal basal plane [88,219]. Neutron diffraction studies along the two
wave-vectors @y, = (g, =q, 0.5) with g =~ 0.44 showed that only one of both domains is
populated for all in-plane field directions (see Fig. 4.5a an b) [88]. As the magnetic field is
rotated around the crystalline a-axis the modulation direction of the SDW is switched by 90°.
At H||[1 0 0], where both domains are equivalent by symmetry, a first-order transition with
a hysteresis of A¥ ~ 0.2° is found (see Fig. 4.5c). Since the magnetic moment is oriented
perpendicular to the field, the selection of one modulation direction cannot originate from a
Zeeman term that couples the field to the magnetic structure.

A similar behavior is observed in the superconducting quasiparticle excitation spectrum
that was examined by thermal conductivity [219]. Here, the temperature normalized ther-
mal conductivity response, k/7, is measured for heat currents applied along the d-wave node,
J||[1 1 0], as the magnetic field turned through the a-axis (Fig. 4.5d an e). The angle between
J and the magnetic field, H, is denoted as 0 that probes quasiparticle excitations perpendicular
to the populated SDW for 6 < 45° (case ¥ > 0 in Fig. 4.5a and b). At 6 = 45° the modulation
direction of the SDW is switched and triggers a jump in x/7T (see Fig. 4.5¢). We point out
that quasiparticle excitations across the SDW gap are probed for 6 > 45°, but a larger x/T is
observed for this configuration when compared to the case 6 < 45° where the SDW modulation
along J is suppressed.

Several theoretical models have been proposed to explain the microscopic mechanism of
the Q-phase [147-158,220-222], but only a few of them can account for the high sensibility
to the in-plane magnetic field direction [147, 153, 158,220-222]. The condensation of the spin
resonance into the ground state is possibly the most promising microscopic theory that directly
intertwines magnetic order with superconductivity (see also chapter 2.4.3) [147]. This scenario
is supported by inelastic neutron scattering results that show a splitting of the superconducting
resonance for increasing magnetic fields. The field dependence of the lower mode extrapolates
to zero close to the Q-phase boundary [223,224]. In the exciton scenario, the magnetic mono-
domain state in the Q-phase is attributed to spin-orbit effects that also trigger the change of
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FIGURE 4.5: Switching of the Multicomponent Ground State in CeColns. a) Magnetic Bragg
peak intensity of the two domains Oy, = (g, ¢, 1/2) and Q, = (g, -g, 1/2) with g = 0.44 as a function of
V. b) v defines the angle between the tetragonal a-axis and the magnetic field direction in the basal
plane. ¢) Hysteresis of magnetic Bragg peak intensity as a function of y. d) Schematic illustration of
the thermal conductivity experiment that probed the heat current response J||[1 1 0] as a function of the
magnetic field direction in the basal plane. e) Thermal conductivity divided by temperature as a function
of field orientation measured in the Q-phase. Taken from [88,219].

modulation direction as the magnetic field is rotated around the a-axis [220]. The model,
however, cannot directly predict the thermal conductivity results that suggest the emergence of
an additional gap perpendicular to the SDW modulation direction [219].

This aspect is resolved in other theories where a supplementary superconducting order
parameter arises in the Q-phase that couples the superconducting d-wave order parameter to the
SDW [153,221,222]. The emergent p-wave features a gap in the direction of the unpopulated
SDW-domain, which is compatible with the d,>_,2-gap symmetry (see Fig. 2.5b and c¢) and
enables the population of the SDW-domain perpendicular to its maximal extent.

A lowest linear-order coupling term between magnetism and superconductivity predicts
a spatially modulated triplet component, such that momentum is conserved [221,222]. It is
currently debated whether the Q-phase features a spin-triplet PDW with coexistent d-wave
or FFLO-superconductivity. The former theory assumes a spatially-modulated p-wave as the
primary order parameter of the Q-phase that induces SDW order [221]. Here, the switching of
the domain population may be driven by the anisotropic spin susceptibility of the spin-triplet
component [88]. In an alternative scenario a field-induced FFLO-phase emerges as a primary
order parameter [222]. Here, SDW order arises from pair breaking effects and triggers the
emergence of the p-wave component. The change of the SDW modulation direction is driven
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by the spatially-modulated d-wave that is sensitive to the magnetic field direction [158].

Irrespective of the different phenomenological theories, the maximal p-wave gap estimated
by thermal conductivity is about 20% of the one of the d-wave amplitude [219]. One possible
avenue to gain further insight in the microscopic nature of the Q-phase is the application of
external parameters auxiliary to magnetic field.

4.4 PRESSURIZED AND SUBSTITUTED CECOIN;

The ground state properties of CeColns have been tuned previously by hydrostatic pressure and
chemical substitution [26, 27, 196, 225-243]. The former parameter triggers an increase of the
superconducting transition temperature up to 7. ~ 2.5 K at p;;., = 1.3 GPa [225,226]. Larger
pressures yield a decreasing 7, that is suppressed at p. ~ 4 GPa (see Fig. 4.6a). Isotropic
pressure reduces the unit cell volume of the material in a monotonic way but has an anomalous
impact on the tetragonal a- and c-axis [226]. An increasing ¢/a ratio is observed for increasing
pressures that may saturate for p,.x < p < p. and decreases for further increments. Thus, the
discrepancy of the in- and out-of-plane wave-function overlap between the Ce 4 f-orbital and
the two inequivalent In 5p-orbitals possibly explains the behavior of 7.(p) in CeColns [196,
226]. Thermal heat capacity and magnetization studies under pressure and at high magnetic
fields show that the Q-phase is stable up to at least p = 1.4 GPa [227, 228]. Hitherto, no neutron
diffraction results of the Q-phase were reported under pressure, preeminently because of the
technical challenges of such an experiment.

Chemical substitution is a complex way of tuning the ground state properties of CeColns,
because it acts on a multitude of physical properties. This includes the tuning of the crystal-
field wave function, changes in the in- and/or out-of-plane hybridization or the incorporation
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of impurities, Kondo holes, mixed valence elements or localized moments.

Several experiments were carried out on the series CeCo(In;_xM,)s with M = Sn, Cd, Hg
and Zn [26,229-235]. Sn features one extra electron when compared to In and in contrast, Cd,
Hg and Zn act as hole dopants. Extended x-ray absorption fine structure measurements have
shown that Sn, Cd, and Hg mainly substitute the In atom in the tetragonal basal plane and have,
thus, a direct effect on the in-plane hybridization [229,230]. It is expected that the unequal
distribution of impurity atoms in the crystalline structure also affects the crystal-field ground
state wave function. The interpenetrating x7-phase diagram is shown in Fig. 4.6b and reveals
an interplay between superconductivity and magnetism. While the superconducting transition
temperature and the upper critical field decrease for Sn substitution, 7. and H,, display an anti-
thetical trend for small Cd and Hg concentrations [26]. No sign of the Q-phase has been found
above 0.05% Hg concentration on the In site. In contrast, hole-doping concentrations of about
1% feature a microscopic coexistence of superconductivity and magnetism with a suppressed
superconducting phase at larger concentrations [229,231, 233]. Magnetic order appears at the
commensurate wave-vector Qar = (1/2, 1/2, 1/2) and may origin from impurity-induced mag-
netic islands [232]. The antiferromagnetic transition temperature rises for increasing x and the
differences between Cd and Hg substitution may be attributed to the auxiliary c-axis distortion
that is found in Hg doped CeColns [229, 230].

The substitution of Rh for Co drives the system from a d-wave superconductor into the anti-
ferromagnetic ground state of CeRhlns that features a small Fermi surface [196]. The magnetic
order in CeRhlns is incommensurate, Qs = (1/2, 1/2, 0.297), and reveals a spiral structure along
the tetragonal c-axis with an ordered moment u = 0.54up [244,245]. The yT-phase diagram of
CeCoyRh_,Ins is depicted in Fig. 4.6c. Small Rh concentrations continuously decrease the
superconducting transition temperature until magnetic order emerges at y = 0.75 that coexists
with superconductivity for 0.3 > y > 0.75 [196]. Superconductivity collapses in a first-order
transition at a Rh concentration of 70% and the magnetic structure is incommensurate on the
Rh dominated side of the phase diagram. In the phase space where superconductivity coex-
ists with magnetism a combination of commensurate and incommensurate magnetic order has
been observed [246,247]. A spiral antiferromagnetic state is, however, incompatible with d-
wave superconductivity and it is currently debated whether the phase originates from sample
stoichiometry uncertainties [248-250].

Recent x-ray absorption spectroscopy results have shown that the substitution on the Co
site tunes the crystal-field environment and affects the spatial distribution of the 4 f Ce ground
state wave-function [196]. While the out-of-plane anisotropy is prolate in CeColns, the wave-
function features an oblate shape in CeRhlns (see Fig. 4.6¢c). Upon Rh doping in CeColns
the 4 f-cerium orbital is squeezed into the tetragonal Celns plane, decreasing the hybridization
with the out-of-plane In Sp-orbitals. The suppression of itinerant f-electrons reduces the size
of the Fermi surface and drives the system away from the superconducting ground state and
into a magnetically ordered phase. It is noted that the hole doping effect on the Co-site has
been investigated in CeCo;_,Ru,Ins for substitutions x < 0.5 [236]. It leads to a suppression
of superconductivity without an emergent magnetic phase.

Chemical substitution on the Ce-site of CeColns has the advantage that it affects directly
the Kondo coupling strength between the 4 f-electrons and the conduction band. This should
allow a much more controlled tuning of the correlated ground state when compared to sub-
stitutions on the Co- or In-site or the application of hydrostatic pressure. The most prominent
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studies were carried out on Yb, La and Nd doped CeColns that represent the substitution with a
mixed-valence element, a Kondo hole and a localized magnetic moment, respectively [27,237—
243].

Yb is generally considered as the hole analog of Ce, because Ce’* features one elec-
tron in the 4f shell, while Yb3* has a single hole. However, the hole occupancy of Yb in
Ce;_,Yb,Colns is strongly intermediate (Yb>3*) and leads to a broad crossover towards a
metallic ground state of mixed-valence that is accompanied with a linearly decreasing T, as x
is increased [239-241]. Temperature dependent studies on the London penetration depth have
suggested that the d,>_,» order parameter becomes fully gapped for x > 0.2 [237]. This conclu-
sion has been questioned by recent thermal conductivity measurements that provide evidence
for a robust superconducting d-wave gap [238].

The substitution of La for Ce in CeColns is less complex in this respect, because La has an
empty 4 f-shell when compared to the single occupied state of Ce. Ce;_,La,Colns reveals a
decreasing superconducting transition temperature with increasing x that clearly maintains the
d-wave order parameter [237,243]. The incorporated Kondo hole yields pair breaking effects
that give rise to conduction electrons which are excluded from the superconducting condensate
[242]. No interplay with magnetic order is found in Ce;_,La,Colns and no Q-phase has been
reported in this series yet.

The substitution of the itinerant Ce3* with a localized magnetic moment of the same va-
lence should shift the hybridized 4 f-band below the Fermi level without adding the complexity
of a mixed-valence element. Such a doping would reduce the Kondo coupling with the con-
duction electrons, while leaving, in a first approximation, invariant the relative overlap with the
in- and out-of-plane In 5p-orbitals. This increases the chance of observing a stable Q-phase for
moderate doping concentrations and the localized moment eventually induces magnetic order
that coexists with superconductivity. The substitution of Nd** for Ce in CeColns unifies these
requirements.



Chapter 5

Intertwined Degrees of Freedom in the
Series Nd;_,Ce, Coln;

Systematic studies on Nd;_,Ce,Colns were carried out first in 2008 [27]. The series features
a rich xT-phase diagram with different electronic ground states, including magnetic order for
x < 0.95, superconductivity for x > 0.83 and HF properties for x > 0.5 (c.f. Fig. 5.1a).
Magnetism coexists with superconductivity for 0.83 < x < 0.95 that preserves, most likely,
the d»_» gap symmetry [27,237]. A gradual suppression of the heat capacity jump at 7.,
AC/C(T,), has been observed with increasing Nd concentration and provides evidence that
the dopant weakens the superconducting pairing strength. The incorporation of Nd impurities,
thus, acts as random disorder in the material and reduces the hybridization with the conduction
band that yields a coherent Kondo lattice around x =~ 0.5 [27,28]. Localized moment mag-
netism arises within a small Fermi surface (x < 0.5) and is expected to be itinerant for large
Ce concentrations. It is noted that a detailed analysis of AC/C(T;) showed that the effect of
chemical pressure is less important in the series when compared to the tuning of the Kondo
coupling [27].

The nature of magnetic order in Nd;_,Ce,Colns is currently unknown, but crucial to
understand how magnetic order, superconductivity and HF properties are intertwined. Hith-
erto, only Ndg 05Cep.95Colns has been investigated microscopically using neutron diffraction
[251]. It features a superconducting phase with 7. = 1.8 K that coexists with magnetism below
Ty = 0.8 K [27,251]. Magnetic order develops at a wave-vector Q;cy = (¢, £¢, 0.5) with
q ~ 0.45 at zero field, which is similar to the one of the Q-phase in CeColns (see Fig. 5.1b)
[23,251]. An ordered moment between 0.1 - 0.15up is expected, but insight in its orientation
is lacking [251]. Moreover, the nature of this SDW and its relation to the Q-phase of CeColns
is an open question that is addressed in this thesis.

5.1 CHEMICAL SYNTHESIS AND SAMPLE QUALITY

Single crystalline CeColns samples were synthesized using an In self-flux with atomic parts of
3% Ce, 3% Co and 94% In [17]. The high purity starting elements were placed in an alumina
crucible and heated to 1150 °C using an evacuated and sealed quartz tube. A uniform distri-
bution of the liquid elements was ensured by a 30 min motorized rotation of the quartz tube at
the maximal temperature. After rapidly (100 °C/h) decreasing the temperature to Ti1 =750°C,
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FIGURE 5.1: xT-Phase Diagram of Nd;_,Ce,Colns. a) Phase diagram of Nd;_,Ce,Colns with HF
properties for x > (.5, itinerant magnetism and localized moment magnetism (LMM) for x < 0.95 and
superconductivity for 0.83 < x < 1. b) Magnetic intensity along Q = (H, H, 0.5) in Nd 05Ceq.95Colns
measured for temperatures above and below Ty = 0.8 K. Taken from [27,251].

the liquid was cooled to Tj} =450 °C at a rate of 3 °C/h. The major fraction of excess flux
was separated from the crystals by means of centrifugation, where quartz wool was used as a
filter. The remaining flux on the crystal surface was removed via hydrochloric acid (HCl). The
resulting single crystals had typical dimensions of 2 x 2 x 0.1 mm?® and revealed a RRR = 5
(see Fig. 5.3a), comparable to the first experimental realizations of the compound [17]. The
growth of NdColns was found to be optimized by tuning Tl-0 =800 °C and TfQ =550 °C, which
led to T;'; = T - (T-T;! )x for Nd; _,Ce,Colns.

The experimental realizations presented in this thesis were synthesized in a collaboration
between the Paul Scherrer Institut, Villigen Switzerland (x =0, 0.2, 0.4, 0.6, 0.75 and 1) and the
Commissariat a ’Energie Atomique et aux Energies Alternatives, Grenoble France (x = 0.83,
0.95). The sample quality of x =0, 0.2, 0.4, 0.6, and 1 has been investigated by high-resolution
X-ray powder diffraction at the Material Science (MS-X04SA) beamline of the Swiss Light
Source at the Paul Scherrer Institut. Ground single crystals were filled in quartz capillaries
of diameter d = 0.1 mm, which were exposed to a photon wavelength A = 0.56491 A. The
diffracted photons were collected by a Mythen-II detector. All samples were measured at room
temperature and the results are displayed in Fig. 5.2a.

The comparison of the diffraction patterns provides evidence that all samples crystalized in
an identical space group symmetry and were refined in P4/mmm using the FullProf suite [169].
The structural analysis shows that all compositions were synthesized in a very pure form with
residual impurity contributions of f < 1-2%, which were attributed to contents in the remaining
flux. We find structural diffraction peaks that shift monotonically to larger diffraction angles,
20, as the Ce content is increased, while a uniform peak width is observed that is independent
on x. The doping dependent evolution of the crystallographic a- and c-axis is shown in Fig.
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FIGURE 5.2: X-ray Powder Diffraction of Nd,_,Ce,Colns. a) Diffracted photon intensity of
Nd;_,Ce,Colns for x = 0, 0.2, 0.4, 0.6 and 1 as a function of the scattering angle, 260, at room tem-
perature. b) The linear shift of the lattice parameters a and ¢ reveals a homogeneous substitution of Ce
for Nd.

5.2b and reveals a linear dependence in agreement with earlier reports [27]. These results
provide evidence that Ce substitutes Nd uniformly in Nd;_,Ce,Colns without supplementary
inter-grown structural phases. It is noted that no differences among batches with the same
nominal Ce concentration, x;,,;, were observed.

The actual Ce content in the samples was determined via high-resolution neutron powder
diffraction on the instrument HRPT at SINQ. About m = 3 g of ground single crystals per com-
position were loaded in vanadium double-walled cans with inner diameter dj,., = 8 mm and
outer diameter dyyrer = 9.2 mm. The four sample holders were installed on the automatic sam-
ple changer of HRPT and inserted in an orange cryostat with a base temperature of 7 = 1.8 K.
A neutron wavelength of A = 1.886 A was employed.

Neutron powder diffraction results on NdColns were measured at 7 = 15 and 1.8 K and are
shown in Fig. 5.4a. The diffraction pattern at 7 = 15 K was refined within two contributing
phases accounting for the supplementary vanadium Bragg peaks that provide a fraction of
about f =~ 5% to the total integrated intensity (agreement factor Ry = 10%). The additional
magnetic phase at T = 1.8 K is discussed in chapter 5.5. The refined Ce content (R = 5%) of
the substituted samples with nominal concentrations x,,,, = 0.2, 0.4, 0.6 is depicted in Fig. 5.4b
(see Tab. 3.2.1 for the difference in 6%1 and Gfoeh). While we observe a maximal discrepancy
AX = Xpps - Xnom = -4(2)% for x,0m = 0.2, x,ps = 0.40(2) and 0.61(2) is found for x,,,,,, = 0.4 and
0.6, respectively.

Ndg.05Cep.95ColIns single crystals feature RRR ~ 3.6 (see Fig. 5.7a) with a Nd uncer-
tainty concentration of about 1% that was determined by in-beam neutron activation analysis
at the Heinz Maier-Leibnitz neutron source FRM-II, Munich Germany. The technique enables
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a non-destructive chemical analysis, in which samples are activated by a white neutron beam
and analyzed by their time dependent gamma radiation spectrum. The averaged stoichiometric
composition is determined via the different radioactive half-life times of the chemical elements
in the crystal [252]. The homogeneity of the chemical composition was verified by energy
dispersive X-ray spectrometry and photo-emission electron microscopy on the SIM beamline
of the Swiss Light Source, Paul Scherrer Institut [251]. High spatial resolution X-ray absorp-
tion maps were measured on and off the Nd Ms, Ce M5, Co L3 and In M5 absorption edges.
The elemental contrast of these images provides evidence for a uniform Nd distribution in the
sample. The single crystal neutron scattering results presented here were carried on the same
single crystal that is reported in Ref. [251] with mass m = 64 and dimensions 7 x 4 x 0.3 mm®.

Single crystal diffraction on Nd;_,Ce,Colns with x;,,,, = 0.83 and 0.75 was obtained from
experimental realizations with masses m =20 and 14 mgand 3 x 2.7 x 0.15and 3.5x 2.1 x 0.3

mm?, respectively. The quality of these samples was checked with X-ray Laue diffraction.

5.2 THE MAGNETIC PHASE DIAGRAM OF ND;_,CE,COIN5 AT ZERO FIELD

Localized moment magnetism is expected to compete with the HF ground state in Nd;_,Ce,Colns
[27]. Although magnetic order is found for x < 0.95 only the magnetic wave-vector of 5% Nd
doped CeColns is known at zero field [27,251]. We performed a systematic study of the mag-
netic ground state in the series, which provides detailed insight in the interplay between the
rivalry energy scales.

5.2.1 Experimental Details.

The xT'-phase diagram of Nd;_,Ce,Colns was investigated by means of electrical resis-
tivity, magnetization and neutron diffraction. Macroscopic transport measurements that were
performed by our group at PSI were recorded in a Quantum Design PPMS or in cryogenic
magnets, where a four-probe setup was used. We found the Kondo coherence temperatures
Teon =46, 48, 30 and 26 K for x =1, 0.95, 0.83 and 0.75 and 7. = 2.3, 1.8 and 1.17 for x = 1,
0.95 and 0.83, respectively (see Fig. 5.3a and 5.7a). Magnetization data on x = 0, 0.16, 0.4 and
0.61 revealed the Néel temperatures Tyy = 8.2, 6.3, 4.4 and 2.3 (see Fig. 5.3b). The values fit in
the initial phase diagram reported by Hu et. al. [27].

Neutron diffraction experiments were carried out on HRPT for x = 0, 0.16, 0.4 and 0.61
as well as on the single crystal diffractometers Zebra at SINQ for x = 0.75 and on D10 at the
Institut Laue-Langevin (ILL), Grenoble France for x = 0.95, respectively. Ndy.;7Ceq.g3Colns
was investigated on the triple-axis spectrometer IN12 at the ILL. The experiment on D10 was
conducted with a neutron wavelength A = 2.36 A using a four-circle setup with a dilution
insert. An orange cryostat with *He insert was employed on IN12 and a Variox cryostat with
dilution insert was used on Zebra (A = 1.177 A). On IN12 the sample was aligned in the plane
perpendicular to [1 -1 0] and perpendicular to [0 1 0] for the experiment on Zebra. The latter
orientation enabled a search for magnetic reflections along (%, 0, [) and (A, h, [) by means of the
lifting-arm detector of the instrument. On IN12 clean wavelengths of A =3.307 and 4.83 A were
derived from a velocity selector and a double-focussing pyrolitic graphite monochromator. The
instrument was used in a W-configuration (as depicted in Fig. 3.2b) with collimated neutrons
(o0 = 80’) in front of the sample.
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FIGURE 5.3: Macroscopic Results of Nd;_,Ce,Colns. a) Renormalized electrical resistivity
data on CeColns, Ndg 17Ce(.g3Colns and Ndj 25Ce.75Colns. b) Magnetic susceptibility of NdColns,
Ndp.g4Cep.16Colns, Ndg 6Ce.4Colns and Ndg 39Ceg 61 Colns using an applied field of ygH = 100 mT.

5.2.2 Ising-like Structure in Nd dominated Nd;_,Ce,Colns.

Powder neutron diffraction results on NdColns are shown in Fig. 5.4a and are representa-
tive for Nd;_,Ce,Colns with x =0, 0.16, 0.4 and 0.61. We observe resolution limited magnetic
Bragg peaks at T = 1.8 K < Ty. They are consistent with the commensurate (CM) propaga-
tion vectors Qcy = (1/2, 0, 1/2) and (0, 1/2, 1/2), doubling the unit cell along the tetragonal
a- and c-axis. The representational analysis was performed with the program Basireps of the
FullProf suite (see chapter 3.3 for the definition of parameters) [169]. The wave-vectors remain
invariant under symmetry operations of the little group Ggp,,, in P4/mmm that consists of the
elements g;_g = {1/000} (identity), {2001 |000} (twofold rotation around [0 O 1]), {2010/000},
{2100/000}, {1|000} (inversion), {mg1|000} (mirror operation on the plane perpendicular to [0
0 1]), {m010]000} and {ml()o‘OOO}.

The general moment vector, M = (M, M, M,), at the crystallographic Nd/Ce site, (0, 0, 0),
transforms under Gg,,, according to Tab. 5.1. The magnetic ion position is robust under gi_g
(xp = 1) and the natural representation FI%CM with character XI%CM = %pXa is obtained with Eq.
3.18. It can be decomposed in a linear combination of the irreducible representations FgCM ,
FSQCM and F7QCM via Eq. 3.19 (c.f. Tab. 5.1). The projection formula in Eq. 3.20 yields the three
basis vectors S5V = (0, 0, 1), S2% = (0, 1, 0) and S = (1, 0, 0) for [F™, TYY and T,
respectively.

The best refinement of the absorption and Lorentz corrected integrated intensity is found
with a magnetic moment orientation along the c-axis (u(R) = ,upS3QCM expliQcyR] + c.c) and two
additional phases that account for the nuclear Bragg peaks originating from Nd;_,Ce,Colns
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FIGURE 5.4: Neutron Powder Diffraction on Nd;_,Ce,Colns. a) Diffracted neutron intensity of
NdColns as a function of the scattering angle, 20, at T = 15 and 1.8 K. b) Refined Ce content, x,p;,
against the nominal concentration, x,,,,. ¢) Doping dependence of the magnetic moment for x,p; = 0,
0.16, 0.4, 0.61 measured at T = 1.8 K. d) The magnetic structure reveals an antiferromagnetic alignment
with moment orientation along the tetragonal axis and wave-vector Qcy = (1/2, 0, 1/2).

and the vanadium sample holder*. It reveals an ordered magnetic moment y = 2.56(3)up in
NdColns with a respective agreement factor Ry = 15%. The irreducible basis vectors, S5 and
S7, yield Ry > 35%. Similar results are obtained for Ndg g4Ce.16Colns, Ndg ¢Ceo 4Colns and
Ndg.39Ce 61 Colns with a moment size that is decreasing with increasing Ce content (see Fig.
5.4c). The magnetic structure is shown in Fig. 5.4d for the (1/2, 0, 1/2)-domain and shows an
antiferromagnetic modulation along (1, 0, 0) and (0, 0, 1). The magnetic structure is identical
to the isostructural compounds RRhlIns with R = Nd, Tb, Dy and Ho as well as RCoGas with R
= Tb and Ho [253].

5.2.3 Spin-Density Wave in Ce dominated Nd;_,Ce,Colns.

Single crystal neutron diffraction on samples with large Ce concentration, Nd;_,Ce,Colns
with x > 0.75, reveals an incommensurate wave-vector Qjcy = (g, £q, 0.5) with g ~ 0.44.
Neutron intensity along the reciprocal (g, g, 1/2) and (0.44, 0.44, [) directions is depicted in

*In substituted samples the occupation of the magnetic sites was adjusted such that the magnetic form factor
reflects the distribution of Nd/Ce atoms in the sample.
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{1]000}{2001/000}{2010/000} {2100|000} { T|000} { 001|000} { 1210|000} {112100|000}
Mx Mx 'Mx 'Mx Mx Mx 'Mx 'Mx Mx
My M) My My _My My _M) M) _My
MZ Mz MZ 'Mz 'Mz Mz Mz ’Mz 'MZ
xp 1 1 1 1 1 1 1 1
xa 3 -1 -1 -1 3 -1 -1 -1
x Jem 3 -1 -1 -1 3 -1 -1 -1
x e 1 1 1 1 1 1 1 1
xZem 1 1 1 1 1 1 -1 -1
x2om 1 1 -1 -1 1 1 1 -1
x2em 1 1 -1 -1 -1 -1 1 1
e 1 -1 1 -1 1 -1 1 -1
e 1 -1 1 -1 -1 1 -1 1
xem 1 -1 -1 1 1 -1 -1 1
xd 1 -1 -1 1 1 1 1 -1

TABLE 5.1: Representational Analysis of Nd; _,Ce,Colns with Q¢ = (1/2, 0, 1/2). Transforma-
tion of the general general moment vector, M = (M, M,,, M) at the magnetic moment site (0, 0, 0) under
the little group Gg,.,, and character table of the general and irreducible representations of P4/mmm with
Ocy =(1/2,0, 1/2).

Fig. 5.5a and b for Ndy 17Ceg33Colns at T = 0.4, 1.2 and 1.8 K and along (¢, ¢-1, 1/2) at
T = 0.05 K for Ndg»5Cep 75Colns in Fig. 5.5¢c. Representative data for Ndg g5Ceg.95sColns
are shown in Fig. 5.1b. A lower bound of the magnetic correlation lengths, &, and &, is
obtained from the resolution-limited magnetic Bragg peak width. The best fits to the data show
€, > 150, 138, 45 A for x = 0.95, 0.83 and 0.75 and &, > 200 and 181 A for x = 0.95 and 0.83,
respectively. The low value of &, in Ndg 25Ce( 75Colns results from the instrumental setup that
was used on Zebra. Here, a scan along (g, g-1, 1/2) mainly involved an out-of-plane movement
of the detector that is known to have a poor resolution.

The wave-vector differs from the commensurate ordering vector observed on the Nd dom-
inated side of the phase diagram, x < 0.61, and also from the one found in CeColn(In;_,M,)s
with M = Cd, Hg and Zn and CeCo,Rh;_,Ins [232,246,247]. In contrast, Q;cy is similar to
the wave-vector that occurs in the Q-phase of CeColns [23, 88, 145].

The magnetic wave-vector remains invariant under the symmetry operations of the little
group Go,,, Within P4/mmm that consists of the four symmetry operations g;_4 = {1/000},
{2110]000}, {m001|000} and {m,7,/000}". The general moment vector, M = (M,, M,, M,), at
(0, 0, 0) transforms under Gg,,, as shown in Tab. 5.2. The natural representation can be re-
duced to FAQ,,’CM = FZQ’CM + F3Q’CM + F%CM that feature the three Eigenvectors SZQ’CM =/2/2(1,1,0),
§2M = (0,0, 1) and SV = \/2/2(1, -1, 0).

The magnetic refinements were performed on seven independent magnetic Bragg reflec-
tions of Ndg, 17Ceg.g3Colns and provide evidence for a magnetic orientation along the tetragonal

+{m110|000} for the (¢, -g, 0.5)-domain.
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FIGURE 5.5: Single Crystal Neutron Diffraction on Nd;_,Ce,ColIns. Diffracted neutron in-

tensity of Ndg.17Cepg3Colns along (g, g, 0.5) in a) and (0.44, 0.44, [) in b). ¢) Diffracted neu-

tron intensity of Ndg,5Ceg75Colns along (g, g-1, 0.5) d) Temperature dependent neutron inten-
sity of Ndg.17Ceg g3Colns at (0.44, 0.44, 1/2). e) The magnetic structure of Ndgg5Ceg o5Colns,
Ndo.17Cep.g3Colns and Ndg25Cep 75Colns is amplitude modulated with a moment orientation along

the c-axis and Qjcyr = (g, £4q, 0.5) with g =~ 0.44. Here the (g, g, 0.5) domain is shown (taken from
[28)]).
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{1]000}  {2410000}  {m01{000}  {m;7,|000}
M, M, M, -M, ‘M,
M, M, M, -M, -M,
MZ Mz 'MZ Mz ’Mz
xp 1 1 1 1
Xa 3 -1 -1 -1
x icm 3 -1 -1 -1
x & 1 1 1 1
xZrem 1 1 -1 -1
xZiem 1 -1 1 -1
xiem 1 -1 -1 1

TABLE 5.2: Representational Analysis of Nd; _,Ce,Colns with Q;cy = (0.45, 0.45, 1/2). Transfor-
mation of the general general moment vector, M = (M,, My, M;) at the magnetic moment site (0, 0, 0) un-
der the little group Go,,, and character table of the general and irreducible representations of P4/mmm

with Qcy = (g, g, 1/2).

c-axis (Ry = 4%). A similar result was obtained for Ndy 05Ceg.95Colns using six independent
reflections contributing to both magnetic domains (Ry = 14%). The magnetic structure is an
amplitude modulated SDW and depicted in Fig. 5.5e for the (g, ¢, 0.5)-domain. The refine-
ments reveal an ordered moment g = 0.55(5)up and 0.13(5)up for Nd;_,Ce,Colns with x =0.83
and 0.95, respectively, when two equally populated domains are assumed.

The magnetic intensity of all compositions decreases with increasing temperatures, leaving
invariant the incommensuration, g ~ 0.44, and the width of the magnetic reflections (see Fig.
5.5a and Ref. [28,251]). The temperature dependent peak intensity of Ndg 7Ceg g3Colns is
shown in Fig. 5.5d. We find Ty = 1.45(3) K and observe no change in slope as the temperature
is tuned over T, < Ty. This is compatible with a superconducting order parameter that features
a node along the magnetic wave-vector and suggests that the d,>_>-symmetry that is found in
CeColns remains robust for a Nd concentration 1 —x < 0.17 [18, 19].

5.2.4 Competing Energy Scales.

Figure 5.6a displays the maximal amplitude of the magnetic moment, u, ( = V2u for a
modulated structure), as a function of the Ce content. The amplitude monotonically decreases
from p, = 2.56(3)up for NdColns to 0.90(5)up for Ndo 39Ce.¢1 Colns maintaining the Ising-
like structure with Qcy = (1/2, 0, 1/2) and (0, 1/2, 1/2). The magnetic propagation vector is
rotated around the tetragonal c-axis and stabilized at Qcy for Ce contents larger than x > 0.75.
Between x = 0.61 and 0.83, u,, is modified only little before it is strongly suppressed for Nd
concentrations smaller than 17%.

The evolution of the magnetic moment size in the series is in agreement with Ty(x) as
revealed by the xT-phase diagram of Nd;_,Ce,Colns (see Fig. 5.5b). Here, our results (open
symbols) have been added to the macroscopic phase diagram reported in Ref. [27] (closed
symbols). The phase diagram provides evidence for a competition between different energy
scales.
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FIGURE 5.6: Updated x7-Phase Diagram of Nd;_,Ce,Colns. a) Substitution dependent magnetic
moment amplitude in Nd;_,Ce,Colns. b) Modified xT-diagram of Nd;_,Ce,Colns. Filled symbols
represent data taken from Ref. [27].

CeColns features d,»_,», HF superconductivity in the vicinity of a SDW quantum critical
point with suppressed magnetic order [17-20, 197]. The system features a large Fermi surface
below the Kondo coherence temperature 7;,, = 46 K. Increasing Nd concentrations smaller
than 17% steadily reduce the superconducting pairing strength that is thought to emerge from
the condensation of hybridized electrons [27, 74]. Superconductivity vanishes around x ~ 0.83
and Nd concentrations larger than 50% suppress the heavy-fermion ground state. Larger Nd
concentrations trigger magnetic order that is attributed to a dominating small Fermi surface.
Thus, the xT-phase diagram of Nd;_,Ce,Colns shows some similarities to Yb(Rh;_,Co,),Si;
under field (see Fig. 2.411) and represents a case, where the Kondo coupling strength is tuned

via chemical substitution.

Ty and u continuously increase with increasing Nd concentration [13,27]. This provides
evidence that the amplitude modulated magnetic structure within the large Fermi surface orig-
inates from a magnetic instability of uncompensated localized moments. If a SDW instability
arose from nesting a decreasing ordered moment is expected with decreasing x, since the Kondo
coupling is gradually reduced.

This may be consistent with a microscopic study of Ndg gsCeg.9sColns that treats the case
where a 5% concentration of magnetic impurities is randomly distributed within the crystal
lattice [255,256]. The model predicts that RKKY-mediated long-range order is established
by the strong magnetic fluctuations that arise from the SDW quantum critical point in the
proximity of CeColns. It is noted that another scenario has been proposed, where magnetic
order in 5% Nd doped CeColns is caused by the condensation of the superconducting resonance
[257]. However, the resonance in Ndg o5Ceq.95sColns features a finite energy transfer as it is



CHAPTER 5. INTERTWINED DEGREES OF FREEDOM IN THE SERIES
ND;_x CEx COINs 59

shown in chapter 5.5.

A superconducting d,»_» order parameter is compatible with Q@;cy but does not favor mag-
netic order along Qcys. A similar argument applies for a Kondo gap that appears around the
I'-point as it is the case in CeColns [54]. In consequence, a magnetic structure that is prop-
agating along the diagonal direction of the tetragonal unit cell is expected for small Nd con-
centrations. In contrast, many isostructural compounds with localized rare-earth ions feature
a commensurate magnetic wave-vector. Moreover, in NdColns, NdRhIns and Nd,RhIng the
ordered moments are identical, which suggests a robust crystal electric field ground state that
stabilizes a magnetic orientation along the tetragonal c-axis [253].

Naively, this predicts a change from Qs to Qe at Ndg 5Ceq sColns, as a coherent Kondo
lattice is stabilized for Ce concentrations larger than 50%. However, the observed anomaly
appears between x = 0.61 and 0.75. This may result from the difference in the energy scale
triggered by the Nd and Ce atoms in the 115-compounds. The ground state wave-function of
NdRhlns is reported and described by a mixture of three multiplets, i.e., |0) = -0.028|£9/2)
- 0.109|£1/2) + 0.994|F7/2) [258]. In contrast, CeColns features an admixed doublet with
|0) = 0.36|+5/2) + 0.93|F3/2) [259]. The fraction of the two expected localized moments,
uSelul?, yields 33% which is in line with the shift of the magnetic transition towards the Ce-
dominated part of the phase diagram. The scenario is supported by the magnetic entropy re-
leased at Ty (x) that scales with the Nd concentration up to x = 0.4 [27]. This implies that the
Ce ions do not play a direct role in the formation of the Ising-like structure.

It is noted that two different magnetic phases have also been observed in the phase diagram
of Nd;_,Ce,RhIns [260]. In contrast to the Co family, the antiferromagnetic Kondo phase
features a decreasing Ty with increasing Nd content that extrapolates to zero for x = 0.7. At
larger Nd concentrations an antiferromagnetic phase is emerging with increasing Ty as x is
reduced. The magnetic structure in Nd doped CeRhlnjs is, however, thought to be different from
the one in Nd; _,Ce,Colns. The magnetic ground state in CeRhlns is a spiral structure along the
tetragonal c-axis with a moment orientation in the basal plane and Qg = (1/2, 1/2, 0.297) [244].
In consequence, the localized Nd** Ising spins may disturb the in-plane order and suppress the
spiral structure before magnetic order with a moment orientation perpendicular to the plane is
stabilized [260].

In Nd;_,Ce,Colns both structures feature the same moment orientation, which may allow
a continuous change between Qcys and Qjcy for 0.61 < x < 0.75. In fact, a notable change
in the incommensuration, ¢, is observed from g = 0.448(1) in Ndg ¢5Ceg.95Colns (see Fig.
5.1 and 5.9b) to g = 0.438(1) in Ndy.17Ce.g3Colns (see Fig. 5.5a). The statistics measured
on Ndg5Ceg75Colns did not allow to conclude whether this trend continues for larger Nd
concentrations.

5.2.5 Summary.

The substitution of Nd for Ce in CeColns yields a competition between localized mo-
ment magnetism and Kondo physics, where magnetic order is observed for Nd concentrations
larger than 5% [27]. Our neutron diffraction study reveals two different magnetic structures
in the xT-phase diagram of Nd;_,Ce,Colns that reflect the dominating energy scale of the un-
derlying physics. Magnetism features an Ising-like structure along the tetragonal c-direction
for x < 0.61 with magnetic wave-vectors Qcy = (1/2, 0, 1/2) and (0, 1/2, 1/2). With in-
creasing Ce concentration the propagation vector is rotated around the tetragonal axis towards
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Oicu = (q, £q, 1/12), with g = 0.44 for x > 0.75. Here, an amplitude modulated SDW is found
that shows a competing coexistence with d,>_,» superconductivity for x > 0.83.

The ordered magnetic moment, u(x), scales with the Néel temperature, Ty (x), suggesting
that magnetism arises from partially unscreened localized Nd moments for 0.5 < x < 1. We
observe that the modification of the magnetic structure does not appear at a Nd concentration of
50%, where the Kondo lattice is established. We argue that the shift towards the Ce-dominated
part of the phase diagram arises from the difference in the energy scales represented by the
crystal-field ground state of NdColns and CeColns.

5.3 THE Q-PHASE IN 5% ND DOPED CECOIN;

The Q-phase is highly sensitive upon stoichiometric substitution and suppressed at extremely
small impurity concentrations (see chapter 4.4). The localized Nd** electrons in the se-
ries Nd;_,Ce,Colns act directly on the hybridized 4 f-bands [27], which may allow a con-
trolled tuning of the correlated superconducting ground state. Experimental realizations with
0.75 < x < 0.95 feature a magnetic structure that is alike the one of the Q-phase in CeColns
(see chapter 5.2.1 and Ref. [23]). It is unclear how this SDW order is related to the Q-phase
and whether it may even exist at zero field. Here, we investigate the H7T-phase diagram of
Ndg.05Ce.95Colns that reflects a small perturbation to the undoped CeColns ground state [28].

5.3.1 Macroscopic Measurements.

The field dependent upper critical field, uoH,,(T') was determined via electrical resistivity
and heat capacity measurements down to 7 = 0.6 K at the Commissariat a I’Energie Atomique
et aux Energies Alternatives, Grenoble France (see Fig. 5.7). Electrical resistivity measure-
ments along the tetragonal a-axis reveal a RRR ~ 3.6 with a sharp superconducting transition
at 7. = 1.8 K in zero field. The heat capacity results display a supplementary broad transition
inside the superconducting condensate, 7y (0 T) = 0.8 K, that is attributed to the antiferromag-
netic state and that is observed only at zero field. The superconducting transition shifts to lower
temperatures for increasing magnetic field strengths applied in the tetragonal plane and yields
uoH,,(T) that is shown in the inset of Fig. 5.7b. The behavior of the upper critical field is
similar to the one of CeColns and saturates at uoH., = 11.5 T for H||[1 0 O].

5.3.2 Experimental Details.

The field dependent magnetic properties of 5% Nd doped CeColns were studied by means
of single crystal neutron diffraction on the lifting-counter two-axis spectrometer D23 and on
the triple-axis spectrometers IN12 at the ILL and RITA-II at SINQ. The single crystal (m = 64
mg) that was used is described in chapter 5.1. The instruments were equipped with vertical-
field magnets and dilution inserts, such that fields up to ygH = 12 T and temperatures down
to T = 40 mK were achieved. The sample was aligned in the scattering plane perpendicular
to [1 -1 0] and was exposed to a neutron wavelength A = 1.28, 4.83 or 4.217 A for D23, IN12
and RITA-II, respectively. IN12 and RITA-II were used in configurations as depicted in Fig.
3.2b and 3.3a with an additional oo = 80’ collimator in front of the sample. On RITA-II we
additionally employed a pyrolitic graphite filter before and a beryllium filter after the sample.
The nine-bladed multianalyzer allowed a simultaneous measurement of the scattered signal
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FIGURE 5.7: Field dependent Upper Critical Field of Nd ¢;5Ce( 95ColIns. a) Temperature depen-
dent electrical resistivity measured along the a-axis. b) Heat capacity results for different magnetic
fields applied in the tetragonal basal plane. Inset: Field dependent upper critical field, poH,,(T), of
Ndg.05Ceg.95Colns. Modified from [28].

(intensity in the central analyzing blade) and the background (averaged intensity in the two
neighboring side blades).

5.3.3 Two Distinct Magnetic Phases with Identical Symmetry inside the Superconducting
Condensate.

The field dependence of the magnetic Bragg peak at Q;cyr = (¢, g, 1/2), with g = 0.445 is
shown in Fig. 5.8 for H||[1 -1 0]. Diffracted neutron intensity was measured along the wave-
vector (g, g, 0.5) in the tetragonal plane for various magnetic fields at a temperature 7 = 40 mK.
We observe a well-defined magnetic Bragg peak at zero field with auxiliary field-induced in-
tensity at upH = 4 T and suppressed order around yoH™* ~ 8 T. Magnetic order reappears at a
similar wave-vector for higher fields, where the intensity increases with increasing fields before
it collapses between yugH = 10.5 and 12 T.

The magnetic Bragg peaks were fitted with a Gaussian line shape, providing evidence that
the width of the reflections are long-range ordered and resolution-limited for all fields. In such
cases the background-subtracted and position-optimized peak intensity, /,-Ipg, is a direct mea-
sure of the integrated intensity, i.e., Ijy o (I, — Igg)I". T is the width of the Bragg peak. The
field dependence of I, is displayed in Fig. 5.9a at T = 40 mK (orange circles) and overplotted
with the background intensity (blue diamonds). The optimized peak positions have been ob-
tained from a fit of all measured magnetic Bragg peaks. Its field dependence is shown in Fig.
5.9b. A linear decrease of the wavenumber from g ~ 0.448 at zero field to g =~ 0.441 at 10.5 T
is found. The linear trend is not affected by the suppressed magnetic order around H* and may
be attributed to a robust Fermi surface topology.
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FIGURE 5.8: Two distinct Magnetic Phases in Nd o;5Cey95Colns. Diffracted neutron intensity
along the tetragonal plane (g, g, 0.5) of Ndg 05Cep9sColns for different magnetic fields along H||[1 -
10] and T = 40 mK. Modified from [28].

The field dependent peak intensity, /,, provides evidence for two distinct magnetic phases
that are separated by an instability. At small magnetic fields (SDW-phase), the magnetic in-
tensity increases until it reaches a broad plateau around upH = 4 T. At larger fields it linearly
decreases and vanishes around yoH* ~ 8 T. Above the field-induced instability the magnetic
intensity increases with increasing magnetic field and collapses in a first-order transition to-
gether with superconductivity at uoH = 11.0(2) T#. The behavior of the high-field phase is
similar to the one in the Q-phase of CeColns, hence, we denote this phase also Q-phase. The
simultaneous collapse of magnetic order and superconductivity provides direct evidence for an
intertwined cooperative ground state, where magnetic order and superconductivity are directly
coupled [23, 88, 145].

The peak intensity remains finite in the critical region H* ~ 8 T (see Fig. 5.9a). Neutron
diffraction data along (g, ¢, 0.5), however, show that long-range magnetic order is replaced by
a diffuse signal (c.f. Fig. 5.8), which may arise from magnetic fluctuations and short-range
order. Evidence for vanishing magnetic order around H* is also found in the temperature de-
pendent optimized peak intensity, which is displayed in Fig. 5.11 for magnetic fields between

Ht is noted that the field dependent electrical resistivity curve reveals ugH,, = 11.5 T for H||[1 0 0]. Neutron
diffraction data shown here are measured for H||[1 -1 0], where the upper critical field is expected to be 4% lower
than for fields along the a-axis (see Fig. 4.5d and Ref. [21, 22]).
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FIGURE 5.9: A Field-induced Magnetic Instability inside the Superconducting Condensate. a)
Position optimized peak intensity, /, as a function of magnetic field for H||[1 -1 0] in orange and
background intensity in blue. The green color represents the resistivity measured along H||[1 0 0]. b)
Field dependent in-plane component of the propagation vector (g, g, 0.5). Inset: Magnetic structure
refined from data that were measured at upH = 0 and 10.5 T. Taken from [28].

toH =7 - 9.5 T. The magnetic intensity gradually decreases as the magnetic field is increased
and disappears in the vicinity of H*. The signal reappears at larger fields and continuously in-
creases with increasing magnetic field strength. This demonstrates that 5% Nd doped CeColns
features a field-induced magnetic instability that separates the low-field SDW-phase from the
high-field Q-phase.

The magnetic structure of Ndg 0sCep.95Colns is an amplitude modulated SDW with mag-
netic moment oriented along the c-axis and ordered moment u = 0.13(5)up at zero field (see
chapter 5.2.3). Here, two equally populated domains were assumed, which is consistent with
the neutron diffraction data from D10 and D23 and expected for a vanishing magnetic field that
does not break the tetragonal space group symmetry (see also chapter 5.4). The field depen-
dent intensity in the SDW-phase shows a broad maximum at uyH = 4 T. The absence of the
magnetic Bragg peak (g, g, 2.5) with g =~ 0.445 provides evidence that the moment orientation
remains unchanged®. At this field the peak intensity doubles when compared to the zero field
data, which may result from a constant ordered moment with nonuniform magnetic domain
population under field!.

The magnetic structure at upH = 10.5 T was refined using six independent magnetic reflec-
tions. A refinement in the amplitude modulated representation with moment orientation along
the c-axis yields Ry = 12.6%, whereas Ry > 30% is obtained for other moment orientations.

$The magnetic structure factor of the Bragg peak at (0.445, 0.445, 2.5) decreases by 85% if the moment is
oriented along the c-axis, while it stays roughly constant for a planar moment orientation.

IThe field dependence of the two magnetic domains is discussed in detail in chapter 5.4 and demonstrates that
this is the case for Ndg g5Ceg.95Colns.
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FIGURE 5.10: Temperature dependent Magnetic Intensity in the Critical Region. Temperature
dependence of the optimized peak position, I, for magnetic fields yoH =7 - 9.5 T. Modified from [28].

In the Q-phase of CeColns one domain is populated while the other one is suppressed [24, 88].
Assuming one populated domainl' in the Q-phase of 5% Nd doped CeColns leads to an ordered
moment u = 0.15(5)up that is consistent with the Q-phase of the undoped compound [23, 145].
Thus, the magnetic instability at H* separates two antiferromagnetic phases with an identical
symmetry inside the superconducting condensate.

5.3.4 Evidence for a Novel Quantum Phase Transition.

The magnetic Bragg peak intensity reveals a linear dependence on the magnetic field
strength around H*. The neutron intensity is proportional to the square of the magnetic moment
(see Eq. 3.27 and 3.15). The best fit to the diffraction data yields a field dependent ordered
moment u = uo|H/H* — 1 B, with B~ 0.5, upH* = 8.0(2) T and o = 0.19(1) for H < H* and
uo = 0.28(1) for H > H*, respectively**. A critical mean-field exponent 3 = 0.5 is consistent
with the field dependence of the Q-phase in CeColns and is expected for a QPT (see chapter
2.2.2 and Ref. [62, 63, 88]).

Support for a field-induced QPT in the superconducting condensate of Ndg g5Ceg 95Colns
is found in the HT-phase diagram that is shown in Fig. 5.11. The colorplots display the
background-subtracted peak intensity as a function of temperature and magnetic field. The

Il As shown in chapter 5.4 only one domain is populated in the Q-phase of Ndg 05Ce.95sColns for H||[1 -1 0].
**The prefactors result from refinements of the peak intensity shown in Fig. 5.9a
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Main superconducting

phase

FIGURE 5.11: HT-phase Diagram of Nd o5 Ce( 95sColns. a) and b) Background subtracted magnetic
intensity for H||[1 -1 0]. Orange circles display magnetic phase boundaries (dashed lines are guides
to the eyes). White diamonds represent the superconducting phase boundary that was measured via
electrical resistivity and heat capacity. The white dashed line is the renormalized upper critical field
curve of CeColns. Modified from [28].

data were measured on IN12 and RITA-II and normalized to an intensity corrected standard
monitor. The orange circles represent the phase boundary that was obtained from temperature
and field scans on the optimized peak position and shown in Fig. 5.9a and 5.10 for 7 = 40 mK
and ugH =7 - 9.5 T, respectively. The orange dashed line represents a guide to the eyes and
the white line is the upper critical field curve that is normalized from CeColns. The white
diamonds are upper critical field values of 5% Nd doped CeColns that were measured via
electrical resistivity and heat capacity (see section 5.3.1).

The Figure displays the two antiferromagnetic phases inside the superconducting d-wave
condensate with a fan-shaped critical region that is expanding at higher temperatures. Although
we can not provide direct evidence for quantum critical fluctuations in the superconducting
phase, the HT -phase diagram suggests a field-induced QPT at H*.

The Q-phase of 5% Nd doped CeColns is only stable for temperatures below 7" < 300 mK
and collapses in a first-order transition together with superconductivity. This H7T-dependence
is similar to the Q-phase of CeColns with a QPT that is shifted to lower fields by about 20%
maintaining the ratio uoH* /kgT, [28, 88]. These results, thus, demonstrate that the Q-phase is
stable under a small perturbation of a 5% Nd concentration on the Ce-site of CeColns.

The field-induced QPT separates two antiferromagnetic structures with an identical mag-
netic symmetry. This prevents the emergence of a magnetic order parameter in one of both
phases. Thus, the magnetic instability that is observed at H* cannot be driven purely by mag-
netic fluctuations. Charge valence fluctuations at the origin of the instability are excluded,



5.3. THE Q-PHASE IN 5% ND DOPED CECOINs 66

because a Kondo breakdown is expected for x = 0.5 in the series Nd;_,Ce,Colns (see Fig.
5.1a). In contrast, the two antiferromagnetic phases appear to differentiate in their coupling
with superconductivity as the high-field SDW collapses at H.,. We, therefore, suggest that the
quantum-phase transition at H* originates from fluctuations that are related to the supercon-
ducting condensate.

The concept of superconductivity-induced magnetism has been discussed for several Pauli-
limited superconductors including CeColns (c.f. chapter 2.4.3 and 4.3). A direct way to couple
d-wave superconductivity with magnetic order in the Q-phase is the emergence of a supplemen-
tary superconducting order parameter of p-wave symmetry [153,222]. This scenario has been
supported by neutron diffraction and thermal conductivity measurements [88,219]. Based on
the idea of a non-magnetic primary order parameter a spatially modulated p-wave may induce
SDW-order to maintain momentum conservation [153]. The conclusion for an emerging PDW
in the Q-phase of CeColns was, however, reached from the hypersensitivity of the spin-density
modulation direction to in-plane rotations of the magnetic field (see chapter 4.3). This asks for
an investigation of the magnetic domain population in the SDW- and Q-phase of 5% Nd doped
CeColns for various magnetic field directions (see chapter 5.4).

The diffuse signal that appears in proximity of H* does not allow to conclude, whether the
magnetic instability appears at a single quantum critical point (see Fig. 5.11a), or whether the
two phases can separate for Nd;_,Ce,Colns with x > 0.95. The latter scenario is supported
by a recent theoretical study on the field dependence of the SDW-phase. Here, a distribution
RKKY-mediated Nd moments were assumed to be oriented along the c-axis [256]. The authors
find that an in-plane field triggers a canting of the localized Nd moments that leads to the
reduction of localized order. The critical field, where the SDW-phase is suppressed depends
on the saturated ordered moment and can, thus, differentiate from the critical field where the
Q-phase emerges. It is noted that the overlap of the SDW- and the Q-phase for experimental
realizations with x < 0.95 may be complicated, since both phases involve the same low-energy
quasiparticles along the superconducting node.

An increasing Nd concentration in the series weakens the hybridized bands and leads to
a decreasing orbital limiting field Hfzrb o m*. Since Pauli limiting effects are crucial for the
development of the Q-phase (see chapter 4.3), it is likely to vanish at some critical Nd con-
centration, x., larger than 5%. In consequence, the superconducting phase may be embedded
inside the SDW-phase for x, < x < 20%. Experimental investigations of the H7-phase diagram
for Nd;_,Ce,Colns with x # 0.95 are required to clarify these open questions.

5.3.5 Summary.

The HT-phase diagram of Ndg ¢5Ceq.95Colns reveals a magnetic instability at ygH* ~ 8 T
that separates two antiferromagnetic phases with an identical symmetry inside the supercon-
ducting condensate [28]. In both phases, the low-field SDW-phase and the high-field Q-phase,
an amplitude modulated SDW with a magnetic moment orientation along the c-axis is found
that reveals u(0 T) = 0.13(5)up and u(10.5 T) = 0.15(5)ug, respectively. The Q-phase of 5%
Nd doped CeColns collapses at the upper critical field providing evidence for a direct coupling
between superconductivity and magnetism, similar to the Q-phase of the undoped compound.
Thus, our experiment demonstrates that the Q-phase is stable under a small amount of Nd con-
centration on the Ce-site. The field dependent Bragg peak intensity suggests a QPT at H* that
is driven by fluctuations related to the superconducting condensate [28].
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5.4 DISTINCT DOMAIN SWITCHING IN ND( 05CE( 95COINs AT LOW AND
HIGH MAGNETIC FIELDS

5% Nd doped CeColns features a field-induced magnetic instability that may arise from a
modification of the superconducting pairing symmetry [28]. Experimental evidence for an ad-
ditional superconducting order parameter is, however, lacking. Furthermore, it is unclear why
the material reveals an increasing intensity at Q;cy = (g, g, 0.5) with g = 0.445 for magnetic
field strengths between ygH =0 - 4 T and H||[1 -1 0] (see Fig. 5.11a).

The multicomponent ground state of the Q-phase in CeColns is hypersensitive to the mag-
netic field direction in the tetragonal plane (see Fig. 4.5 and Ref. [88,219]). Neutron diffraction
studies show that only one of both spin-density modulation directions, Q1> = (¢, £¢, 0.5), is
present for all in-plane field orientations and that it can be switched when the magnetic field
»-wave antinode (H||[0 1 0]) [88]. This behavior has been attributed

X—=y

in the past either to spin-orbit coupling, to an anisotropic spin susceptibility of a spin-triplet
superconducting order parameter or to a field-sensitive FFLO-phase [88, 158, 220].

is rotated around the d >

A careful investigation of the two magnetic domains, Q1 >, in the SDW- and Q-phase of
Ndg.05Ceg.95Colns for different in-plane field orientations may shed more light onto these open
questions [29].

5.4.1 Experimental Details.

The neutron diffraction experiments were carried out on D23 (A = 1.27 A) using a vertical
magnet with a dilution insert at a base temperature of 7 = 40 mK and with a maximal field
strength of upH = 11.9 T. The single crystal was oriented in the scattering plane perpendicular
to [1 -1 0] or with a vertical axis around [0 1 0]. The magnetic Bragg peaks above the scatter-
ing plane were detected using the lifting-arm detector of the instrument. In the latter sample
orientation the single crystal was mounted on a non-magnetic piezoelectric sample rotator (of
type ANGt50 from attocube systems AG), which enabled a sample rotation of =3° around the
[0 O 1]-direction inside the dilution refrigerator. Detailed information on the sample holder is
found in the Supplementary Materials of Ref. [88] and Ref. [24]. The vertical sample tilt with
respect to the field direction was determined by the out-of-plane angle of the nuclear (2, 0, 0)
Bragg peak. The angle between the magnetic field orientation in the tetragonal basal plane and
the a-axis is denoted as W (see schematic illustration in Fig. 5.14 and 5.15).

5.4.2 Domain Switching in the SDW-phase.

The spin-density modulation direction Q; = (q, g, 0.5) is oriented in the plane perpendicular
to a magnetic field along [1 -1 0]. The domain features an increasing magnetic intensity when
the magnetic field is tuned from ypH = 0 to 4 T (see Fig. 5.9a) [28]. An antagonistic behavior
is observed in the other modulation direction, @ = (g, -¢, 0.5), that is directed along the field.
As shown in Fig. 5.12 the magnetic Bragg peak intensity of the ;-domain decreases with
increasing magnetic field strength and is suppressed for fields larger than ygH,; ~ 3.5 T.

The field dependence of the integrated intensity in the two domains, Q1 >, is shown in
Fig. 5.13 and compared to their total sum I;,; = Ip, + Ip,. The plot combines the integrated
intensities Iy, and Iy, that are shown in Fig. 5.12 and 5.9a and that were measured at 7 =40 mK
and H||[1 -1 0]. The two data sets were normalized to equally populated domains at zero field,
which is consistent with the observations on D10 and where the tetragonal crystal symmetry is
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FIGURE 5.12: Field dependent Intensity in the SDW-phase. Diffracted neutron intensity on
Ndy.05Cep.95Colns along the tetragonal plane (g+€, ¢, -0.5), for different magnetic fields along H||[1
-1 0] and T =40 mK. € was chosen such that the scan was centered at (1, 0, 0) - @», in accordance to
the field dependence of the incommensuration g (see Fig. 5.9b).

H||[1-10]

1.5

[a.u]

int

I

FIGURE 5.13: Field-induced Domain Imbalance. Field dependence of the two magnetic domains
Q12 in Ndg 05Ce.95Colns for H||[1 -1 0] and T = 40 mK. The total intensity, ;, represents the sum of
the intensities in the two domains. Taken from [29].
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FIGURE 5.14: Switching in the SDW-phase. Diffracted neutron intensity of Q; (blue) and Q>
(orange) in the SDW-phase for magnetic field orientations close to the a-axis. The magnetic signal at
uoH =2 T and T = 40 mK was measured along (1¢, ¢, F0.5) and the background in gray was detected
at yoH = 11.9 T. Taken from [29].

not broken by an in-plane field.

Our results reveal a redistribution of the intensity at low fields. While /p, gradually de-
creases with increasing magnetic field strength, the magnetic intensity in @ is enhanced, such
that the total intensity remains constant. Fields larger than ugHy; = 3.6(6) T yield a mono-
domain state, where only magnetic intensity of the Q;-domain contributes to the total intensity.
A single modulation direction in the Q-phase is also observed in CeColns [24, 88].

The field-induced change of the relative domain population in the SDW-phase yields Iy, /1o,
~ 4 at ypH = 2 T for H||[1 -1 0]. This is not the case for magnetic field orientations close to
the tetragonal a-axis (see Fig. 5.14), where intensity in Q; and @ was measured for a tilt of
y = £2.5°. The results reveal two equally populated magnetic domains with an intensity that
is robust for small field rotations around H||[0 1 0]. The difference in the magnetic domain
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FIGURE 5.15: Switching in the Q-phase. Diffracted neutron intensity of Q; (blue) and @, (orange)
in the Q-phase for magnetic field orientations close to the a-axis. The magnetic signal at ypH = 104 T
and 7 = 40 mK was measured along (¢, q, F0.5). Taken from [29].

population for H||[0 1 0] and H||[1 -1 0] suggests that the magnetic field direction triggers a
continuous change in the domain population as it is rotated from y = 0 to 45 °.

5.4.3 Domain Switching in the Q-phase.

A distinct switching behavior is observed in the high-field Q-phase. Magnetic Bragg peaks
that are measured at Wy = 2.5 and -2° are shown in Fig. 5.15. We find a populated Q-domain
with suppressed intensity in @, for ¥y = 2.5° and an opposed magnetic distribution for y =
-2°. This shows that for each field orientation in the Q-phase only the magnetic domain more
perpendicular to the magnetic field is populated. As the magnetic field is rotated around the
tetragonal a-axis, the domain population is switched.

A high sensitivity to the in-plane field orientation is also found in the Q-phase of CeColns
[88]. Here, the domain population is changed in a first-order transition at H||[0 1 0] with a hys-
teretic region of about AY ~ 0.2°. Substituting the Ce-site with 5% Nd triggers a broadening
of the first-order switch. Figure 5.16 displays the angular dependence of Iy, and Iy, for small
misalignments of the magnetic field orientation with respect to the a-axis of Ndg 0sCeg.95Colns.
A continuous change of the relative domain population with a crossover region of Ay ~ 5° is
observed.
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FIGURE 5.16: Domain Population in the Q-phase. Background subtracted peak intensity for fields
in the proximity of the tetragonal g-axis and upH = 10.4 T. The orange color represents the Q>- and the
blue color the @;-domain. Taken from [29].

5.4.4 Evidence for Spin-Orbit Interactions with Modified Magneto - Superconducting
Coupling.

The magnetic moment in 5% Nd-doped CeColns is oriented along the tetragonal c-axis,
perpendicular to an in-plane field direction [28]. The Zeeman interaction, MH, does not affect
the magnetic order in @ and @, for such a configuration and cannot drive the observed domain
imbalance.

An anisotropic spin susceptibility has been found previously in non-centrosymmetric ma-
terials, such as CePt3Si, where it is thought to arise from spin-orbit interactions [261,262].
CeColns is a centrosymmetric multiband material [18, 19, 50, 188], but it has been shown that
in such systems the spin-orbit coupling can reduce the tetragonal symmetry when a magnetic
field is applied in the basal plane [220]. Based on this approach, recent reports model the mate-
rial by means of a phenomenological Landau free energy density, F, in which a weak spin-orbit
coupling is included [220, 263]:

F = Bt Vo (@) + 0] MV G

Here, the ordered moment, y, is the order parameter, Vo4 = (95, ay) and a, B, v, M and A
are phenomenological coefficients. o and 3 define the strength of the order parameter, y and 1
account for its anisotropy and A represents the spin-orbit coupling [263]. A magnetic structure
that is amplitude modulated and oriented along the c-axis yields the domain dependent ordered
moments [263]:

HLZ:\fz\/omﬂ%tmyx[lism(zw)] 52

3pn ’
where p; 2 # 0 if sin(2y) > -G = -(y* + an + H>YA)/(H*YA) and sin(2y) < G, respectively.
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FIGURE 5.17: Free Energy of the Spin-Orbit coupled Landau Model. Landau Free energy density
as a function of Yy for G > 1 in a) and 0 < G < 1 in b). The Free energy density of Q) and Q, are
represented in blue and red, respectively. The green line represents the non-magnetic state. Modified
from [263].

Depending on the size of G, the model distinguishes among the cases where no magnetic order
exists (G < -1), where the change of the spin-density modulation direction involves a non-
magnetic state around y = 0 (-1 < G < 0), where the domain switches in a first-order transition
aty=0(0 < G < 1) or where two magnetic domains always coexist (G > 1) [263].

The free energy density of the latter scenario is depicted in Fig. 5.17a. It predicts two
equally populated domains for y = 0° and a continuous change of the relative ordered moment,
u1,2, as the field is rotated away from the a-axis [263]. The largest difference in domain pop-
ulation is predicted at y = +45°. This is consistent with the behavior that is observed in the
SDW-phase, where Iy, /I, ~ 1 and 4 is found at upH = 2 T for H||[0 1 0] and [1 -1 O], re-
spectively (see Fig. 5.13 and 5.14). Furthermore, the model predicts a linear field dependence
on Ip, and Ip,, which is in agreement with our experiment for field strengths smaller than Hy
(see Fig. 5.13) [263]. This provides evidence that spin-orbit interactions trigger the anisotropic
spin susceptibility in the SDW-phase and the coupling is described within a Landau model with
G>1.

In strong contrast, the case G > 1 does not allow to predict the behavior in the Q-phase,
where a sharp switch is found (see Fig. 5.15). The Landau model describes this scenario for
0 < G < 1, where the Free energy density features an angular dependence such as shown in
Fig. 5.17b [263]. Here, the modulation direction changes in a first-order transition at H||[0 1 0]
that may be broadened by the Nd disorder in the material.

The neutron diffraction results demonstrate that the spin-orbit interactions present at low
fields would have to be modified at high-fields. While the phenomenological Landau coeffi-
cients do not feature a field dependence that can directly account for this difference, they also
reflect the microscopic interactions in the system [263]. We, thus, conclude that the coupling
between magnetism and superconductivity is altered above the field-induced QPT and places
the Q-phase within the scenario 0 < G < 1. However, the Landau theory that is shown in
Eq. 5.1 can not describe the order parameter in the Q-phase that reflects the modified magneto-
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superconducting coupling.

5.4.5 A Spatially-Modulated Cooper Pair-Density Wave at the Origin of the Q-phase.

It has been proposed previously that magnetic order in the Q-phase is intertwined with
superconductivity via an additional superconducting order parameter [221,222]. Although
these theories rely on spin-orbit interaction, they also require Pauli limiting properties of the
superconducting condensate and lead to a different Landau theory with the two possible lowest
linear-order coupling terms [221,222]:

V) o< i,u(AZH_Q — AdH*Q) +c.c

. . (5.3)
V5 e H‘u(AdH,Q + AdHQ) +c.c.

Here, the ordered moment, u, represents the magnetic order parameter, A is the supercon-
ducting d-wave order parameter, Iy the supplementary superconducting order parameter that
features spin-triplet pairing and H the magnetic field. It has been extensively debated in the
past whether the Q-phase features a spin-triplet PDW that induces SDW order or a FFLO-state
where spin-triplet superconductivity is triggered by SDW order [221, 222]. However, only the
PDW scenario is consistent with a non-magnetic primary order parameter that is postulated by
the roboust magnetic symmetry in Ndg 9sCeg.95Colns [28].

The opening of an additional superconducting gap in the Q-phase is in agreement with ther-
mal conductivity results of undoped CeColns that provide evidence for a reduced quasiparticle
excitation spectrum along the suppressed -domain (see Fig. 4.5d and e). A general symmetry
analysis supports V; as the correct coupling term [24, 88]. It yields two possible sets of PDW
Eigenvectors that represent a spatially modulated p-wave, which is aligned perpendicular to
the present spin-density modulation direction [221]. The broadened first-order change in the
domain population of 5% Nd doped CeColns may, thus, result from the induced disorder that
prevents a coherent switch of the p-wave representation at H||[0 1 0].

5.4.6 Summary.

The two magnetic domains, Q1> = (g, =¢q, 0.5), of Ndy 05Cep.95Colns feature a distinct
behavior in the SDW- and the Q-phase as the magnetic field is rotated in the tetragonal basal
plane [29]. We find indistinguishable magnetic domains in the SDW-phase for H||[0 1 0] that
continuously change their relative population as the magnetic field is turned to the d-wave
node. Here, the intensity in the domain that is perpendicular to the applied field direction is
linearly increasing upon increasing field strength, while the other one decreases and vanishes
at upH,; ~ 3.5 T. The results are consistent with the predictions of a phenomenological Lan-
dau model that includes spin-orbit interaction and that is valid for multiband metals with a
centrosymmetric crystal symmetry [263].

The behavior in the SDW-phase is in contrast to the single spin-density modulation direc-
tion that is observed in the Q-phase and that can be switched by small field rotations around the
tetragonal a-axis. The difference in the domain selectivity of the SDW- and the Q-phase cannot
be explained solely by spin-orbit interaction and requires a modified magneto-superconducting
coupling in the Q-phase. Based on a lowest-linear coupling approach that intertwines mag-
netism and superconductivity, our results suggest the emergence of a spatially-modulated p-
wave order parameter at the field-induced QPT [29].
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The conclusion for an additional superconducting order parameter in the Q-phase is based on a
phenomenological Landau theory that couples magnetism and d-wave superconductivity via a
PDW [88,221]. A promising microscopic theory at the origin of the Q-phase is the softening of
a magnetic excitation related to superconductivity at the field-induced quantum phase transition
[147]. A collective spin-1 excitation that arises at 7. has been found in several cuprates, HFs
and pnictides and is often interpreted as a clear sign of magnetically-driven superconductivity '
[91,92,104]. When this exciton becomes soft an intertwined state can stabilize, in which static
magnetic order is present only inside the superconducting phase. The fluctuations associated
to the condensation of the excitation may create a novel superconducting condensate, in which
mixed spin-singlet and spin-triplet Cooper pairs coexist.

The spin resonance of CeColns reveals an energy gap of AE = 0.6 meV (= 3kp7T.) at lowest
temperatures and zero field [92]. While its wave-vector has been unclear for some time, high
resolution inelastic neutron scattering on about 80 coaligned single crystals has shown recently
that it is identical to the propagation vector of static order in the Q-phase [201]. A polarization
analysis of these neutron results suggest that the excitation features Ising-like moment fluc-
tuations along the c-axis and, thus, acts as a dynamical precursor of the SDW order. Under
magnetic field the resonance splits into two branches and the field dependence of the lower
excitation supports the condensation scenario [223, 224, 264].

The Q-phase of 5% Nd doped CeColns emerges at a magnetic field strength that is about
20% lower in field when compared to the undoped compound [28]. It features an additional
magnetic phase at low fields with a distinct coupling to superconductivity [28,29]. In this
section we aim to answer the open question whether the energy gap of the resonance adjusts
accordingly and how the magnetic fluctuations are affected when static order is stabilized at
lower temperatures [30].

5.5.1 Experimental Details.

Because of the small cross section, inelastic neutron scattering experiments usually require
large sample masses and long counting times. Thus, around fifty Ndy 05Cep 95Colns single
crystals were coaligned with an accuracy of one degree and with the vertical axis parallel to
[1-10]. A preliminary study on the cold triple-axis spectrometer PANDA at the Heinz Maier-
Leibitz Zentrum in Munich, Germany showed a distribution of magnetic order in the sample.
At zero energy transfer and zero field two magnetic wave-vectors at Q4 = (0.5, 0.5, 0.5) and
Qicm = (g, g, 0.5) with g =~ 0.45 were observed.

In a consecutive experiment we searched for the propagation vector of one single crystal
with mass m = 125 mg and stoichometry Ndy 043(2)Cep.945(4)Colng o(1) that was determined by
in-beam neutron activation analysis. The measurement was carried out on the thermal triple-
axis spectrometer IN22 at the ILL using a neutron wavelength A = 2.36 A. The single crystal
was oriented in the scattering plane perpendicular to [1 -1 0] and placed in an orange cryostat

"'The microscopic origin of this so-called spin resonance is currently debated within mainly two theoretical mod-
els in HF systems [94, 96,98-100]. While a widespread interpretation assign the resonance to a superconducting
exciton, it has also been associated to a magnetic excitation of the hybridized f-electrons (see chapter 2.3.2). The
universal scaling behavior of the resonance energy, however, reveals a clear sing for a deep connection between the
excitation and unconventional superconductivity [93].
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FIGURE 5.18: Two Coexisting Magnetic Wave-Vectors. a) Neutron diffraction intensity along
(g, g, 0.5) on Ndg 43(2)Cep.945(4)Colng o(1) with mass m = 125 mg at 7 = 400 mK. b) Temperature
dependent background subtracted peak intensity on the two propagation vectors Qur = (0.5, 0.5, 0.5)
and Qjcm = (g, g, 0.5) with g =~ 0.45.

with 3He insert.

The neutron diffraction results along the wave-vector transfer (g, g, 0.5) at T = 400 mK are
displayed in Fig. 5.18a. The background-subtracted intensity** reveals magnetic Bragg peaks
that are assigned to the two distinct wave-vectors Q4r and Qcy. The ratio of the integrated
intensities shows that the commensurate structure contributes f ~ 20% to the total intensity,
when a similar moment along the c-axis is assumed. The temperature dependence of the two
phases is similar and features an identical Néel temperature Ty = 850(25) mK (see Fig. 5.18b).

The emergence of the additional commensurate wave-vector Qar = (0.5, 0.5 0.5) cannot
arise from an inhomogeneous Nd distribution in the single crystal. In samples that consist
of volume fractions with different stoichiometry, distinct ordering temperatures of the two
magnetic phases are expected. Furthermore, in regions with higher Nd concentrations either
Qicm or Qcy = (1/2, 0, 1/2) and (0, 1/2, 1/2) should appear, as observed in the xT-phase
diagram of Nd;_,Ce,Colns (see Fig. 5.6b).

The coexistence of two magnetic wave-vectors has been observed in other 115 compounds
[248-250,265]. While the case of CeCoyRh;_,Ins is still debated, a similar coexistence of two
propagation vectors is reported for pure CeRhIns. Here, it was shown that the commensurate
phase weakens with improved sample quality, which suggests that the magnetic impurity phase
arises from inner stress induced by crystal defects [265]. Although the origin of the additional
wave-vector in some Ndg g5Ceg.95sColns single crystals remains elusive, the stabilization of
Q4r may be related to a lower sample quality.

In consequence, the inelastic neutron scattering experiment on Ndg gsCeg 95Colns was car-

#Background was measured at 7 = 0.9 K > Ty to exclude A/2 contribution.
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ried out solely on the well-characterized single crystal that has been used for all previous
diffraction experiments (see chapter 5.1, 5.2, 5.3 and 5.4 and Ref. [28-30,251]). The cold
triple-axis spectrometer ThALES at the ILL is currently the only instrument, where such an
experiment on a single crystal with mass m = 64 mg is possible. The sample was oriented in
the scattering plane perpendicular to [1 -1 0] and placed in an orange cryostat with *He insert.
After a clean neutron wavelength was obtained from the velocity selector, the incoming neu-
tron beam was diffracted from a vertical and horizontal focused silicium monochromator. The
neutrons were scattered at the sample and then diffracted on the vertical and horizontal focused
pyrolitic graphite analyzer that was fixed at ky = 1.45 A-!. The remaining neutrons passed
a radial collimator in front of the detector. The instrument was used in a W-configuration, as
depicted in Fig. 3.2b.

The double-focussing option of the instrument ensures a high neutron flux in the detector,
but reduces the spacial resolution drastically. The experimental setup did not allow to distin-
guish whether an excitation is attributed to Qsg = (0.5, 0.5, 0.5) or Q;cps. We remind the reader
that the incommensurate propagation vector of the spin resonance in CeColns was resolved in
a high-resolution setup, where the curvature of the monochromator and the analyzer was flat
[201].

5.5.2 Observation of the Spin Resonance.

The crystal features static magnetic order at Q;cy = (¢, ¢, 0.5) with g = 0.45 below
Ty = 0.8 K inside the superconducting phase with 7, =2.3 K [28, 251]. Its low-energy excitation
spectrum, measured at Qsg and T = 0.44, 1.2 and 2.5 K, is displayed in Fig. 5.19a. The back-
ground was estimated at 7' = 0.44 K, because paramagnetic scattering above 7. may contribute
to the detected signal. It was measured at reciprocal lattice positions that are sufficiently far
from Qsg, and denotes the averaged signal detected at (0.41, 0.41, 0.83) and (0.54, 0.54, 0.08).
The spectrum reveals a well-defined magnetic excitation at AE = 0.43(2) meV with similar
intensity at 7 = 0.44 and 1.2 K and suppressed signal at T =2.5 K.

Figure 5.19b displays rocking ®-scans that were measured at an energy transfer AE = 0.4
meV for T = 0.44, 1.2 and 2.5 K. The scans are centered around Qsz and perform a rotation
of the sample around the axis that is perpendicular to the scattering plane. The corresponding
cut in reciprocal space is shown in the inset. We find an excitation that is peaked at ® = 42(1)°
and that vanishes above T,. The center of the Gaussian fit corresponds to a reciprocal lattice
position that is attributed either to Qsg or Qicuy.

The temperature dependence of the magnetic excitation was measured at Qsg for an energy
transfer AE = 0.4 meV (see right axis of Fig. 5.20). We find a saturated neutron intensity
for T < 1.2 K that decreases with increasing temperatures. The signal is suppressed around
T, = 1.8 K. The background intensity (dashed line) was determined self-consistently from the
data shown in Fig. 5.19b and 5.20. The solid line represents a BCS-fit as guideline to the eyes
that reveals a similar behavior. The suppression of the magnetic excitation around 7, provides
strong evidence that we found the spin resonance of 5% Nd doped CeColns.

5.5.3 Decoupling of Magnetic Order and Antiferromagnetic Fluctuations.

The energy gap of the resonance, AE/kpT. = 2.8(1), in Ndg 05Ce.95Colns scales with
the one of CeColns [92]. The normalized spectral weight derived from the data shown in
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FIGURE 5.19: Spin Resonance of Nd o5 Ce 95sColns. a) Low-energy excitation spectrum measured
at Qsg = (0.5, 0.5,0.5) and T = 0.44, 1.2 and 2.5 K. b) Rocking ®-scan measured at an energy transfer
AE = 0.4 meV. Inset shows the corresponding cut along (Qg, O, Or). Taken from [30].

® AE=0.4meV | 105

©® AE=0meV
+ 1100
—

T

80

1 [cts/3 min]
1 [cts/30 min]

FIGURE 5.20: Decoupling of Static Order and Antiferromagnetic Fluctuations. Temperature
dependence of the magnetic excitation at Qsg and AE = 0.4 meV in comparison with the temperature
dependence of static magnetic order at Qjcy and AE = 0 meV (taken from Ref. [251]). The solid
line is a BCS-fit as guideline to the eyes. The dashed line denotes the background that was obtained
self-consistently from these data and the ones shown in Fig. 5.19b. Taken from [30].
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Fig. 5.19 is consistent with the one of the pure compound that features a fluctuating moment
< ,ugff > a2 0.38u5. This supports the scenario that the observed excitation is related to the
antiferromagnetic fluctuations leading to superconductivity and not to static magnetism. The
temperature dependent intensity of the static magnetic order is displayed in Fig. 5.20 (data
taken from Ref. [251]), where it is overploted with the temperature evolution of the spin reso-
nance. Their comparison shows that the resonance intensity is not affected by the SDW order
below 7y = 0.8 K. In addition, the size of its gap remains unchanged for temperatures between
T =0.44 and 1.2 K. This suggests that the SDW order at zero field is decoupled from the spin
resonance and, consequently, from superconductivity.

Static magnetic order breaks the rotational symmetry, which feeds back into the symmetry
of the magnetic fluctuations. In an isotropic Heisenberg system, for instance, transverse fluctu-
ations yield a Goldstone mode below the Néel temperature that restores the broken symmetry.
In analogy, the spin resonance of an unconventional spin-singlet superconductor is expected to
be isotropic above Ty, if spin rotational symmetry preserving magnetic interactions were con-
sidered. Antiferromagnetic order breaks this symmetry and forces the resonance into a state
with anisotropic moment fluctuations. The magnetic structure of 5% Nd doped CeColns shows
a moment orientation along the tetragonal c-axis [30]. The spin resonance, however, remains
unchanged at the antiferromagnetic phase boundary, suggesting that the magnetic excitation is
polarized mainly along the SDW order. Such a fluctuating moment orientation is supported by
recent neutron results on CeColns that propose a spin resonance with Ising-like fluctuations
[201].

We are not aware of a similar experimental or theoretical study on another CeColns-
substituted series that posses antiferromagnetic order in the superconducting phase. Never-
theless, the family of iron-based superconductors feature a spin resonance that is isotropic for
overdoped and anisotropic for optimally and underdoped members [266]. The anisotropy man-
ifests in a longitudinal mode that is substantially larger than the transverse ones and that is
thought to arise from the proximity to static antiferromagnetic order [266,267]. The effect
of magnetic order on the spin resonance has been theoretically studied in this family via a
three-band model in a random phase approximation [266]. The authors show that while the
longitudinal component is resistant to antiferromagnetic order, the transverse modes soften
into spin-waves at Ty < T;. Although the Fermi surface topology and the superconducting gap
symmetry is different in Ndg 05Ceg.95Colns, we expect that the general phenomenology is sim-
ilar. The spin resonance remains unchanged below Ty, which suggests the absence of moment
fluctuations perpendicular to the magnetic moment orientation.

The robustness of longitudinal magnetic fluctuations is supported by polarized inelastic
neutron scattering measurements on the iron pnictide Ba(Feg 955C0q 045)2As2 [268]. The mate-
rial represents a case, where superconductivity emerges inside an antiferromagnetically ordered
phase. Below T the resonance appears as an additional signal in the transverse low-energy ex-
citation spectrum, while the fluctuations along the magnetic moment remain unchanged. This
additional spectral weight perpendicular to the moment orientation is consistent with the reduc-
tion of the static magnetic moment below 7; [82, 268, 269]. The antithetic behavior of the spin
fluctuations and magnetism is interpreted as a sign for competition between magnetic order
and superconductivity in the material. This is in contrast to our results on Ndg 0sCeg.95Colns,
where no effect of the antiferromagnetic order on the superconducting spin resonance is found,
but which may be assigned to an absent fluctuating transverse component.
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The normalized gap energy, AE/kgT, ~ 3, in doped and pure CeColns is in line with the
doping dependence of the quantum critical field, H*, that features a constant uoH" /kpT, ratio
(see chapter 5.3.4). Thus, a condensation of the resonance is expected at ypH ~ 7.7 T in
Ndg.05Ceg.95Colns if the field dependence features a similar behavior as in CeColns. This is in
agreement with ugH* ~ 8 T and suggests that the softening of longitudinal moment fluctuations
leads to the emergence of the Q-phase, while the SDW-phase remains decoupled from the
superconducting condensate.

5.5.4 Summary.

Ndg.05Cep.95Colns reveals a collective magnetic excitation that emerges below the su-
perconducting critical temperature, 7, = 1.8 K, at a wave-vector transfer in the vicinity of
Osr = (0.5, 0.5, 0.5) [30]. This superconducting spin resonance saturates at AE /kpT. = 2.8(1)
and features a spectral weight that is consistent with the resonance of the undoped compound.
The key result of our study is that the excitation remains unaffected by the static magnetic order
at Ty = 0.8 K. This suggests a decoupling of the SDW-phase from the magnetic fluctuations
associated to superconductivity. The interpretation is consistent with the distinct switching
behavior that is observed in the SDW- and Q-phase [29]. It postulates a modified magneto-
superconducting coupling in the Q-phase of the material (see chapter 5.4). Based on polarized
neutron scattering results on CeColns and theoretical studies on the iron-pnictides we pro-
pose that the resonance of 5% Nd doped CeColns consists of Ising-like fluctuations along the
tetragonal c-axis [30].
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Chapter 6

Conclusion and Outlook

The correlated ground states in the series Nd;_,Ce,Colns and, in particular, the interplay be-
tween magnetism and superconductivity for x = 0.95 have been studied by means of elastic and
inelastic neutron scattering.

The series reveals a competition between the RKKY and Kondo interaction that yields an
Ising-like magnetic structure along the tetragonal c-axis for members x < 0.61. In contrast,
the structure is amplitude modulated for x > 0.75 and features a magnetic wave-vector that
is rotated around the tetragonal axis. Here, the SDW order is populated along the supercon-
ducting d,>_,»>-node and shows a competing coexistence between the two ground states. Thus,
the substitution of Nd for Ce in CeColns allows a controllable tuning of the Kondo coupling
between the 4 f-electrons and the conduction band.

Our results suggest that magnetic order arises from unscreened localized moments. In addi-
tion, we argue that the change in the magnetic structure is a consequence of the modified Fermi
surface topology as the HF ground state is stabilized. The change in the magnetic symmetry
appears at x =~ 68% and may be attributed to crystal field effects. This could be clarified by the
investigation of the lowest crystal electric field multiplet for different members of the family.
Such investigations have already provided insight in the underlying physics of CeCo,Rh;_,Ins
using x-ray absorption spectroscopy and could also play a key role in this series [196].

Nd substitution in CeColns turns the HF ground state into a small Fermi surface for Nd
concentrations larger than 50% [27]. It is, however, unclear whether the volume of the Fermi
surface changes gradually or whether a quantum critical Kondo breakdown occurs in the prox-
imity of Ndg 5CepsColns. The Fermi surface of CeColns has been investigated extensively
over the recent years [54, 188-193]. Hybridized bands were observed mainly around the I'-
point and show a direct Kondo gap v ~ 30 meV (see Fig. 4.2) [54]. In contrast, the Fermi
surface of the series Nd;_,Ce,Colns has not been studied yet and is unknown even for pure
NdColns. The doping dependent evolution of the Fermi surface topology can be studied by
means of angle-resolved photoemission and de Haas-van Alphen spectroscopy. Such measure-
ments could give access to modifications of the associated effective masses and the size of the
Kondo gap as HF properties are suppressed. In addition, experimental results that are supported
by theoretical band structure calculations may clarify how the hybridized 4 f-bands are pushed
below the Fermi surface as the Nd concentration is increased.

CeColns reveals an anomalous behavior of the Griineisen parameter that places the material
close to a SDW quantum critical point [20]. In fact, magnetic order has been proposed recently
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even in the undoped material [270]. De Haas-van Alphen measurements down to 7 = 2 mK
recorded a magnetic signal below Ty = 16 mK. The doping dependence of the Griineisen pa-
rameter may locate the quantum critical point and help to understand how magnetic order in
Nd;_,Ce,Colns is correlated to the SDW-instability.

5% Nd doping on the Ce side of CeColns reflects a small perturbation to the superconduct-
ing ground state of the pure compound. The material features a HT -phase diagram that, most
likely, hosts a field-induced QPT at ugH* ~ 8 T [28]. The instability separates two antiferro-
magnetic phases with an identical symmetry inside the superconducting condensate, preventing
pure magnetic fluctuations at its origin. The magnetic order above H* collapses in a first-order
transition together with superconductivity. This provides evidence for a direct coupling be-
tween magnetic order and superconductivity in this high-field Q-phase, similar to the undoped
compound.

The two spin-density modulation directions, Q1> = (g, £¢, 0.5) with g = 0.445, reveal a
distinct behavior in the low-field SDW-phase and the Q-phase, as the magnetic field is rotated
from the d,>_,2-gap to its node [29]. In the SDW-phase a continuous change form equally
populated domains for H||[1 0 0] to a major difference in the domain population for H||[1
-1 0] is observed. In the latter configuration, the domain that is oriented along the magnetic
field direction depopulates for increasing field strengths and is suppressed at ygHy; ~ 3.5 T. In
contrast, the domain perpendicular to the magnetic field shows an antithetic behavior, such that
a constant magnetic moment is maintained for ugpH < 4 T. This behavior may be driven by spin-
orbit interaction, which is predicted to be finite in multiband metals with a centrosymmetric
crystal symmetry [220,263]. This is in contrast to the hypersensitivity of the spin-density
modulation direction in the Q-phase [29]. Here, a mono-domain state can be switched by
small field rotations around the tetragonal a-axis. The difference in the domain selectivity of
the SDW- and the Q-phase requires a modified magneto-superconducting coupling in the Q-
phase. Based on a lowest-linear phenomenological Landau model that intertwines magnetism
and superconductivity, the emergence of a spatially-modulated p-wave order parameter at the
field-induced QPT is suggested.

A promising microscopic theory at the origin of the Q-phase is the softening of a magnetic
excitation related to superconductivity at the field-induced quantum phase transition [147].
Ndg.05Ce.95Colns reveals a collective magnetic excitation below 7, = 1.8 K at a wave-vector
transfer close to Q1 » [30]. The superconducting spin resonance saturates at AE /kgT, = 2.8(1)
with a spectral weight that is similar to the resonance of the undoped compound. The excitation
remains unaffected as static magnetic order develops at Ty = 0.8 K, suggesting a decoupling
of the SDW-phase from the magnetic fluctuations associated to superconductivity. Based on
previous experimental and theoretical studies, the resonance of 5% Nd doped CeColns may
consist of Ising-like fluctuations along the tetragonal c-axis. We postulate that the longitudi-
nal mode splits under magnetic field and condenses into the ground state at H*. This may
create a novel superconducting ground state, in which spin-triplet Cooper pairs yield a spa-
tially modulated p-wave superconducting order parameter that intertwines magnetic order with
spin-singlet d-wave superconductivity.

The experimental investigation of the spin resonance under magnetic field allows to test
this hypothesis. The enhanced background arising from incoherently scattered neutrons on
the cryogenic magnet will, however, require large counting times and is not feasible for a
measurement on one single crystal only. Prior to an experimental study where a multi-assembly
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of coaligned single crystals is used, the emergence of the additional commensurate wave-vector
Qar = (0.5, 0.5, 0.5) needs to be understood. It is noted that the coexistence of the magnetic
wave-vectors Q1 > and Q4 in some Ndg 05Ceg.95Colns crystals has been correlated recently to
different resonances at the corresponding propagation vectors [271]. It has been argued that a
sensitive balance between different energy scales may yield the condensation of either Q > or
Qur at zero field that triggers the static magnetic order. Other possible scenarios concerning
the two coexistent wave-vectors are related to the sample quality or static magnetism at Q4 for
Nd;_,Ce,Colns with 0.95 < x < 1. Further studies on experimental realizations with different
Nd concentrations are needed to shed light on this open question.

The observation of the Q-phase in 5% Nd doped CeColns enables to test several theo-
ries that have been proposed for CeColns. It is thought that Pauli paramagnetic effects are
crucial for the existence of the Q-phase as revealed, for instance, by its suppression upon
rotating the magnetic field 17° towards the tetragonal c-axis [218]. At this angle the super-
conducting upper critical field decreases below the Pauli limiting field, upH” = 9.8 T, that
coincides with the Q-phase boundary [88, 188]. Upon 5% Nd doping the field-induced QPT is
reduced to upH* = 8.0(2) T, while H,, is suppressed by about 5%. The upper critical field of
Ndg.05Ceg.95Colns intersects with H* at an out-of-plane angle of 21°, below which the Q-phase
is expected to be stable.

Microscopic evidence for Pauli limited superconductivity has been found via small-angle
neutron scattering in the mixed state of CeColns [209,210]. The measurements show an in-
creasing scattering cross section with magnetic fields that are oriented along the basal plane and
perpendicular to it (see Fig. 4.3c). Moreover, the vortex lattice geometry features a cascade
of phase transitions for an increasing field applied along the tetragonal c-axis (see Fig. 4.3d)
[206]. Most importantly, it reveals a reentrant triangular structure below the upper critical field
that is thought to arise from paramagnetic or antiferromagnetic effects. The comparison of the
vortex lattice phase diagram in 5% Nd doped CeColns with the pure material could test some
of these conclusions.

A 5% Nd substitution for Ce in CeColns yields a reduction of the field-induced QPT by
about 20%, maintaining the ratio ugH* /kgT, [28,88]. In addition, it weakens the hybridized
bands, which results in a decreasing orbital limiting field H.) b o m*’. Thus, the Pauli limiting
properties may be lost at a certain Nd concentration 0.78 < x, < 0.95, for which the Q-phase
is expected to be suppressed. The experimental investigation of the HT -phase diagram for
Nd,;_,Ce,Colns with x # 0.95 will provide insight in the energy scale that is required to stabi-
lize the Q-phase. Moreover, it will clarify whether the SDW- and the Q-phase can be separated
forx > 0.95.

Thermal conductivity measurements in the Q-phase of CeColns reveal reduced quasiparti-
cle excitations perpendicular to the populated spin-density modulation direction (see Fig. 4.5)
[219]. These results have been interpreted as evidence for the existence of a supplementary
superconducting p-wave order parameter in the Q-phase that features a maximal gap that is
about 20% of the d-wave order parameter. A similar measurement in the Q- and SDW-phase of
Ndg.05Ceg.95Colns is required to test our interpretation of a PDW of p-wave type as a primary
order parameter of the Q-phase.

The enhanced spin susceptibility of the proposed spin-triplet component in the Q-phase
and the quantum critical fluctuations at the field-induced QPT may be observable with muon
spin rotation (uSR). Such an experiment is currently not possible for CeColns. The maximal
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field that can be achieved on a low-temperature uSR spectrometer at the Paul Scherrer Institut
18 uoHpax = 9.5 T, which is below the Q-phase boundary [272]. In Ndg 05Ceg.9sColns the QPT
is reduced to upH™* ~ 8 T and, thus, accessible on the instrument.

In fact, we do not have direct evidence for quantum fluctuations at the field-induced QPT,
but our results suggest that they are not purely magnetic [28, 29]. The role of such fluctuations
could be studied with a sub-ueV resolution using neutron spin echo spectroscopy [273].

The SDW-phase of Ndg ¢5Ceg.95Colns is suppressed at a magnetic field of ygH* ~ 8§ T
when the magnetic field is applied in the tetragonal basal plane. The field and temperature de-
pendence of the magnetic order for H||[0 0 1] has, however, not been measured and is required
to complete the phase diagram. Particularly interesting is the open question of a supplemen-
tary phase below the upper critical field that has been suggested in CeColns by means of heat
capacity [22].

We suggest that spin-orbit interactions drives the switching behavior in the SDW-phase of
5% Nd doped CeColns. A similar measurement above and below the superconducting tran-
sition temperature of Ndg 17Ceg g3Colns or in the correlated metal Ndy25Ceq75Colns would
clarify the role of superconductivity in this behavior. In particular, it may shed light on the
question whether all centrosymmetric multiband materials feature a spin-orbit interaction that
triggers a field dependent redistribution of magnetic domains in incommensurate antiferromag-
netic structures.

A multitude of research groups have started to investigate the microscopic properties of
the series Nd;_,Ce,Colns and related 115 compounds [27-30, 251, 255-257,260]. Rare-earth
elements different than Nd may lead to a similar impact as in the investigated series. Most
prominent is the series Gd;_,Ce,Colns that has been synthesized recently and that also shows
a coexistence of magnetic order and superconductivity at zero field [257]. It is likely that the
Q-phase is found for low Gd concentrations on the Ce-site of CeColns.

The tuning of the ground state properties with pressure may lead to further insight in the
underlying physics of the Q-phase. The phase is stable up to at least p = 1.4 GPa under hydro-
static pressure [227,228]. The external parameter has, however, an anomalous impact on the
tetragonal a- and c-axis and the pressure cell enhances the background in a neutron diffraction
experiment [226]. The application of uniaxial pressure along the a-axis would allow a con-
trolled tuning of the ground state and is feasible for neutron diffraction. This tuning parameter
is an alternative way to break the tetragonal crystal symmetry and may affect the Q-phase. The
reduction of the tetragonal symmetry to an orthorhombic space group is crucial, for instance,
in the interplay of magnetism and superconductivity in the iron-pnictides [82].

One step towards the microscopic description of the Q-phase may be found in the switching
behavior of the spin-resonance. High-resolution inelastic neutron scattering has shown that
the resonance features an incommensurate wave-vector similar to the one of static magnetic
order in the Q-phase [201]. If the resonance acts as a dynamic predecessor of the Q-phase, it
should show a similar behavior in a magnetic field that is rotated in the tetragonal basal plane.
Inelastic neutron scattering on CeColns under rotating magnetic field could be performed with
a piezoelectric sample rotator using a time of flight spectrometer [274].
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