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Abstract

Kondo insulators/semiconductors are a small group of materials showing unusual temperature-
dependence of physical properties. Due to interaction effects between the magnetic moments of
localized electrons and conduction electrons (Kondo effect), a narrow energy gap opens at low
temperatures. Although simplified models based on Kondo physics can explain some features
found in these materials, a correct theoretical description is still missing.

Most Kondo insulators known to date exhibit a cubic crystal structure. In addition, a few
orthorhombic and tetragonal systems with semiconducting behaviour have been found. The
orthorhombic compound CeNiSn for instance exhibits strongly anisotropic behaviour that has
been ascribed to the opening of an anisotropic hybridization gap. Previous physical prop-
erty measurements on polycrystalline CeRuySng as well as preliminary magnetization measure-
ments on single crystalline CeRuySng suggested similar physics in this tetragonal compound.
To advance the understanding of the underlying mechanisms, detailed investigations of single
crystalline CeRuySng were performed.

Within this thesis, high-quality single crystalline CeRuySng was successfully grown. Due to
the sensitivity of low-temperature properties on impurities, single crystals of high quality are
essential for the investigation of Kondo insulators. Electrical transport and optical spectroscopy
measurements (in collaboration with V. Guritanu, J. Sichelschmidt, T. Weig and M. Scheffler)
were made to determine the anisotropic transport behaviour and deduce the anisotropy of the
energy gap and it’s consequences. Direct magnetization, torque magnetometry and resonant X-
ray absorption spectroscopy (in collaboration with F. Strigari and A. Severing) measurements
were performed to determine the crystalline electric field split level scheme and, as a result,
the ground state of the localized 4f electron state. This information is of great interest for
the visualizing orbital overlaps and for theoretical calculations done by P. Wissgott in parallel
to this experimental investigation. Finally, cleaving tests and preliminary scanning tunneling
spectroscopy measurements were performed by S. Wirth, resulting in the direct detection of
a pseudo gap feature and in the clarification that angle-resolved photoemission spectroscopy
(ARPES) measurements on CeRuySng should be possible.

All physical properties investigated within this thesis revealed a strong anisotropy between
the [001] axis and the (001) plane directions ([100] and [110]) while anisotropy between the
[100] and [110] directions turned out to be minimal. Together with theoretical calculations
these were interpreted as evidence for the presence of a hybridization gap within the tetragonal




(001) plane, but the absence of such a gap for the [001] direction. The ground state and
crystalline electric field split level scheme could not yet be consistently determined from all
available experiments: Further experiments are needed and under way. In addition, a number
of CeRuySng single crystals for future ongoing measurements (muon spin rotation, thermal
transport measurements and non-resonant inelastic X-ray spectroscopy) were grown.

In addition to the investigations on CeRuySng, service measurements on Ces_,La,PdySig and
on the type-I clathrate BagAugSisy substituted with Ce and La were performed within other
projects. These measurements are shown and briefly discussed in the appendix.



Kurzfassung

Kondo Isolatoren, welche auch als Kondo Halbleiter bezeichnet werden, bilden eine kleine
Gruppe an Materialien mit ungewohnlichem temperaturabhangigen Verhalten der physikalis-
chen Eigenschaften. Aufgrund der Wechselwirkung zwischen den magnetischen Momenten
der lokalisierten Elektronen und den Leitungselektronen (Kondo-Effekt) 6ffnet sich eine En-
ergieliicke in der elektronischen Zustandsdichte an der Fermi-Energie bei tiefen Temperaturen.
Trotz der Tatsache, dass das gezeigte Verhalten teilweise mit vereinfachten Modellen basierend
auf dem Kondo-Effekt beschrieben werden kann, existieren bislang keine theoretischen Modelle
zur exakten Beschreibung von Kondo Isolatoren.

Die meisten bekannten Kondo Isolatoren besitzen eine kubische Kristallstruktur, gefolgt von
wenigen Verbindungen mit orthorhombischer und schlussendlich tetragonaler Kristallstruktur.
Ein Vertreter ist die orthorhombische Verbindung CeNiSn, welche stark anisotropes Verhal-
ten zeigt. Der Grund dafiir liegt in einer richtungsabhéngigen Ausbildung der Energieliicke in
der elektrischen Zustandsdichte. Vorangegangene Messungen physikalischer Eigenschaften an
CeRuySng Polykristallen und Magnetisierungsmessungen an Einkristallen zeigten dhnliches Ver-
halten zu jenem von CeNiSn. Aufgrund dieser Tatsache, wurden umfangreiche Untersuchungen
an CeRuySng Einkristallen in dieser Arbeit durchgefiihrt. Eine Bestimmung der zugrundeliegen-
den Physik fiir das anisotrope Verhalten konnte zu einem weitreichenden Verstandnis tiiber die
Ausbildung der Energieliicke im Allgemeinen fithren. CeRuySng bildet ein tetragonales Kristall-
gitter aus, welches im Vergleich zum orthorhombischen CeNiSn eine hohere Symmetrie besitzt
und daher die Voraussetzungen fiir eine einfachere Untersuchung der anisotropen physikalischen
Eigenschaften erfiillt.

In dieser Arbeit wurden hochwertige CeRusSng Einkristalle erfolgreich geziichtet. Die hohe
Qualitdt der geziichteten FEinkristalle ist eine Grundvoraussetzung fiir die Untersuchung
physikalischer Eigenschaften von Kondo Isolatoren, da die Ausbildung der Energieliicke und
daher das Tieftemperaturverhalten sehr stark durch extrinsischen Effekte (Verunreinigungen)
beeinflusst wird. Neben der Herstellung von Einkristallen hochster Qualitiat, wurde der Fokus
der weiteren physikalischen Untersuchungen auf zwei Kernpunkte gelegt. Zum Ersten wurde
mittels Messungen diverser physikalischer Eigenschaften die elektronische Bandstruktur un-
tersucht, um eine anisotrope Bandstruktur und Anzeichen auf eine Energieliicke festzustellen
und darauffolgend im Detail zu untersuchen. Diese richtungsabhingigen Eigenschaften der
elektrischen Bandstruktur wurden mit optischen Leitfahigkeitsmessungen (durchgefiithrt von




V. Guritanu, J. Sichelschmidt, T. Weig und M. Scheffler) und elektrischen Transportmes-
sungen untersucht. Zusitzlich wurde mittels Rastertunnelspektroskopie (STS) (Messung aus-
gefiihrt von S. Wirth) eine nicht vollstindig ausgeprigte Energieliicke an der Fermi-Energie
bei tiefen Temperaturen gemessen. Dieses Ergebnis ist ein weiteres Indiz fiir die Ausbildung
einer anisotropen Energieliicke und unterstiitzt die Schlussfolgerungen aus den Ergebnissen der
Transportmessungen und Bandstrukturberechnungen, die parallel zur experimentellen Unter-
suchung von P. Wissgott durchgefiihrt wurden. Zum Zweiten wurde mit Magnetisierungsmes-
sungen, Torque Magnetometrie und Réntgenabsorptionsspektroskopie (durchgefithrt von F.
Strigari und A. Severing) versucht, die Kristallfeldaufspaltung und das Grundzustandsmulti-
plett des lokalisierten 4f Elektrons zu bestimmen. Diese Information ist von entscheidender
Bedeutung fiir die Berechnung der Bandstruktur mit theoretischen Modellen. Neben diesen
zwei Kernpunkten, wurden "Cleaving"-Tests an CeRuySng Einkristallen von S. Wirth durchge-
fihrt, um die Moglichkeit von winkelaufgeloster Photoelektronenspektroskopie (ARPES) an
CeRuySng Proben zu testen. Diese Tests verliefen positiv und ARPES Messungen sind in
Planung.

Alle physikalischen FEigenschaften, die in dieser Arbeit untersucht wurden, zeigen stark
anisotropes Verhalten zwischen der [001] Achse und den Achsen in der (001) Ebene. Inner-
halb der (001) Ebene ist nur ein gering unterschiedliches Verhalten zwischen der [100] und
[110] Achse festzustellen. Unter Einbeziehung der theoretischen Berechnung der elektronischen
Bandstruktur durch P. Wissgott kann das gemessene Verhalten auf eine anisotrope Hybri-
disierungsstarke in CeRuySng zurtickgefithrt werden. Diese anisotrope Hybridisierungsstéarke
fithrt zur Entstehung einer Energieliicke an der Fermi-Energie in der tetragonalen (001) Ebene
im Gegensatz liickenlosen Bandstruktur im Bereich der Fermi-Energie entlang der [001] Achse.
Aufgrund widerspriichlicher Messergebnisse konnte die Kristallfeldaufspaltung der lokalisierten
4f Elektronen nicht bestimmt werden. Um diese Widerspriiche zu untersuchen sind weitere
Messungen notwendig und bereits geplant. In dieser Arbeit wurden CeRuySng Einkristalle fiir
weitere Messungen hergestellt, die fiir geplante bzw. bereits durchgefithrte Myonen-Spin Rota-
tionsmessungen (uSR), thermische Transportmessungen und inelastische Rontgenspektroskopie
(NIXS) Messungen verwendet wurden bzw. werden.

Zusatzlich zur Untersuchung von CeRuySng wurden im Rahmen weiterer Projekte Messungen an
Ces_,La,PdySig und mit Ce und La substituierten BagAugSisg Typ-I Klathraten durchgefiihrt.
Die Messergebnisse sind im Anhang gezeigt.
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Symbols and abbreviations

Below, the symbols and abbreviations used within this PhD thesis are listed. Notations, which

were introduced in isolated passages are not included. Symbols with suffix have been considered

only when their meaning is relevant and/or not unambiguous.

A
ARPES
a
ac

o

By
B

C
CEF
CS
CW

AXay

Xe,cale,cx

DM

coefficient of the quadratic temperature dependent term of the resistivity
angle-resolved photoemission spectroscopy

lattice constant, tetragonal axis in the basal plane

alternating current

mixing coefficient, angle, exponent

crystalline electric field parameters

angle

Curie constant

crystalline electric field

Coqblin-Schrieffer

Curie-Weiss

heat capacity

lattice constant, tetragonal axis perpendicular to the basal plane

lattice constant, diagonal crystallographic axis in the tetragonal plane

magnetic susceptibility

difference of the magnetic susceptibilty along the x and y axis measured by torque
magnetometry

magnetic susceptibilty along the ¢ axis calculated with direct magnetic measurements
along x and torque meagnetometry measurements with rotating magneitc field in the
plane including the ¢ and x axis

bandwidth of conduction electrons

direct magnetization

X1



DMFT dynamic mean-field theory
DOS  density of states
dc direct current
A energy gap
) angle

EDX  energy dispersive X-ray spectroscopy
Er Fermi energy
Faniso  magnetic anisotropy energy
e electrical charge 1.60219-107*° C

€ energy
F  Landau parameters

g Landé factor

r crystalline electric field state
v linear specific heat coefficient, angle
H Hamilton operator, magnitude of magnetic field H

HF heavy fermion
h reduced Planck constant 1.054571726- 10734 Js

1 magnitude of the electrical current I

INS  inelastic neutron scattering

J exchange integral, total angular quantum number

total angular quantum number, magnitude of the electrical current density j

KI Kondo insulator
KIMP Kondo impurity
Kondo lattice
anisotropy constant

magnitude of the electron wave vector k, i.e., wave number

9?1??35

electron wave vector



ks

LDA
LFL

Heff

NMR
N(Er)

PCM
PFY

RE
RKKY
R

Ry

Boltzmann constant 1.3807 - 10723 JK—!

local density approximation

Landau-Fermi liquid

magnetization

multiplicity

effective electron mass

free electron mass 9.1095- 1073 kg

projected total angular momentum quantum number
vacuum permeability 47 - 1077 Vs/(Am)

Bohr magneton 9.2741-1072* JT—!

effective magnetic moment

nuclear magneto resistance
density of states of conduction electrons at the Fermi level
Avogadro constant 6.02214129 - 10723 mol !

charge carrier concentration

Stevens operator

angular frequency

point-charge model
partial fluorescence yield
fit parameters (magnetoresistance measurements)

azimuthal angle
electrical charge 1.60219-1071C

optical reflectivity

rare earth
Ruderman-Kittel-Kasuya-Yosida
anomalous Hall coefficient

Hall coefficient



D relative electrical resistivity
p electrical resistivity

Po residual electrical resistivity
B magnetoresistivity

PBong longitudinal magnetoresistivity

PB.trans transverse magnetoresistivity
paay  Hall resistivity
Pmag ~ Magnetic contribution to the electrical resistivity
Pph phonon contribution to the electrical resistivity

preio fit parameter (magnetoresistance measurements)

S thermopower
SEM  scanning electron microscopy
SO spin-orbit
STM  scanning tunneling microscopy
STS  scanning tunneling spectroscopy
SWR  Sommerfeld-Wilson ratio
S spin of localized electrons
o electrical conductivity

spin of conduction electrons

T temperature
TM  torque magnetometry
T.,  characteristic temperature for coherence effect on the Kondo lattice
Ty Kondo temperature
© paramagnetic Weiss temperature
T relaxation time, magnitude of the magnetic torque 7
1/7  scattering rate

0 polar angle

U Coloumb interaction strength, voltage

UHV  ultra-high vacuum

Vv volume in real space (e. g. , sample volume), hybridization matrix element



Vist, Vika hybridization matrix element

XAS  resonant X-ray absorption spectroscopy






Chapter 1

Introduction

In 1964, Kondo [17] succeed to describe a phenomenon which had been unexplained for three
decades. Experiments in 1934 by de Haas et al. revealed a minimum in the electrical resistivity
of Au including Fe impurities at low temperatures and an increasing electrical resistivity with
further decreasing temperature [18]. Kondo described this phenomenon by including second-
order scattering processes in the calculations of the interaction between the localized magnetic
moments of the impurity elements with the conduction electrons. This effect was later named
Kondo effect. Together with the RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction it gov-
erns the physical properties of heavy-fermion (HF) compounds, which were discovered in 1975
(CeAl; [19]). Away from quantum critical points [20-22], these materials exhibit Landau-Fermi
liquid behaviour at low temperatures with quasiparticles of very heavy mass. Thus, this ma-
terial class is named HF compounds. In a small number of HF compounds, namely Kondo
insulators/semiconductors, a narrow gap opens at low temperatures, leading to an insulating
or semiconducting ground state.

Most Kondo insulators known to date exhibit a cubic crystal structure, e.g., SmBg [23,24],
YBi, [25], Ce3SbyAug [26], CeFeyPqq [27,28], CeOsySbys [29], FeSi [30], URhSn [31], URASD [31]
and UzSb,Pt3 [32]. Only a few Kondo insulating materials with an orthorhombic crystal struc-
ture were found, e.g., CeNiSn [33], CeRhSb [34] and CeRhAs [35]. The compound CeRuySng
studied here crystallizes in a tetragonal crystal structure (space group: 142m) and is thus sit-
uated between these two material classes. Only one other Ce-based compound, CeCuAs, [36],
and one U-based compound, UsRusSn [37,38], form in a tetragonal structure and have been
classified as Kondo insulators. The tetragonal crystal structure of CeRuySng yields a more
anisotropic environment for the Ce atom than in cubic systems but a higher symmetry than
in the orthorhombic compound CeNiSn [33]. Thus, results on CeRuySng may be simpler and
easier to interpret than the complex behaviour of CeNiSn.

Polycrystalline CeRuySng was first synthesized and characterized by electrical resistivity and
magnetic susceptibility measurements from 2 K to room temperature by Das and Sampathku-
maran in 1992 [1]. In that work, the same physical properties of several other RRuySng com-
pounds (R = La, Gd and Y) were also investigated. The electrical resistivity of CeRuySng
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Figure 1.1: The left panel displays the electrical resistivity as a function of temperature for
several RRuySng compounds (R = Ce, La, Gd and Y) measured by Das and Sama-
pathkumaran [1]. In the right panel a semilogarithmic plot of the total electrical
resistivity piorer and its magnetic contribution p,,., as a function of temperature is
shown [1]. Within this plot, the -In 7" behaviour is marked with dashed lines. The
inset displays the semiconducting behaviour at highest measured temperatures.

shows unique behaviour within this series, namely increasing electrical resistivity with decreas-
ing temperature (Fig. 1.1, left panel). A maximum in the electrical resistivity at about 10 K was
observed for one of three investigated CeRuySng specimens, which was expected for a Kondo
lattice. The other two investigated specimens of CeRuySng showed either a maximum at lower
temperatures or no maximum at all. The absence of a maximum was attributed to an ex-
cess of Ce in that sample. This spread in properties at low temperatures is characteristic for
Kondo insulators; it is frequently difficult to distinguish between intrinsic and extrinsic effects,
as seen for instance in CeNiSn [33,39]. Interestingly, -In 7" behaviour, which is characteristic of
incoherent Kondo scattering, was found only between 35 and 100K (Fig. 1.1, right panel) [1].
The deviation from this law above 100 K persists even when the phonon contribution derived
from p(7") measurements of LaRu,Sng is subtracted (Fig. 1.1, right panel). This was attributed
to the thermal activation of carriers across an energy gap of about 30K (160 K) for the full
(magnetic contribution to the) electrical resistivity. The magnetic measurements on CeRuySng
showed Curie-Weiss behaviour above 100 K, with a moment of ~2.7 up per Ce and a Weiss
temperature of about -150 K. No magnetic ordering was detected down to 2 K.

In 1997, Pottgen et al. published a detailed analysis of the crystal structure of CeRuySng and
several related compounds [40]. Additionally, heat capacity C, and Mdssbauer spectroscopy
measurements of CeRusSng were performed. In the temperature range between 10 and 20K, C,
can be fitted with C,, = yT+3T?. This analysis yields v ~ 40 mJ/mol K?. Furthermore, a strong




increase of C,/T with decreasing temperature was observed at the lowest temperatures (> 2 K).
After an only weak T-dependent region of C),/T between 4 and 10K at about 275 mJ/mol K?,
C,/T increased rapidly with lowering temperature and reached a value of about 600 mJ/mol K
at 2 K.

In 2005, Guo investigated electronic transport properties of CeRuySng and Ce;_,La,RusSng in
his master thesis at the University of Johannesburg [41].

Also in 2005, an article by Strydom et al. [2] was published which shows results of electrical
resistivity, magnetoresistivity, thermopower, thermal conductivity and Hall resistivity measure-
ments on polycrystalline CeRuySng. Within that work, electrical resistivity and magnetoresis-
tance were measured from 0.4 K to room temperature (Fig. 1.2, left panel) and results similar
to the ones of Das and Sampathkumaran [1] were observed. The electrical resistivity shows a
maximum at about 10 K which is followed by a -InT" behaviour to higher temperatures. The
deviation of the magnetic contribution of the electrical resistivity from the -InT" behaviour (in-
dicated as line in Fig. 1.2, left panel) at temperatures above 100K is less pronounced than in
the measurements of Das and Sampathkumaran [1]. A weak decrease of the electrical resistivity
with decreasing temperature is seen below 10 K. It is followed by a reincrease below 3 K. An
applied magnetic field leads to a drastic supression of this low-temperature resistivity upturn
(inset Fig. 1.2, left panel). This behaviour was attributed to a field-induced stabilization of
a metallic state [2] or, alternatively, to the negative magnetoresistance effect of a Kondo lat-
tice at temperatures considerably larger than the coherence temperature [2]. The right panel of
Fig. 1.2 shows the temperature dependences of the thermopower, thermal conductivity and Hall
coefficient. Semiconductor-like behaviour was found in the thermopower (fit marked as line in
Fig. 1.2, right panel, top), with an energy gap of 36 K. This value is close to the one found by
Das and Sampathkumaran who derived a gap value of 30 K by fitting an Arrhenius expression
to the electrical resistivity [1]. Thermopower and thermal conductivity show extrema at about
20 K, which is slightly larger than the temperature of the maximum in electrical resistivity
(Fig.1.2). The maximum in the thermal conductivity was related to a strongly reduced charge
carrier concentration, which is also confirmed by the steady increase of the Hall coefficient with
decreasing temperature (Fig. 1.2, right panel). It was concluded that a ground state of strongly
correlated quasiparticles forms out of a state with low charge carrier concentration.

One year later, results of low-temperature muon spin relaxation (SR) measurements on poly-
crystalline CeRuySng were published by Strydom et al. [42]. Neither spontaneous nor magnetic
field induced magnetic ordering was observed down to 50 mK. The data were interpreted as
non-Fermi liquid (NFL) behaviour with a spin gap [42].

Also in 2006, nuclear magnetic resonance (NMR) investigations on CeRusSng were published
by Briining et al. [43,44]. The temperature dependence of the spin-lattice relaxation rate was
shown to follow semiconductor-like behaviour down to 20 K, with an energy gap value of about
33K, in overall agreement with the values found in [1] (30K) and [2] (36 K). Below 20K, an
upturn is seen which was interpreted as the formation of a strong correlated state.
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Figure 1.2: The left panel displays the magnetic contribution of the electrical resistivity pas
as a function of temperature of polycrystalline CeRuySng published by Strydom et
al. [2]. In the right panel the thermopower S, thermal conductivity x and the Hall
contant Ry as a function of temperature are shown. These measurements were also
published by Strydom et al. in 2005 [2].

High-energy inelastic neutron scattering (INS) measurements were performed on polycrystalline
CeRuySng by Adroja and Strydom et al. [45]. These measurements revealed a peak in the
intensity at about 30 meV.

In 2010, Briining et al. published thermopower, magnetic susceptibility, magnetization, heat ca-
pacity, entropy and ''?Sn nuclear magnetic resonance (NMR) measurements on polycrystalline
CeRuySng [46]. The zero-field thermopower is consistent with results of [2]. In an applied field
of 9T a peak at around 5K develops, which was attributed to magnetically sensitive in-gap
states. The magnetic-field dependent heat capacity, NMR and magnetization data were mod-
eled with a doubly-gapped electronic density of states (DOS), with a large pseudo-gap of about
30K and a narrow gap within residual in-gap states of 0.65 K at zero field [46].

The pressure dependence of the electrical resistivity and magnetoresistivity of polycrystalline
CeRuySng was investigated by Sengupta et al. in 2012 [47]. The electrical resistivity increased
with applied pressure up to 15.1kbar, but shows a slight decrease at higher pressures up to
20.6 kbar at 1.8 K. In addition, shoulder-like features were determined in the temperature de-
pendencies of the electrical resistivity. These features were attributed to the interplay between
the effects of Kondo coherence and the hybridization. Magnetoresistivity measurements at
15.1kbar and 1.8 K revealed a minimum at &~ 6 'T. The authors concluded that a non-monotonic
response of the gap opening as a function of pressure was the origin of this behaviour, similar




to the case of CeRhSb [48].

The first measurements on single crystalline CeRuySng were made in 2008 within the diploma
thesis of Nezu at the Vienna University of Technology [10]. Within that work, electrical resis-
tivity, Hall resistivity and magnetic susceptibility measurements were performed. The electrical
resistivity showed behaviour similar to that of polycrystalline CeRuySng [1,2], namely a maxi-
mum at about 10 K, followed by a -InT" behaviour in the range between 30 and 100 K. Another
important result was the determination of the anisotropy of the magnetization along three or-
thogonal directions in CeRuySng, which were not determined exactly. This uncertainty was
caused by the orientation process with the available Laue device, which yields could not dis-
criminate between the [110] and [001] direction. A well defined orientation of CeRuySng single
crystals was achieved later in the master thesis of the present author [49]. Finally, a detailed
analysis of the crystal growth procedure by Nezu provided an excellent basis for the single
crystal growth within this PhD thesis (Sect. 4.2).

Anisotropies in the magnetization and magnetic field-dependent heat capacity were studied in
the master thesis of the present author at the Vienna University of Technology [49]. As already
mentioned above, a defined orientation of the CeRuySng single crystals was achieved. So, the
tetragonal (001) plane directions ([100] and [110]) and the perpendicular direction [001] were
investigated. A clear anisotropy between the tetragonal (001) plane and the orthogonal [001]
direction was found for both investigated physical properties [50].

Below, the status of affairs at the beginning of this PhD thesis is summarized. Electrical re-
sistivity measurements performed by several groups exhibited a maximum at about 10K, a
-InT" behaviour between 30 and 100 K, a semiconductor-like exponential behaviour at higher
temperatures, and an increase of the electrical resistivity at temperatures below 2 K. Hall effect
measurements confirmed the low charge carrier concentration at lowest temperatures. These
findings were attributed to a pseudo-gapped electronic structure at lowest temperatures. How-
ever, any details about the electronic structure remained unknown. Due to the only small
increase of the electrical resistivity at lowest temperatures in comparison to other Kondo in-
sulators, the presence of directional dependent (pseudo-) gaps or extrinsic in-gap states was
suggested. To clarify the origin of the observed electrical resistivity behaviour and reveal and
understand its anisotropy, detailed investigations of the directional dependent electronic trans-
port were performed within this thesis.

Also the nature of the magnetic ground state remained unclear: Magnetization measurements
on polycrystalline CeRuySng suggested that the 6-fold degenerate *F5 5 ground state multiplet
of the Ce®T-4f state was essentially degenerate (no crystalline electric field (CEF) splitting)
[46]. By contrast, a remarkable CEF splitting was suggested by an analysis of the entropy of
polycrystalline CeRuySng [46], by the anisotropic non-Curie-Weiss like magnetic susceptibility
of single crystalline CeRuySng [10,49] and by the measured peak at 30 meV in the inelastic
neutron scattering measurements [45]. Another result that caused confusion was the absence
of a maximum in the temperature dependent magnetic susceptibility, that is usually found
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in Kondo insulators like, e.g., Ce3BiyPts [51]. Therefore, a detailed analysis of the magnetic
behaviour in terms of CEF effects was performed within this thesis.

In conclusion, simple models of the underlying physics failed to describe the overall behaviour
of CeRuySng. Instead several mechanism were put forward to describe selected aspects of the
behaviour of CeRuySng . Within this thesis, possible contributing mechanism were investigated
in much greater depth, paying special attention to the anisotropy and its origin in a k-dependent
electronic structure.

This PhD thesis is organized as follows. Next, the theoretical concepts (Chap. 2) and the experi-
mental techniques (Chap. 3) used within this thesis were discussed. In the following chapter, the
crystallographic properties and the single crystal growth of CeRuySng are presented (Chap.4).
Then, the results of theoretical local density approximation and dynamic mean-field theory
calculations performed by P. Wissgott within his PhD thesis in parallel to the experimental
investigations are briefly discussed [9] (Chap.5). Next, the physical properties measurements
on CeRuySng made within this thesis are presented (Chap.6). Sections6.1 to 6.5 presents
magnetization, torque magnetometry, electrical resistivity, Hall effect, magnetoresistivity and
thermopower measurements, respectively. In addition, the results of the X-ray absorption
spectroscopy, optical spectroscopy investigations and cleaving tests in combination with STM
investigations performed by collaborators on CeRuySng samples provided within this thesis are
discussed (Sect.6.6). In Chap. 7 a summarizing discussion of the performed measurements and
their conclusion is presented.




Chapter 2

Theory

2.1 Single-ion Kondo effect

In 1934, de Haas et al. [18] observed a minimum in the electrical resistivity of Au including Fe
impurities at low temperatures and an increasing electrical resistivity to the lowest achievable
temperatures. This phenomenon was unexplained for about 30 years and several other alloys
showing comparable behaviour were found within this period. In 1964, Kondo succeed to de-
scribe this phenomenon theoretically [17]. The conduction electrons interact with the magnetic
moment of the localized electrons, introduced by the dissolved impurities, via the spin-exchange
interaction (so called Zener model or s-d interaction) [52]. The spin of the conduction electrons
in an s-band interact with the localized spins of the electrons in the d-shell. The Heisenberg
Hamilton operator [53] is given by

H=-J(aS | (2.1)

with the exchange integral J, the conduction electron spin ¢ and the spin of the magnetic impu-
rity S. Kondo found that by considering also second-order scattering processes, a logarithmic
temperature dependence of the scattering between the localized and conduction electrons is
observed. If J is negative (antiferromagnetic, conduction electrons screen localized moments)
the electrical resistivity increases with decreasing temperature as poc —InT'".

In general, the single-ion Kondo effect is observed in diluted alloys with a small amount of
magnetic impurities including electrons in the 3d, 4f or 5f shell. The large distances between
the magnetic impurities prohibit a direct interaction between the magnetic impurities. The
single-ion Kondo effect yields a nonmagnetic ground state and an energetically higher lying
triplet, which is separated by the characteristic energy scale

k‘BTK =~ Deim 5 (22)

containing the half band width D and the density of states (DOS) at the Fermi energy N(Er) of
the conduction electron band. J is determined by the hybridization strength or matrix element
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of the s-f mixing Vs and by the binding energy of the 4f level esf via
Vi

J=—
|€ay]

(2.3)

The hybridization between the localized and conduction electrons leads to a strong enhance-
ment of (sharp peak in) the DOS in the vicinity of the Fermi energy with a width of about
kgTk, namely the Kondo or Abrikosov-Suhl resonance. For T > T}, the physical properties
are almost uneffected and show metal-like behaviour. For instance, the localized 4f moments
are unscreened and show paramagnetic Curie-Weiss (CW) behaviour. The CW formula (Pierre
Curie 1896, Pierre-Ernst Weiss 1907) is given by

e
S T-0

which contains the Curie constant C', the temperature 7" and the Weiss temperature ©. C'is

X (2.4)

given by C'= Nayiesr/(3kp) with the Avogadro constant N4, the effective moment . fr and the
Boltzmann constant kg.

For T~ T, the hybridization effects become important and yield the typical —InT behaviour
in the electrical resistivity.

2.2 Kondo lattice

If the concentration of the magnetic impurities (3d, 4f or 5f ions) is increased, the mutual
interaction can no longer be neglected. If the impurities completely occupy at least one lattice
site, a so-called Kondo lattice (KL) is developed. The physical properties are qualitatively
different from the diluted Kondo systems discussed above. The behaviour of KLs can be
phenomenologically described by a model of S. Doniach [54]. At high temperatures (7'> Tkx),
all physical properties of KLs can be described properly by single impurity models (Kondo
impurity (KIMP) models). Thus, the localized moments behave as independent moments
(independent from each other) at high temperatures. At lower temperatures, distinct difference
are found between the KIMP and KL model. The differences are seen, e.g., in the electrical
resistivity (Fig. 2.1, left panel). The KIMP system shows the characteristic logarithmic increase
with decreasing temperature saturating at lowest temperatures. By contrast, the logarithmic
increase in KL systems (p o —InT) ends in a maximum at T},,, < Tk . In the following a strong
decrease sets in, ending typically in a p=py+ AT? (A= coefficient) behaviour of the electrical
resistivity well below T,,,,.. This decrease can be explained by the translation symmetry of the
scattering centers enabling the conducting electrons to pass the scattering centers in form of
Bloch waves.

Physical property measurements of non-magnetic KLs revealed that the coefficient A in the 72-
dependent electrical resistivity term, the linear specific heat coefficient v and the temperature
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Figure 2.1: Left: Schematic temperature dependence of the magnetic contribution to the elec-
trical resistivity p(7")/p(0) [55]. Right: Schematic drawing of the evolution of the
density of states for Kondo impurity (top) and Kondo lattice (bottom) systems [56]
(extracted from [57]).

independent susceptibility x at low temperatures achieve large values in comparison to the
ones found in normal metals. This enhancement is attributed to a strongly enhanced effective
electron mass m* (about 100-1000m,.) within the Landau-Fermi liquid theory. Thus, these
compounds are called heavy-fermion (HF) systems.

The differences between KIMP and KL systems in the DOS are schematically displayed in
Fig. 2.1, right panel. In KL systems the resonance in the vicinity of the Fermi energy Er splits
and a small hybridization gap opens [56,57].

In addition to the changes of the Kondo physics in KL, the magnetic exchange interaction
between the localized electrons has to be taken into account. In metallic 4 f systems, this inter-
action arises predominantly from the spin polarization of the conduction electrons (Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction). The spin polarization has a damped oscillatory
character and is given by the RKKY exchange

x cos(z) — sin(x)

JRKKY X J2N(EF) (25)

x
with z = QEFﬁj (I;F = Fermi wave vector). Thus, the magnetic ordering at low temperatures
due to the RKKY interaction can be either ferromagnetic or antiferromagnetic. Note that the
periodicity of the RKKY interaction does not necessarily coincide with the lattice translation

symmetry. In fact, compounds with incommensurate propagation vectors are frequently found
(e.g. CeCug_,Au, [58]).

In conclusion, the competition between two different interactions, namely the RKKY interac-
tion (magnetic ground state) and the Kondo effect (singlet formation, non-magnetic ground
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Figure 2.2: Doniach phase diagram [54]. The different J-dependence (exchange integral-
dependence) of the Kondo interaction strength (7% ) and RKKY interaction strength
(Triky) yield to a dominance of the RKKY interaction (Kondo effect) at low (high)
J. In the intermediate region, where Tx ~Trrky the magnetic ordering (7},,4,) is
suppressed to zero [54].

state), leads to manifold characteristics in KL systems at lowest temperatures. The interplay
between the energy scales Trxry o< J2N(Er) and Tk exp(—m) is presented in Fig. 2.2
via the Doniach Phase diagram [54]. For a small exchange integral J, the RKKY interaction
dominates and a magnetically ordered ground state is formed. In contrast, the Kondo inter-
action dominates at high J leading to valence fluctuating or intermediate valence compounds.
In the intermediate region (HF systems), where Tx ~ Tgk ry, the interplay of the Kondo effect
and RKKY interaction leads to an elimination of the magnetic order (indicated by T,,, in
Fig.2.2) [54]. In general, J may be varied by chemical doping or by applying pressure. In Ce
(Yb) compounds, hydrostatic pressure increases (decreases) J. Note that the Doniach model
exhibts very simple assumptions and a quantitative comparison to experimental results may be
not reliable, as discussed in [59].

2.3 Kondo insulator

A small group of Kondo lattice systems, namely Kondo insulators/semiconductors (KI/KS),
show insulating/semiconducting behaviour at low temperatures due to the opening of a narrow
energy gap at the Fermi level. At high temperatures, the behaviour of KI systems is reminiscent
to that of KIMP systems, which can be properly described by uncorrelated scattering of the
conduction electrons from the localized f-electrons. A simplified model to describe the narrow
energy gap at the Fermi level at lowest temperatures is a hybridization-induced energy gap
model shown in Fig.2.3. The insulating gap arises by the hybridization of a flat f-electron

10
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Figure 2.3: Schematic electronic band structure (left) and density of states (right) of a Kondo
insulator described by a simplified Anderson lattice model extracted from [4] ac-
cording to [3].

band with a broad conduction band. A flat f band crossing only one conduction electron band
is essential to obtain a gapped DOS and a half-filling of the hybridized bands (Fr in the gap,
insulating state).

A basic model to describe the behaviour of KI is the Anderson lattice model [3]. The total
Hamiltonian is given by
Hy=Hy+H.+ H;y (2.6)

where the Hamiltonian H; (H,.) describes the localized f (conduction) electrons and H.; de-
scribes the hybridization between f and conduction electrons. H.; is given by

Hy=N2% {V(E)exp(—i%ﬁi) ioCa T V*(E)exp(i%ﬁi)fwcga} : (2.7)

=
ik,

with the total number of lattice sites Ny, the hybridization matrix element V', the site de-
nomination ¢, the Bloch wave vector k, the space vector to the lattice sites R;, the creation
(annihilation) operator for localized 4f electrons f;', (fi.o), the creation (annihilation) operator

for conduction electrons CZ

" (c,;’a) and the combined spin-orbit label a. If the Coulomb repul-
sion of the f electrons for a doubly occupied lattice site is neglected, H, is exactly solvable.
The band structure displayed in Fig. 2.3 (left panel) is achieved with this simplification if the
binding energy of the f levels lies within the bandwidth of the unhybridized conduction elec-
trons. For a half-filling of the resulting band structure, an insulating state develops. Ongoing
theoretical approaches including dynamic mean-field theory calculations can be found, e.g.,
in [60].

The Anderson lattice model (Eqn.2.6) was used by Ikeda and Miyake [5] to explain the be-

-

haviour of the anisotropic Kondo insulator CeNiSn by assuming an anisotropic V (k) (Eqn. 2.7).

11
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Figure 2.4: Theoretically calculated density of states as a function of the energy in anisotropic
Kondo insulators by Ikeda and Miyake [5] (left) and by Moreno and Coleman [6]
(right). The density of states was calculated with different theoretical approaches.
These plots were extracted from [6].

This approach yield a partially closed energy gap in the k space (Fig.2.4, left panel). An al-
ternative approach to described the anisotropic gap formation in CeNiSn was made by Moreno
and Coleman [6] yielding comparable results (Fig. 2.4, right panel).

2.4 Landau-Fermi liquid theory

One of the most important theories in solid state physics is the Landau-Fermi liquid (LFL)
theory, which was presented by Landau [61] (1956) to describe the physical properties of liquid
SHe.

The low-temperature behaviour of simple metals can be described by the Sommerfeld theory,
which assumes an ideal Fermi gas of non-interacting electrons. The success of this theory is
surprising because the Coloumb interacting between the electrons is of the same magnitude as
their kinetic energy. Landau demonstrated that the derived results describe fermionic quasi-
particles and not free electrons. The difference between the quasiparticles and the electrons is
only an enhanced effective mass m* induced by the Coloumb interaction. This interaction is
incorporated in the LFL theory via the Landau parameters Fls(a). m* is given by
1

m*:me(l—I—g D) (2.8)
with the electron mass m.. The magnetic susceptibility xpr; (including the Bohr magneton
i) and the electronic contribution to the electrical resistivity prrr (A= coefficient) are given
by

1 1
= 205Ny (Ep)(1 + =F*)———
15 e 115 No( F)(+3 1>1+F61

PLFL = ATZ, Where A [0¢ m*2 . (210)

Xcrr = 24N (Er) and (2.9)
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Due to the dependence of the coefficients 7 (linear specific heat term), y and A to the DOS
N(EFr) an almost constant relation between, e.g., x /v (Sommerfeld-Wilson ratio (SWR)) can
be found, although the absolute values of y differ over a few orders of magnitude for different
compounds [62]. The SWR (. sy = effective moment) is given by

7Tl€B 21 . 1
ueff 3"}/ 1+F61

SWR = ( (2.11)

where 1.5 is the effective moment. Non-interacting systems yield SWR =1. In HF compounds,
SWR values of 2-5 are usually found [55].

2.5 The Cogqblin-Schrieffer model

A KIMP model that takes crystal field effects into account was derived by Cogblin and Schrieffer
in 1969 (Cogblin-Schrieffer (CS) model) [63]. Although the CS model is a single-impurity model,
the physical properties of concentrated Kondo and Kondo lattices systems are well described
in the high-temperature range. Within this thesis, the magnetic contribution to the electrical
resistivity pmag and to the thermopower Sg are discussed within the CS model. Sk is described
in Sect.2.6. The CS Hamiltonian and p,,q, are discussed below.

The CS model is a simplified variant of the Anderson model with an almost integer valence of
the 4f impurity. Due to the strong spin-orbit coupling in rare earth (RE) ions the total angular
quantum number j is a good quantum number. For Ce, the 4f levels split due to spin-orbit
coupling into 7 =5/2 and j =7/2 multiplets. The excited 7/2 levels are usually situated more
than 100 meV above the ground state level with j=5/2. Thus, the 7/2 level can usually be
neglected. The CS Hamiltonian H¢og is given by

Hes = Ho + H, (2.12)
with
Hy = ZeknhM—l—ZEonM—i—(l/Z)U Z NNy (2.13)
ke, M M MM
and
H, = Z(kaCZMfM + Vk*ffj\J}CZM) : (2.14)

kM

These formulas contains the wave vector E, the spin M, the number operators n, the energy
of the conduction electrons e, the unperturbed energy of the 4f electrons E,, the Coloumb
interaction U, the hybridization matrix element Vs, the annihilation (creation) operator for
a conduction electron ¢ (¢;,,) and the annihilation (creation) operator for localized 4f
electrons fir (fi7). In the case of Ce impurities fy; (M =m;) annihilates a localized 4f state
with j=5/2 and m;=1/2, 3/2 or 5/2. ¢ eliminates a conduction electron wave function
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with | =3, j=5/2 and M =m;. Using the Schrieffer-Wolff transformation (only valid for almost
integer 4 f1 configuration of Ce impurities) and including the influence of the crystalline electric
field (CEF) (splitting of the 6-fold degenerate ground state) the effective exchange Hamilton
H{ can be written as

Hy=— Y (IS (farfar — O (nan)) + VD o (2.15)
kk! M, M’ kK M

In Eqn. 2.15, the first (second) term describes the exchange interaction (direct interaction V' of
the impurity moments with the conduction electrons). The occupation number (n,;) is derived
by a mean field approximation. In the limit of large values of U [55], Jyp can be written as

1 1

I =1/2 Vg (5= + ) (2.16)

with the energy E); (relative to Er) of the localized 4f electron created by fy;.

Electrical resistivity

In 1973 Cornut and Coqblin [7,59] calculated the electrical resistivity due to the Kondo effect in
a CEF-split environment. They used a third order perturbation-type calculation to determine
the relaxation time 7, which is given by

m.kVj

1/m=—————(Rp+ S . 2.17

/Tk 7Th3(2]+1)( K+ k) ( )
This equation contains the electron mass m,, the sample volume V{ and the second (third)
order term Ry o< J? (SkocJ 3). In addition to 7, the CEF-split energy levels were taken into
account by Cogblin and Cornut to obtain the electronic transport equations used within this

thesis (Eqns. 2.18 and 2.27).

The magnetic contribution to the electrical resistivity ppq,(7") from the direct (Eqn.2.18, first
term, usual spin disorder resistivity, second order perturbation type) and the resonant (Kondo)
scattering (Eqn. 2.18, second term, third order perturbation type) is given by

2 2

pag(T) = AT2N(Ep) Aig]j” + 2IN(Ex) (;; - i) In (kgf)] L (218)
This formula includes a constant A, the exchange parameter J, the DOS N(FEF), the effective
degeneration level of the 4f levels A,, the total angular quantum number j, the Boltzmann
constant kp and the bandwidth of the conduction electrons D,, (acts as cut-off parameter).
An exemplary pq,(7) curve calculated with Eqn. 2.18 is shown in Fig. 2.5, left panel [7]. The
consequences of different direct scattering strength V' and different N(Ey) are presented in the
right panel of Fig. 2.5 [7].
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Figure 2.5: Left: Temperature dependence of the (a) spin disorder resistivity (first term in
Eqn.2.18), (b) total magnetic contribution to the electrical resistivity pq, and
(c) weighted Kondo scattering contribution (Eqn.2.18, (term 2)/(term 1)). This
plot was extracted from [7,55]. Used parameters for calculation: CEF splitting
energy Ag; = 100K, D =400K, V =0.05¢V, N(Er)=0.5¢V !, ground state degen-
eracy agp =2 and excited CEF state degeneracy oy =4. Right: Temperature depen-
dence of the weighted Kondo contribution for different V and N(Er) on a semilog-
arithmic scale extracted of [7]. The parameters Agy, D, ap and «; are listed above.
The influence of the direct scattering is compared by N(FEr)=0.5¢V~! and (a)
V=0¢eV, (c) V=0.05eV or (d) V=0.1¢eV (dashed lines). In addition, the influ-
ence of the DOS is compared with ¥V =0.05¢V and (b) N(Er)=0.8¢V~" or (c)
N(Ep)=0.5eV-".
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Chapter 2 Theory

2.6 Thermopower

A temperature gradient applied across a specimen leads to an electric field between the hot
and the cold side. This effect is based on the temperature dependence of the Fermi-Dirac
distribution, which leads to a higher average velocity and higher number of mobile charge
carriers at the warm end of the sample. Thus, a net diffusion of carriers from the hot to the
cold side of the specimen sets in and an internal electric field develops. Due to the major role
of the electronic structure and the scattering processes of the involved electrons for this effect,
information about the electronic structure of the investigated material can be extracted. In
general, the thermopower is given by

S=S8.48,+S5m . (2.19)

including the electron diffusion term S, the phonon-drag term S, and the magnon-drag term
S Sp and S, are effects of second order. The electronic diffusion contribution S, to S
(without including inelastic scattering processes), calculated with the linearized Boltzmann
equation (kT < EF), is defined by the Mott relation as

S.(T) = k% T <8lna(e)> ’ (2.20)

3e Oe

which includes the Boltzmann constant kg, the electron charge e, the temperature 7', the dc
electrical conductivity o, the energy € and the Fermi energy Fr. S, is direct proportional to
the temperature 7" and to the logarithmic derivative of ¢ with respect to the charge carrier
energy at the Fermi level Fr. The sign of S, thus depends on the sign of the charge carriers
(p- or n-type) and on the energy derivative of Ino. By contrast, the Hall constant Ry depends
only on the sign of the charge carriers and, if multiple conduction bands exist, on the respective
charge carrier mobility of each band (Sect.2.7). For a spherical Fermi surface and an isotropic
relaxation time 7, ¢ derived via the Bloch-Boltzmann theory is given by

o= ZZN(E) vi(e) T(e) (2.21)

with the elementary charge e, the density of states (DOS) N, the group velocity v, and the
relaxation time 7. Combining Eqns. 2.20 and 2.21 yields

B T2 kQB @lnN(e) alnvﬁ(‘f) + alnT(€)> , (2.22)
e=Fp

Se(T) = 3e T< Oe + Oe Oe

with three different terms contributing to S,. For normal metals (e.g., Na, Al, Au), the second
and third term are negligible in comparison to the first term. Therefore, Eqn.2.22 can be

S.(T) = ™ kg (‘ﬂnN(E))EE . (2.23)

simplified to

3e Oe
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In a free-electron model with the assumption of an energy-independent 7, Eqn. 2.23 simplifies

to ) o
Tk
ST = 571 2.24

The absolute values of S for normal metals are of the order of a few ©V/K at room tempera-
ture.

In Kondo systems, S, is in general small in comparison to S.. In addition, S,, is not relevant
for paramagnetic CeRuySng. So, it is assumed that S~ S,. If different independent scattering
processes (different 7) occur, S, is, according to the Gorter-Nordheim rule, given by

Se k™ =>"S.ikt (2.25)

with the thermal conductivity x and the respective contributions i. If the Wiedemann-Franz
law is used, Eqn.2.25 can be converted into

Sep= Z Se.i pi (2.26)

with the electrical resistivity p. Hence, if the Wiedemann-Franz law is valid, the different
contributions to S. can be separated with the help of electrical resistivity measurements. For
Kondo systems, the separation between the contributions to S, due to light charge carriers and
due to Kondo scattering may be separable using Eqn. 2.26.

Thermopower in heavy-fermion and Kondo systems

In heavy-fermion (HF) systems, the hybridization between the localized f and itinerant s,p
and/or d electrons yields a peaked structure (Kondo or Abrikosov-Suhl resonance) in the DOS in
the vicinity of the Fermi energy. Therefore, the energy derivative of N(FE) is strongly enhanced
in comparison to normal metals. In addition, Er of HF systems is reduced in comparison to
normal metals due to the enhanced effective mass m* of the quasi-particles within LFL theory
(Sect.2.4). The LFL theory describes physical properties of HF compounds at the lowest
temperatures (Er o< 1/m*) appropriately. Hence, a strongly enhanced S(7T') is expected for HF
compounds in comparison to normal metals, if the simplified Eqns. 2.23 and 2.24 are used. In
general, a strong temperature dependence of S(7) is observed for HF compounds with a 10-100
times higher absolute value than measured on normal metals. Therefore, the simple approach
with a linear temperature dependence does not hold for HF systems over the entire temperature
range, but can only be used in the LFL regime at lowest temperatures.

The Kondo effect may sensitively influence S(T") due to the energy dependence of the scattering
processes. The thermopower Sk (T") derived by Cornut and Cogblin in 1973 [64] (Sect.2.5) for

17



Chapter 2 Theory

Kondo scattering in a single-impurity model is

- 1 1 +oo Sk dfk

To derive this relation, a perturbation-type calculation in JN(¢) (J =exchange integral) was
used, taking both the Kondo effect and crystalline electric field (CEF) effects into account.
The relaxation time 7, was calculated with a 3rd order perturbation-type calculation, which
includes the parameters Ry and Sy, (Eqn.2.17). Ry is a second order term in J (o< J?) and Sy,
is a third order term (spin-flip processes oc J3). Additional quantities that enter the expression
for Sk are the characteristic function ¢® (describes the interaction between itinerant and
localized electrons with respect to the temperature dependent occupancy of the CEF-split
levels), the Fermi-Dirac distribution function f; and the wavenumber k. If CEF splitting is
absent, Sk (7") exhibits universal behaviour with a maximum for Ce-containing HF compounds
in the vicinity of the Kondo temperature Tk like, e.g., in Ce(Ni,Pd;_,)25i5 [65]. Additionally,
a second peak in S(T') (maximum for Ce HF compounds) evolves at higher temperatures,
if the total CEF energy splitting Ta.,, > Tk, e.g. in Ce(Cu,Au)g [66] (Fig.2.6, left panel),
Ce(NiPd;_,)2Sis [65], CeCuySiy [67] and CeNiSn [4] (Fig.6.57). This two-peak structure for
S(T) (Tappy >Tk) is confirmed by theoretical calculations (extends the theory by Cornut,
Cogblin and Bhattacharjee [64, 68]) using the single-impurity Anderson model with a non-
crossing approximation [8,67,69] (Fig. 2.6, right panel). A CEF-splitting induced maximum for
Ce-containing compounds in S(T") arises at [4,8,55,68,70,71]

Tae ~ (0.16 — 0.6) Acpr/kp (2.28)

As a result, thermopower measurements are a useful tool to investigate Ty and Acgpr in HF
compounds. The CEF energy splitting and Tk respond differently to, e.g., substitution of the
rare earth elements or pressure; this can be used to investigate the peaks separately. The left
panel in Fig. 2.6 shows S(T') for different Ce(Cu,Au)s alloys [66]. The CEF splitting increases
with increasing Au content (investigated with inelastic neutron measurements [72]), which is
in agreement with the shifting of 7,,,, in S(T") to higher temperatures.

As already mentioned, the two peaks occur for well separated Ta.,, and Tx. The peak at
lower T is shifted to higher temperature with increasing hybridization strength V' (Fig. 2.6,
right panel). For T 2 0.1Ta,, ., the well separated peaks merge and a single peak is formed.
With further increasing T, a single large maximum around Tk is seen in S(7") and the CEF
contribution is negligible. A detailed description, numerous HF compounds exhibiting the
features discussed above and a classification with respect to the relation of Th_,, and Tk is
found in [67].

Note that the single-impurity Anderson model is only valid in the incoherent Kondo scattering
regime. In dense Kondo systems (Kondo lattices), this model becomes invalid if the coherent
scattering regime is reached. Nevertheless, the single-Anderson impurity model describes S(T')
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Figure 2.6: The left panel shows the thermopower S as a function of temperature T for different
Ce(Cu,Au)g alloys [66]. In the right panel, S calculated with a single-impurity
Anderson model (non-crossing approximation) for Ce-containing compounds for
several hybridization strengths I' (= V') (CEF energy splitting of Aggpr =0.07€V)
are shown as a function of temperature 7" [8].

in the incoherent Kondo scattering regime of Kondo lattices nicely and revealed the correct
tendency of S(T') at the onset of coherent Kondo scattering. In general, the peak due to Tk is
overestimated within the single-impurity Anderson model for Kondo lattices leading to a too
pronounced peak in S(77) calculations.

Although many HF compounds can be described with the former approaches, a general de-
scription of the behaviour of S(T") of HF compounds has not been made.

2.7 Hall effect

The Hall effect describes the development of a voltage difference Uy in an electrical conductor
perpendicular to the direction of the electrical current density j and perpendicular to an applied
magnetic field poH (H perpendicular to j) [73] (Fig.2.7). The charge carriers are deflected by
H via the Lorentz force I, leading to the development of a transverse electrical field Ey. The
Hall resistivity is given by pgay = En /7 with the geometrical relations shown in Fig.2.7. The
Hall coefficient Ry is given by (geometrical relations in Fig. 2.7)

Ey li apHall (H)

R pu— P
1T GuoH T HS0 0(joH)

(2.29)
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Figure 2.7: Schematic illustration of the Hall effect in a conducting sample (black lines). The
sketch shows the directional dependences of the electrical current j‘, the mag-
netic field ,uoﬁ , the electrical field E;I, the Hall voltage Uy and the Lorentz force
Fr, = q (0 x H). The formula of F;, includes the charge ¢ and the velocity @ of
the charge carriers. The direction of Fy is independent of the charge carrier type
(electrons or holes). By contrast, E;{ is negative for electrons and positive for holes.

For simple metals where only one type of charge carriers (electrons or holes) provided from a
single band contributes to j, Ry is given by

Ry=— |, (2.30)

with the charge carrier concentration n and the charge of the carriers ¢q. So electrons (holes)
yield a negative (positive) Ry. This simple situation with only one involved band is usually not
met in realistic compounds. Instead, several bands contribute to the charge transport which
leads to remarkeble changes in the behaviour of Ry. For one electron band and one hole band,
with the charge carrier concentration n (p) for electrons (holes) and the respective mobility .
(up) one gets

Py — T4

Ry = —rh e
q(pun + npie)?

(2.31)
An additional contribution to the Hall effect can come from the anomalous Hall effect (AHE),
which is discussed in detail in, e.g., [58]. In the incoherent Kondo regime, the most important
contribution to the anomalous Hall coefficient R arises from skew scattering (anisotropic

scattering of conduction electrons on localized magnetic ions by spin-orbit type interactions)
(Fig. 2.8, left panel). R# is given by [74]

Rip(T) = pmag(T) x(T) (2.32)

where py,., is the magnetic contribution to the electrical resistivity, x the magnetic suscep-
tibility and v, a coefficient. ~; is associated with the phase shifts of the scattered electrons.
Therefore, v, varies between different Kondo scattering regimes (incoherent and coherent Kondo
scattering) [74]. The maximal R4 contribution is reached at the transition from incoherent to
coherent scattering at about 7,.,, where a maximum in the electrical resistivity is seen, too.
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Figure 2.8: (Left): Sketch of the anomalous Hall effect that closely resembles experimental
results on, e.g., CeAls [74], UPts [75], UAl, [74] and CeRusSis [76]. (Right): Ry (T)
of the cubic heavy fermion compound Ce3PdyySig. The temperatures of the maxima
in Ry(T') and p(T') are listed in the plot.

R# frequently dominates the temperature dependence of Ry in heavy fermion compounds
(Fig.2.8) [74]. Exemplarily, Ry (T') of the cubic heavy fermion compound CezPdySig is shown
in Fig. 2.8, right panel. Here, the dominating contribution of R4 is seen above about 20 K.

2.8 Crystalline electric field effects

Crystalline electric field (CEF) effects are single ion effects and can remarkably influence the
physical properties of compounds that include rare earth elements (elements with partially
filled 4f shells). In contrast to the free ion treatment of the rare earth (RE) elements, the
permanent magnetic moment of RE ions in solids is interacting with the CEF produced by the
ions surrounding the RE ion. This interaction leads to a deformation of the charge density of
the magnetic ion and changes the energetic level scheme of the 4f electron(s).

For RE ions (except Sm** and Eu®"), the spin-orbit (SO) interaction produces typically a more
than one order of magnitude higher energy splitting than the CEF splitting. Therefore, the total
angular quantum number J is a good quantum number and the SO-split states can be derived
via Hund’s (third) rule(s). The CEF leads to an energy splitting of the (2. + 1)-fold degenerated
SO-split states. According to Kramers theorem the degeneracy of the CEF-split states is
restricted by the 4 f-electron number due to time inversion symmetry (i.e. the degeneracy
is at minimum 2 for Kramers ions with an odd electron number). In addition, a lower point
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symmetry of the RE ion causes lower degeneracies of the CEF-split energy levels. In comparison
to the free RE ion, an additional energy splitting of the energy levels (different eigenstates) and,
importantly, a directional dependence in solids (directional dependent magnetic anisotropy) is
established.

The CEF Hamilton operator in Stevens notation is given by

Hepr =Y B O | (2.33)

lym

with the CEF parameters B]" and the corresponding Stevens operators O;* [77]. The Stevens
operators consist of the orbital angular momentum operators J,, J? and the respective ladder
operators J, and J_. The CEF parameters depends on the point symmetry of the RE ion and
the RE element itself. For symmetry reasons only B;" with [=2,4 and 6 are non-zero for 4f
elements. In addition, the point symmetry limits the number of non-zero CEF parameters for
some elements if the coordinates are properly chosen.

2.8.1 Crystalline electric field effects in CeRu,Sng

The Ce3* ions in CeRuySng are surrounded by Ru and Sn atoms in a tetragonal point symmetry
(Dagg, Sect.4.1). The corresponding Hopp for a tetragonal point symmetry is given by

Hepr = BY O3+ B} O} + Bi O; + B Of + B Of . (2.34)

Equation 2.34 can be simplified for Ce®*" ions (due to properly chosen coordinates) to

Heprp = By O5 + By O} + B; O . (2.35)

The Ce3* ion contains one 4f electron. So the 4 f-electron number is odd and Ce?" is a Kramers
ion. As a result, the CEF-split states are at least doubly degenerate. The energetically lower
lying 6-fold degenerated J =15/2 state (due to SO splitting) splits in the tetragonal environment
into three doublets (J,m;-basis):

0) =1[5/2,£1/2)
1) =a'/?|5/2,43/2) + (1 — a)?|5/2,F5/2) and (2.36)
2) = (1—a)'?[5/2,73/2) — a'/* |5/2,£5/2)

The symmetry of the states |0), |1) and |2) are s, T2 and T}, respectively. « is the mixing
coefficient (0 <a<1).
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2.9 Magnetic anisotropy

Magnetic anisotropy is commonly found in rare earth metals and rare earth transition metals.
Its origin is based on several different mechanism (list incomplete):

e magneto-crystalline anisotropy
e shape anisotropy

e surface anisotropy

e stress anisotropy

Within this thesis, only the magneto-crystalline anisotropy (MCA) is of importance and dis-
cussed below.

The microscopic origin of the MCA is the spin-orbit interaction. Note that the exchange inter-
action within the Heisenberg model is isotropic (rotational invariant) and does not couple to the
crystal symmetry. Due to the spin-orbit coupling, the spins correspond (via the angular mo-
mentum) to the atomic orbitals with an anisotropic charge density. A rotation of these orbitals
caused by an external magnetic field yield a directional-dependent interaction of this atomic
orbitals with the surrounding electronic structure (different overlap of the electronic wavefunc-
tions). Consequently, a magnetic field direction dependent contribution to the free energy of
the system is produced. This contribution is called magnetic anisotropy energy contribution
and it exhibits the identical symmetry as the point symmetry of the spin-including ion. The
anisotropy energy is defined as energy required to rotate the spins from the magnetically “easy”
to a magnetically “harder” direction.

The anisotropic energy density E,,;s, can be described with a power series of sinusoidal functions
(o) relative to the main crystallographic axis:

Eamso(ﬁ, ¢) = bo + Z biai + Z biﬂ‘O./iO./j + Z bi7j,kaiozjak —+ ... s (237)
i=1,.2,3 i,j=1,2,3 ij,k=1,2,3
with
(a1, g, a3) = (sin(f)cos(@), sin(0)sin(¢), cos(d)) . (2.38)

0 and ¢ are the polar and azimuthal angles, respectively (Fig.6.11, left panel). The matrix
elements of the anisotropy tensors b can be dramatically reduced by symmetry operations
corresponding to the underlying point symmetry of the magnetic ion.

For tetragonal systems Egyisotetr 18 given by
Eonisoretr(0, ) = Ko + Ky cos(0)* + K, cos(0)* + K3 sin(0)* cos(¢)? sin(¢)? (2.39)

with the anisotropy constants Ky, K, Ky and K3 and the rotation angles 6 and ¢. The polar
axis is positioned along the tetragonal ¢ direction. The constant K is isotropic and describes
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Figure 2.9: In the upper panel the contributions of the different terms to the magnetic
anisotropy energy FEunisoretr 0f Eqn.2.39 with the respective energy scales (next
to the figures, on the right) are shown. The anisotropy constant K, was set to
0.05. K, Ky and K3 were set to 1 and their respective angular dependencies
(Eqn. 2.39) are displayed separately on the left, in the middle and on the right in
the upper panel. In the lower panel Egisoterr for Ko=0.05, K; =1, K;=0 and
K3;=1 (Ky=0.05, K1 =1, Ky=-0.85 and K3=1) is shown on the left (right). The
crystallographic directions for each figure are displayed in the middle of the lower
panel.

the purity and perfection of the investigated single crystal. K; and K5 determine the easy or
hard axis behaviour of ¢ and the constant K3 describes the anisotropy within the basal plane
(Fig.2.9).
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Experimental techniques

Within this thesis, single crystalline CeRuySng samples were investigated. Since its synthesis
is an important aspect of this thesis, a separate section (Sect.4.2) is devoted to its discussion.
The present chapter only describes measurement techniques. Note that the crystallographic
directions are specified with a (<100>), ¢ (<110>) and ¢ (<001>) within this chapter in
accordance to the published data on CeRuySng. So, a, ¢ and ¢ does not only nominate lattice
constants, but also directions.

3.1 Electrical transport

Electrical resistivity was measured in the temperature range from approximately 50 mK to
approximately 620 K, with three different devices. Magnetoresistance and Hall effect measure-
ments were made between 50 mK and 350 K with two different devices. The maximum applied
magnetic field was 9T between 2 and 350 K and 15T below 2 K. A standard 4-point (6-point)
technique was used for all resistivity (Hall effect) measurements (Fig.3.1). Typical sample di-
mensions used in this thesis were 4.0mmx 1.5 mm x 0.5 mm. The samples were contacted with
25 or 50 um thick gold wires by spot welding. Only for the first measurements of CeRu,Sng two-
component silver epoxy (Epotek H20E, Epoxy Technology Inc.) was used because no suitable
spot welding parameters could be identified. Later, these parameters were found and enabled
measurements at high temperatures. Furthermore, the measurement accuracy was enhanced
by the spot welded contacts, especially at the lowest temperatures.

Due to the non-avoidable small misalignment of the perpendicular Hall contacts, contributions
from the longitudinal voltage U are measured within the signal of the Hall voltage Uy (Fig. 3.1).
Unlike Uy that changes sign upon magnetic field reversal, this additional voltage is independent
of the magnetic field direction and can thus be eliminated by measurements with opposite field
direction: Uy = $(Uy + U) — (=Uy + U). The voltages in the parentheses indicate the values
measured for the two opposite H directions.
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Figure 3.1: The left panel shows a schematic drawing of a sample contacted for electrical re-
sistivity, magnetoresistance and Hall effect measurements. The electrical current
is applied along the longest direction of the sample (—I to +1). Contacts for the
Hall voltage Uy and the electrical resistivity (magnetoresistivity) measurements U
are situated perpendicular and parallel to the current direction, respectively. The
violet dots indicate the contacts between the sample and the gold wires. Also the
dimensions relevant for determining the resistivity p = RwTh and Hall resistance
Prai = Rpg po H from the resistance R = % and Hall resistance Ry = %
(Sect. 2.7) are indicated. In the right panel a photograph of a sample contacted for

4-point measurements is shown.

To check for consistency between measurements in different devices, large enough overlapping
temperature ranges were studied. No discrepancies were found.

Additionally, longitudinal magnetoresistance measurements on CeRuySng were performed in
high magnetic fields (up to 60T) along the three crystallographic directions [100], [001] and
[110] (Sect.6.4) by J. Larrea and F. Weickert at the High Field Laboratory at the Helmholtz-
Zentrum Dresden-Rossendorf. The sample preparation for these measurements was made within
this thesis.

Low-temperature measurements (50 mK - 5 K)

Electrical resistivity, magnetoresistance and Hall effect were investigated for several CeRuySng
samples in this temperature range. The measurements were done with low-frequency ac current
in a He/*He dilution refrigerator from Oxford Instruments in collaboration with K.-A. Loren-
zer. The cryostat includes a NbSn3-NbTi hybrid magnet driven by an IPS120-10 power supply
from Oxford Instruments. With this magnet, a magnetic field pgH of 15T can be generated.
The samples, mounted in the field center, were fixed with GE varnish 7031 (Cryophysics GmbH)
and with thin cigarette paper between the sample and the sample holder. As already mentioned,
a considerable enhancement of the measurement accuracy was achieved by using spot welded
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contacts. Their lower resistance compared with glued contacts decreases Joule heating and thus
allows higher resolutions of the measurement signal at the lowest temperatures in the dilution
refrigerator. Further details on the measurements in the dilution refrigerator are given in the
PhD thesis of K.-A. Lorenzer [78]. The gold wires, spot welded to the sample, are soldered
to the sample platform. Measurements with a constant applied H and varying temperature
T (T-sweep measurements) and vice versa (H-sweep measurements) were done in the entire T’
and H range. As the longitudinal contribution to the Hall effect signal has to be eliminated,
the Hall effect at each temperature was measured with an H sweep from negative to positive
values.

Intermediate temperature measurements (2 K - 350 K)

Within this temperature range, electrical resistivity, magnetoresistivity and Hall effect mea-
surements on several CeRuySng and Ces_,La,PdygSig samples were made. These measurements
were done with alternating dc current in a physical property measurement system (PPMS) from
Quantum Design. The maximum applied magnetic field in the PPMS was 9T. All CeRuySng
samples were measured with the horizontal rotator option of the PPMS device. The samples
were glued with GE varnish to the sample platform of the measurement chip. The gold wires
from the sample were soldered to the pads on the measurement chip. The spurious longitudinal
contributions to the Hall signal were rejected by a rotation of 180° of the sample within the
constant applied H.

The electrical resistivity of polycrystalline Cez_,La,PdsgSig samples was measured with the
resistivity sample puck from Quantum Design. The samples were glued with GE Vanish and
an intermediate layer of cigarette paper to the resistivity sample puck platform.

High-temperature measurements (300 K - 620 K)

In the high temperature range electrical resistivity was measured with a homemade device set-
up by E. Bauer’s group at the Vienna University of Technology (Institute of Solid State Physics
(IFP)). The measurements were made with alternating dc current and the voltage was measured
with a nanovoltmeter (Keithley Instruments; Inc.). The temperature was measured with a
NiCr-NiAl thermocouple. Because of the high temperature reached within these measurements,
the CeRuySng samples were clamped to the sample holder with thin mica plates. For the
same reason, the gold wires were spot welded to the sample and they were clamped to the
measurement line clamp contacts of the sample holder.
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3.2 Magnetization

Magnetization measurements of CeRuySng from 2 to 1000 K along the main axes [100], [001],
and [110] were carried out within this thesis with two different devices as described below.
The measured CeRuySng samples had a rectangular shape, with masses between 25 and 60 mg.
Their measurements were complicated by two facts. Firstly, due to strong magnetocrystalline
anisotropy the orientation of the investigated axis with respect to the magnetic field had to be
done with great care, in particular for H || ¢. Secondly, the absolute value of the magnetization
along the magnetic hard [001] axis was very small. Therefore, a very low and/or well known
background signal was required for reliable magnetization measurements. The latter made in
particular high temperature magnetization measurements challenging.

Low-temperature magnetization measurements (2K - 300 K)

Low-temperature magnetization measurements were made with a superconducting quantum
interference device (SQUID) magnetometer from Cryogenic Ltd. in collaboration with A.
Sidorenko (IFP, Vienna University of Technology). The CeRuySng samples were attached with
super glue (Loctite gel and/or liquid) to the sample holder, as shown in Fig. 3.2, left panel. The
background signal from the glue is H dependent (almost linearly above 3T), but almost tem-
perature independent above 10 K. Exemplary values are about -3.5- 1078 and -1.3- 1077 Am? at
3 and 7T, respectively. In the data analysis, the respective background signal at each H was
subtracted.

High-temperature magnetization measurements (200 K - 1000 K)

High-temperature magnetization measurements from 200 to 1000 K were made with two differ-
ent inserts of the Vibrating Sample Magnetometer (VSM) in a PPMS from Quantum Design.
A quartz sample holder was used for measurements between 200 and 400 K. The sample was
glued with Loctite 4204 glue to the sample holder. The signal from this high-temperature glue
is slightly higher than the one used in the SQUID. Again, this contribution was determined
separately and subtracted in the data analysis. A schematic picture of this sample holder is
shown in Fig. 3.2 (right panel, top) [79].

For the highest temperatures (300 - 1000 K) the VSM oven option was used. The sample was
fixed with Zircar cement to the sample holder and surrounded with a copper foil to avoid ther-
mal radiation during the measurements. A picture of the VSM oven sample holder is shown
in Fig3.2 (right panel, bottom) [80]. Again, great care had to be taken to obtain reliable
results. The measurement signal of CeRuySng decreases with increasing temperature. Since
the sample space is limited and the maximal possible sample is about 50 mg for CeRuySng
samples, the signal amplitude is relatively small. Additionally, high temperature glue (Zircar
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Figure 3.2: The left panel shows a photograph of a mounted CeRusSng sample on the sample
holder for SQUID measurements. The right panel displays the two sample hold-
ers used in the PPMS. On top the low temperature quartz sample holder with
a mounted sample is shown [79]. Below the high temperature VSM oven sample
holder is displayed [80].

cement from Quantum Design) has to be used, giving a remarkable higher contribution to the
measured signal than the low-temperature glues. Finally, inhomogeneities along the sample
axis are produced by the surrounding copper foil, as well as a platinum resistance heater and
a thermocouple which are positioned next to the sample area. All this yields a considerable
background signal. For a detailed determination of the background signal, reference measure-
ments were performed with Pd samples of different weight and with different applied H (6 and
9T). For the hard axis of CeRuySng at a magnetic field of 9T, the background signal reaches
about 20 % of the sample signal.

3.3 Torque magnetometry

In addition to the above described magnetization measurements, torque magnetometry mea-
surements of CeRuySng were made with the torque magnetometer option in the PPMS. This
measurement option was developed by Quantum Design in collaboration with the IBM Re-
search Division, Zurich Research Laboratory and the Physik-Institut of the University of Zurich,
Switzerland. The torque magnetometer measures the magnetization component perpendicular
to the applied magnetic field (torque 7= V]\7[V X uofl ). Therefore, this measurement technique
is a useful tool to measure magnetic anisotropies in single crystals. Usually, this measurement
device is used to measure magnetically ordered materials. However, within this study, the
anisotropy of a paramagnetic material, namely CeRuySng, was investigated. The aim of the
measurements was to resolve the anisotropy with higher precision than possible with the above
discussed magnetization measurements. Three differently oriented samples were measured.

Figure 3.3 displays schematic drawings of the used torque-lever chip and the chosen sample
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geometry. The torque-lever chip is used in conjunction with the platform board assembly and
the horizontal rotator option from Quantum Design. Samples should have a weight of less
than 10 mg and should have a maximal contact area to the sample stage of 1.5 mmx 1.5 mm.
The measured signal is limited to below 5-107°Nm. Larger torque may break the torque-
lever chip. The torque is measured via two piezoresistor paths by a high-precision Wheatstone
bridge arrangement. The right panel displays the schematic drawing for one of the samples
(only the crystallographic directions change for the other two samples). All three samples were
polished almost cylindrically to avoid geometrical shape impact to the measured signal. A
parasitic contribution is generated if a non rotation symmetric sample is rotating in the applied
H. Unfortunately, one side of the cylindrical shaped sample had to be flattened, because the
mounting of the sample and the thermal coupling required this procedure. The cylindrically
shaped samples had a diameter and a length of about 1 mm and were glued with super glue
(Loctite gel and liquid) to the sample stage. The recommended fixing procedure with Apiezon
N did not work for the samples used here.

The calibration of the torque-lever chip was made by the standard calibration routine. At first,
the system cools down and the temperature dependence of the resistance and the imbalance
of the Wheatstone bridge is measured accurately. These results are used to determine the
corrections due to the thermal stress and magnetoresistance effects caused by the wires in
the horizontal rotator and the PPMS probe. At lowest temperature, a magnetic field of 9T
is applied and the system begins to warm up. During the warm up, an electrical current of
+1.96 mA is applied through the calibration coil (situated on the torque-lever sample stage)
at several temperatures leading to a magnetization of about £7.5-107° Am2. The chip is
positioned perpendicular to the field direction and produces a torque of about £7-107%Nm.
By relating the change in the resistance ratio to the known torque value, a calibration table is
calculated which correlates a resistance ratio to the torque, named torque coefficient. At the
end, the system calculates the best fit to the torque coefficient values to obtain a relation over
the entire temperature range. Due to inconsistencies between torque magnetometry and direct
magnetization measurements, the calibration process was repeated after the measurements on
CeRuySng and no deviation was detected. Also the comparison to other calibration tables leads
to no abnormal behaviour of the used torque-lever chip. Therefore, torque measurements on
a single crystal with a defined anisotropy are planned to clarify the inconsistencies between
torque magnetometry and direct magnetization measurements.

Each sample was measured at several temperatures between 3 and 325 K. The anisotropy be-
tween the in-plane directions [100] and [110] was measured with an applied H of 9T as the
measured signal was small. The signals achieved from these measurements were nevertheless
well below the maximum allowed signal strength. By contrast, for the torque measurements
between the in-plane directions ([100] and [110]) and the [001] direction the signal was large
and the applied H had to be reduced from 9T. At each temperature and field, the sample was
rotated by 367.5° and then turned back to the starting position. Both directions were measured
with a step size of 7.5°. Additionally, the zero field signal was determined at each temperature.
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Figure 3.3: The left panel shows a schematic drawing of the torque-lever chip (Quantum Design)
used in conjunction with the horizontal rotator option of the PPMS (Quantum
Design). The direction of the measured torque 7 and exemplary directions of the
magnetization m and the applied magnetic field H are included. The chip is rotated
with respect to the rotation axis (along 7) in a constant applied H. The right
panel shows a schematic drawing of a used CeRuySng sample geometry for torque
magnetometry measurements. The crystallographic directions vary for each sample.
The shown directions display the conditions for torque measurements between the
a and ¢ direction. The sample is fixed with the flattened area (bottom) to the
torque-lever sample stage.

The gravitational contribution determined by these zero-field measurements was subtracted
from the measured data. In addition, the empty torque-lever chip was measured with an ap-
plied H of 9T. The background signal derived from these measurements was necessary for the
data analysis of the small signal measured between the in-plane directions.

3.4 Thermopower

Thermopower measurements along the three main directions ([100], [001] and [110]) were made
in collaboration with M. Ikeda (IFP, TU Vienna), using a homemade device set-up by E.
Bauer (IFP, TU Vienna). We employed the toggled heating technique [81]. Figure 3.4 shows a
schematic drawing of the set-up. If a temperature gradient AT} was applied by heating one side
with the resistance strain gauge, a thermovoltage U}, ,4mpe Was measured within the electrical
circuit constantan (Co) wire - CeRuySng - Co wire by

Ué'o,sample = (SCO - Ssample) ATl + UC’o,add . (31)

This equation includes both the thermopower of constantan (S¢,) and of the measured sample
(Ssampte ), and a spurious voltage term Ug, 4qq4. These spurious voltages are due to thermocouple-
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wire inhomogeneities, non-thermal ideality of the cold end unit and electrical offsets of the
voltmeter. The thermovoltage within the gold/iron (AuFe0.07%, called AuFe hereafter) wire -
CeRuySng - AuFe wire circuit U, e sampre Was measured in the same way. Next, the other side
of the sample was heated and the thermovoltages U%ojsample,

Ug’o,sample = (SCO - Ssample) (_ATQ) + UCo,add 5 (32)

and U3, re sampre Were measured. The spurious voltages were eliminated by subtracting the
thermovoltages U and U? (Eqn. 3.1 and Eqn. 3.2), which yields

Uco = Uéo,sample - Uéo,sample = (SCO - Ssample) (ATl + ATQ) (33)

and
Unure = U}XuFe,sample - UfluFe,sample = (SAUF@ - Ssample) (ATl + ATQ) : (34)
Finally, Ssempie Was calculated by combining Eqn. 3.3 and Eqn. 3.4 to

. UCO(SCO - SAuFe)
UCO - UAuFe

Ssample - SCO (35)

The temperature of the sample was determined with Ge- and Pt-sensors mounted in a drill
hole in the heat sink. S¢g, and Sa,r. Were calculated from calibration tables for S of the Co

and AuFe wires, respectively. U was measured with a nanovoltmeter (Keithley Instruments,
Inc.).

At each temperature, a voltmeter was connected successively to both electrical circuits by a mul-
tiplexer (Burster Prézisionsmesstechnik GmbH & Co KG) (Fig.3.4). The samples were glued
with GE varnish 7031 (Cryophysics GmbH) to resistance strain gauges which were mounted on
the heat sink. The Co wires were spot welded to the AuFe wires at their tops and subsequently
contacted electrically and thermally with conductive silver paint to the sample surface. The op-
posite tops of the Co and AuFe wires were soldered to copper wires. To avoid spurious voltages
due to temperature differences between the contacts, they were thermally coupled (electrically
isolated) with a heat sink at room temperature.

Here, CeRusSng samples were measured from 5 to 300 K along the [100], [001] and [110] direc-
tion. The samples were separated from batch G2 with a typical sample geometry of approxi-
mately 4.0mmx 1.5 mmx 0.5 mm.

3.5 Optical spectroscopy

As part of this thesis high-quality CeRuySng single crystals were synthezised for optical spec-
troscopy measurements along the [100] and [001] direction. The measurements required samples
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Figure 3.4: Schematic drawing of the thermopower measurement set-up.

with smooth oriented surfaces and the maximum possible diameter. Thus, two disc-like sam-
ples were cut from batch G3 after orienting it with a Laue diffractometer and magnetization
measurements. The separated discs had a plane elliptical surface with a minor and major axis
of about 4 mm and 6 mm, respectively. The oriented surfaces included the main directions [100]
and [001], which were marked with a small oriented lateral polished surface. Exemplary, one
disc is shown in Fig. 3.5.

The measurements were done by V. Guritanu, J. Sichelschmidt (both at Max Planck Insti-
tute for Chemical Physics of Solids, Dresden, energy range: 5meV-30eV), T.Weig and M.
Scheffler (both at 1. Physikalisches Institut, Universitat Stuttgart, energy range: 0.5-5meV).
Near-normal incidence reflectivity spectra were measured between 6 and 200 K with different
spectrometers in an energy range from 0.5 meV to 30eV. Linearly polarized light was used with
the electric field parallel to the [100] direction and parallel to [001] axis. The results were
published recently [16].

3.6 X-ray absorption spectroscopy (XAS) measurements

Frequently, a combination of inelastic neutron scattering and magnetic susceptibility measure-
ments is used to determine the crystalline electric field (CEF) level scheme of a 4f state. For the
former, large samples are needed. The latter can be complicated by interaction effects. In this
case one can resort to XAS measurements, which are a powerful tool to determine the ground
state of the CEF-split 4f wave function (CePdsSiy [82], CePt3Si [83]). As part of this thesis,
several high-quality CeRuySng single crystals with almost cubic shape (length of about 1 mm)
and two parallel surfaces that include both the [100] and the [001] direction were prepared for
XAS. Small imperfections and different prepared surfaces of the separated pieces were useful
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Figure 3.5: Photographs of both sides of one separated CeRuySng disc (batch G3). This
sample was used for optical spectroscopy measurements by V. Guritanu and J.
Sichelschmidt (Max Planck Institute for Chemical Physics of Solids, Dresden).

marks for the indication of the orientations. Figure 3.6 shows the documentation for one such
sample prepared for XAS measurements.

The XAS measurements were performed by F. Strigari in the group of A. Severing (2.
Physikalisches Institut at the Universitdt zu Kéln) at the National Synchrotron Radiation
Research Center (NSRRC, Dragon beamline BLO8A) in Taiwan. Within these measurements,
the core-hole excitations of the 3d electrons into the 4f states are investigated (Fig.3.7). The
measured spectra show two dominant absorption energy ranges, which are 895 - 905meV for
the M, and 877 - 887 meV for the Mj; excitation. The ground state doublet of the CEF split
4f wave function is measured by the polarization dependent absorption intensities for the X-
rays (Sect.6.6). Therefore, the X-rays were polarized with the electrical field parallel and
perpendicular to [001] axis. Due to the thermal population of the first excited CEF-split dou-
blet, the temperature 7" should be much lower than the energy of the first CEF excitation
(k‘BT << AECEFl)-

In addition to the My and Mj5 excitations, the L3 excitations were investigated with XAS
measurements in the partial fluorescence yield (PFY) mode (Sect.6.6).
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Figure 3.6: Documentation of a separated CeRuySng single crystal for XAS measurements.
Small imperfections and differently prepared surfaces were useful marks of the al-
most cubic oriented samples.
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Figure 3.7: The left panel shows the electron energy levels relevant for the XAS measurements,
including the core-hole excitations M, and Mjs. In the right panel, the CEF-split
energy levels of the 4f 5/2 states are shown and their eigenstates (three doublets)
with the respective site symmetry are listed.

35



Chapter 3 Experimental techniques

36



Chapter 4

Crystallography and single crystal growth

4.1 Crystal structure

As already mentioned in the introduction, CeRuySng crystallizes in a body-centered tetragonal
structure of space group 142m, with the lattice constants a = 6.8810 A and ¢ =9.7520 A (Fig.4.1)
[40,84]. Each Ce atom is surrounded by a polyhedron of 4 Ru and 12 Sn atoms (Fig. 4.2) with
the point symmetry Do (= Schoenflies notation (S-notation) for 42m in Hermann-Mauguin
notation (HM-notation)). The point group Dy, is not abelian and exhibits the subgroups Csg,
Ca, Dy, Cy, and S, (C,, = n-fold rotation axis, D,, = n-fold rotation axis plus n twofold axes
perpendicular to that axis and S,, = 2n-fold rotation-reflection axis). Exemplary symmetry
operations are the rotation by 90 ° along the [001] direction followed by mirroring with respect
to the (001) plane (S-notation S;, HM-notation 4), the rotation along the [100] direction by
180° (S-notation Cy, HM-notation 2) and the mirroring with respect to the (110) plane (HM-
notation m). Within the polyhedron, the nearest neighbours of Ce are the 4 Ru atoms at a
distance of 3.2964 A. The distances from Ce to the Sn atoms are 3.3634, 3.4405 and 3.7102 A.
The atomic coordinates are listed in Tab. 4.1 [40].

As a result of the peculiar relation between the lattice constants a and ¢, v/2-a =~ ¢, CeRuySng
can also be represented by a quasi-cubic unit cell, with a deviation of about 0.2% from a

Table 4.1: Atomic coordinates of CeRuySng in the tetragonal unit cell [40].

element site Wyckoff position atomic coordinates
[100] [010] [001]
Ce Ce 2a 0.0000  0.0000 0.0000
Ru Ru 81 0.8294 0.8294 0.4211
Sn Snl 81 0.8213 0.8213 0.7048
Sn Sn2 4c 0.0000  0.5000 0.0000

a=6.8810A, ¢=9.7520 A
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Figure 4.1: A unit cell of CeRuySng is schematically shown in the left panel [40,84,85]. The right
panel shows a polyhedral representation of the crystal structure. The polyhedral
cages are formed by 4 Ru and 12 Sn atoms (coordination number 16).
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Figure 4.2: A Ce atom (blue), with the cage atoms (Ru (red), Snl (green) and Sn2 (cyan))
surrounding it, is presented in the left and middle panel. In the left (middle) panel
the view along the [001] ([100]) direction is shown. The point symmetry of the
Ce site is Dgg. CeRuySng exhibits two different Sn sites (Snl and Sn2). The 4
Sn2 atoms are situated in the basal (001) plane and the 8 Snl atoms are located
slightly (by 1.999 A) below and above the basal plane. In the right panel the layered
structure for CeRuySng is shown (unit cell marked with black line) [40, 84, 85].
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Figure 4.3: The tetragonal crystal structure of CeRuySng can be approximated with a quasi-
cubic cell, with a deviation to a cubic structure of about 0.2%. The left panel
shows both types of unit cell, the middle panel shows the tetragonal unit cell, and
the right panel shows the quasi-cubic unit cell. The diagonal direction in the basal
(001) plane is named ¢'.

cubic structure (where /2 - a = ¢). Both unit cells are shown in Fig.4.3. The diagonal of the
tetragonal basal plane will be denoted by ¢ throughout this thesis.

Can 1- or 2-dimensional features be discerned in the crystal structure?

Measurements on CeRuySng single crystals reveal that the physical properties are similar for the
directions [100] and [110] lying within the basal plane, but distinctly different along the [001]
direction perpendicular to it. This raises a question whether 1- or 2-dimensional structures can
be discerned in the crystal structure of CeRuySng.

Within the basal (001) plane, Ce (2a position) and Sn2 atoms (4c¢ position) are situated at the
(0,0,0) and (0,1/2,0) positions (and their crystallographic equivalents), respectively (Fig. 4.1, 4.2
and 4.4). The rest of the Ce-surrounding cage atoms (Ru and Snl at the 8¢ position) are placed
in the (110) plane (Fig. 4.2). Their distances to the (001) plane are 0.707 A (1.999 and 2.879 A)
for the Ru atoms (Sn2 atoms). Hence, a layered structure is formed along the [001] direction,
with Ce-Ru-Sn1 layers (layer 1, width 1.540 A, layer distance of ¢/2=4.876 A) and intermediate
Sn2 layers (layer 2, width 0.882 A, distance to Ce-Ru-Sn1 layers is ¢/4 =2.438 A) (Fig. 4.2). The
atomic structure of CeRuySng is displayed in Fig. 4.4 for views along the directions [100] (left),
[001] (middle) and [110] (right). The central unit cell is indicated with black lines.

Due to the indication of a layered structure in CeRusSng (Fig.4.2), the crystal structure was
investigated within an electronic transport approach via localized electron shells around the
respective atoms along the [100], [001] and [110] directions (Fig.4.5-4.9). This approach is
compared to theoretical calculations by P. Wissgott [9] including anisotropic hybridization
effects. The left panel of Fig.4.4 shows a view along the [100] direction, which shows that
the Ce (blue) and Sn2 (cyan) atoms along [100] are surrounded by alveolar positioned Ru
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Figure 4.4: The crystal structure of CeRuySng is displayed along the three investigated main
directions [100] (left), [001] (middle) and [110] (right) [40,85].

(red) and Snl (green) atoms. The direct and indirect (zigzag) atomic chains along [100] are
displayed in a 1-dimensional presentation in Fig. 4.5. Additionally, the 3-dimensional properties
of the Ce-containing atomic chains along [100] is presented in Fig.4.6. These figures show the
atomic configuration, the extensions in comparison to the direct [100] direction in % and the
3-dimensional properties (for Ce-containing chains) of the [100] chains. The chains are shown
for a length of 2a or a. One direct Ce-containing [100] chain ([100];) exists with alternating Ce
and Sn2 atoms (no extension). Interestingly, all other Ce-containing chains ([100]z, [100]; and
[100]4) lead to an extension of more than 36.5%. Additionally, pure Sn chains ([100]5, [100];
and [100]s) and Ru-Sn chains ([100]g, [100]y and [100];0) are found along [100] in CeRuySns.

Next, the [001] direction was investigated. A view along [001] on the crystal structure of
CeRuySng is shown in Fig. 4.4 (middle panel) and the atomic chains along [001] are displayed in
Fig. 4.7 for a length of 2¢ (¢). Here, the distance between the Ce atoms is ¢=9.7520 A for the
pure Ce chain ([001];). Due to the comparably large distance between the Ce atoms, non-Ce
atoms are likely to have a strong influence on the electronic transport along [001]. The chain
([001]2) with the smallest atomic distances exhibits two non-Ce atoms between the Ce atoms
(distance of the Ce atoms is ¢). The [001]y chain is realized via the displayed Ce-Ru-Snl-Ce
path (Fig.4.7). In addition, a pure Sn2 ([001];) and a Ru-Snl chain ([001]3) exist along [001].
Note that the lowest electrical resistivity was measured along this direction.

Finally, the atomic chains along [110] are shown in Fig.4.8 (1-dimensional presentation) and
Fig. 4.9 (3-dimensional illustration) for a length of 2¢/. A view along the [110] direction on the
crystal structure of CeRuySng is displayed in Fig.4.4 (right panel). The pure Ce-chain ([110])
exhibits a large direct distance (¢ =9.7310A), similar to the [001] direction. Also here, the
chain ([110]4) with the smallest atomic distances exhibits two non-Ce atoms (Ru) between the
Ce atoms. Its length extension is only 1.9 % in comparison to the direct Ce-Ce distance. In
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4.1 Crystal structure

addition, Ce-Ru-Ce ([110]3) and Ce-Sn2-Sn2-Ce ([110]2) chains exist with a length extension of
6.8 and 20.7 %, respectively. Finally, pure Snl ([110]5 and [110]g), pure Sn2 ([110]s), Ru-Snl
([110}7) and Ru-Sn2 chains ([110]y) can be found.

The anisotropy of CeRuySng between the (001) plane and the perpendicular [001] direction
was suggested to result from an anisotropic hybridization strength along the different crys-
tallographic directions, resulting in the formation of energy gaps at the Fermi energy only
for directions with strong hybridization (Sect.5) [5]. To further explore this conjecture, the
chains derived above and the directional dependence of the chains that contain Ce atoms was
investigated. Figure4.10 shows the 4f-electron orbitals for the pure (J, m;)-states (left top)
and the Wannier orbitals for Ce-f-electron orbitals in CeRuySng, which were calculated by P.
Wissgott within his PhD thesis [9]. The Wannier orbitals include the information about the
basic Bloch states derived by local density approximation (LDA) calculations and display a
real space picture instead of the k-space picture of the electronic dispersion. The spreads of
the Wannier orbitals of the (J=5/2, m;==+1/2)- and (J=5/2, m; ==x3/2)-f states, which
were found to be the states most probably occupied (Sect.6.1.1), are both about 1 A2 [9]. For
the (J=5/2, m;==45/2)-f state, the spread is about 1.8 A2 [9]. The spread for the Ru-4d
(Sn-5p) orbitals was calculated to be about 2.3-5.8 A2 (5.9-18.1 A%). Note that the directional
dependence of these orbitals is the essential feature for different hybridization strength along
different directions. Within Wissgott’s PhD thesis, the m; ==+1/2 state was found to be the
most strongly hybridized one (Fig. 5.2, left panel): it hybridizes strongly with Ru-4d and Sn2-5p
states (Fig. 5.2, right panel) [9].

Electronic and thermal transport measurements (Sects. 6.2 to 6.6) as well as theoretical calcu-
lations (Sect. 5) revealed a stronger hybridization within the (001) plane in comparison to the
perpendicular [001] direction. As mentioned above, the theoretical calculations performed by
Wissgott [9] indicate that the Ce-4f electrons hybridize most strongly with Ru-4d and Sn2-5p
electrons (Fig. 5.2, right panel). Below, the atomic chains along the different crystallographic
directions are compared in order to relate structural features to these results. Since the direct
overlap of the Ce-derived orbitals along [001] and [110] is small (atomic distance > 9.7 A), these
chains ([001]; and [110];) are not considered important for transport. For the (100)-plane direc-
tions [100] and [110], only Ce chains including Ru (red) and/or Sn2 (cyan) were found ([100],
to [100]3 and [110]s to [110]4), expect for one chain ([100]4) that includes two neighbouring Snl
atoms (green), with a length extension of more than 50 % (Figs. 4.5, 4.6 and 4.8). Neglecting
this extended chain, perfect agreement with the theoretical result is found: All Ce-containing
chains with short interatom distances in the (100) plane include Ru and/or Sn2 atoms. This
can also be seen from the layered structure of this compound. By contrast, a Ce-Ru-Sn1-Ce
chain ([001]y) with a small length extension of 8.3 % is only found along [001] (Fig.4.7). Here,
the distance between Ce and Ru is larger than for the [100] and [110] direction, namely 4.429 A
instead of 3.296 A. The deviations of the Ru atoms from a straight chain are 46.6°, 13.5° and
22.0° for the [100], [110] and [001] direction, respectively. A remarkable difference in accordance
with the anisotropic behaviour can be found in the angle between the Ce-Ru bond and the (100)
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plane. This angle is 13.5° (#=76.5°) for the [100] and [110] direction, and 68.0° (§=22.0°)
for the [001] direction. Therefore, a different hybridization strength for the two Ce-Ru pairs
is anticipated due to the #-dependence of the Wannier orbitals (Fig.4.10). In conclusion, the
lower hybridization strength between Ce and Ru for the [001] direction in comparison to the
(001)-plane directions can be traced back to both a larger Ce-Ru-distance and a different angle
6 of the Ce-Ru bonds. The direct Ce-Sn2-Ce chain [100]; with Sn2 in the (001) plane (6 =90°)
suggests to be strongly hybridized, too. So, a stronger hybridization strength for large 6 next
to the (001) plane is in agreement with these findings.
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Figure 4.5: Direct and indirect (zigzag) atomic chains ([100];, i=1 to 10) along [100] for
CeRuySng. All displayed chains span a distance of 2a along [100]. Their exten-
sions with respect to a straight chain with bond angles of 180° are specified in %.
Different views on the Ce-containing chains are shown in Fig. 4.6 in a 3-dimensional
representation.
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Figure 4.8: Direct and indirect (zigzag) atomic chains ([110);, i=1 to 9) along [110] for
CeRuySng. The displayed chains span a distance of 2¢’ along [110]. Their exten-
sions with respect to a straight chain with bond angles of 180° are specified in %.
Different views on the Ce-containing chains are shown in Fig. 4.9 in a 3-dimensional
representation.
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Figure 4.10: The Ce-4f-electron orbitals for J=15/2 in the (J, m;)-base are displayed on the
top left. In addition, the Wannier orbitals for J=5/2 (m; =1/2, 3/2 and 5/2) are
displayed, which were calculated by P. Wissgott [9]. The illustrations of the Wan-
nier orbitals were extracted from P. Wissgott’s PhD thesis [9]. While the Wannier
orbital derived from (J=5/2, m;=1/2) roughly keeps the unhybridized orbital
shape along [001], it gets strongly broadened within the (001) plane. The Wannier
orbitals derived from (J=5/2, m;=3/2) and (J=5/2, m; =5/2) show a direc-
tional dependence perpendicular to [100] in contrast to the unhybridized orbitals.
Especially the (J=5/2, m; =5/2) Wannier orbital shows a strong directional de-
pendence in the (001) plane. In addition, the (J =5/2, m; =5/2) Wannier orbital
is strongly broadened in the (001) plane.
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4.2 Single crystal growth and orientation procedure

High quality single crystals are essential to study the material’s intrinsic physical properties.
This is particularly true for Kondo insulators. Due to their narrow energy gap, imperfections
of the crystals may strongly alter the properties, especially at low temperatures. This has been
shown for instance for CeNiSn [33,39]. Within this work, CeRu,Sng single crystals were grown
and investigated.

4.2.1 Single crystal growth

The single crystal growth was performed by the floating-solution-zone traveling heater method
(THM) using optical heating in a four-mirror furnace (Crystal Corporation) with a growth rate
of 0.3 -0.5mm/h. A schematic set-up is shown in the left panel of Fig.4.12. The polycrystalline
rods for the crystal growth were synthesized by melting together high purity Ce, Ru and Sn in
a horizontal, water cooled copper boat using high-frequency heating. The melting procedure
with the stoichiometric CeRuySng rods was repeated several times to enhance the homogeneity
of the resulting polycrystalline material. The purity of the starting materials was 99.99 % for Ce
(Ames Lab) and Ru, and 99.9999 % for Sn. All synthesis steps were performed under protective
Ar atmosphere after several purgings with Ar.

A self-flux technique was used since CeRuySng melts incongruently. This was confirmed by
A. Prokofiev and T. Nezu with differential thermal analysis (DTA) experiments which reveal
multiple peaks on the heating and cooling curves (Fig. 4.11, left panel) [10]. They also reported
that upon quenching the CeRusSng melt predominantly the phases CeRuSns and RusSn; form.
Hence, a flux technique for the single crystal growth of CeRuySng was used. A. Prokofiev
reported that a pure tin flux lead to the formation of undesired phases. Therefore, a suitable
flux material was searched for in the ternary Ce-Ru-Sn composition to avoid foreign elements.
Because a Ce-containing flux is expected to support the growth of the highly stable CeRuSn;
phase, binary Ru-Sn self-fluxes were investigated. Finally, A. Prokofiev chose RusSns which has
the same Ru:Sn ratio as CeRuySng. In addition, RusSnj is expected to suppress the formation
of the Ce-rich phase CeRuSns. The lowest melting composition in the Ru-Sn binary phase
diagram is the eutectic at 1160°C (42.5at.% Ru and 57.5at.% Sn). This composition is close
to the Ru:Sn ratio of the chosen flux.

The composition dependence of the growth length of the single crystals was investigated in
detail by T. Nezu and A. Prokofiev within T. Nezu’s master thesis (Fig.4.11, right panel)
[10]. The measurements revealed a position-independent stoichiometry over the full growth
length. Within this PhD thesis, a possible composition gradient along the growth direction was
in addition studied by transverse magnetoresistivity measurements. For this analysis, three
samples were separated from different positions of the longest single crystal grown within this
work (batch G7). The measured samples were separated from the bottom (G7 BO1), the middle
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Figure 4.11: In the left panel a DTA analysis of CeRuySng is shown (performed by T. Nezu [10]).
The multiple peaked structure of the DTA signal confirms the incongruent melting
of CeRuySng. The right panel shows the element concentration in at.% with respect
to the single crystal growth length z [10].

(G7 BOT7) and the top (G7 TOP4) of this single crystal G7, corresponding to the beginning, the
middle and the end of the single crystal growth, respectively. These measurements (Fig.6.41)
confirm that, within the accuracy of these measurements, no growth length dependence of the
single crystal quality exists.

As an example, the right panel in Fig. 4.12 displays the rod resulting from the growth of batch
G6, with the single crystal already being separated from the polycrystalline feed and seed
rods. CeRuySng is very brittle and therefore attention must be paid in handling the samples.
Photographs of broken pieces of batch G6 reveal the characteristic shell-like fractured surfaces
(Fig.4.13). The sample broke when unmounting it from the mirror furnace.

As already mentioned, the first attempts to grow single crystalline CeRuySng were made by
T. Nezu and A. Prokofiev [10]. Two batches (B, G2) of their successful growth were used
for measurements within this work. In addition, several tries growing new single crystals were
initiated and the largest grown single crystal G7 is shown in Fig.4.14. Table 4.2 shows all single
crystals grown so far and the measurements performed on them.

4.2.2 Phase and domain purity analyses

After separating the central crystallized part from the polycrystalline rods, it was polished at
the top and bottom of the grown zone. At first, polarized light was used to check the domain
purity of the polished areas. Polarized light microscopy is a useful technique for the visualization
of large scale domain misalignment and foreign phases on the specimen surface. If no sufficient
domain purity was achieved, the respective surface was alternatingly polished and checked

20



4.2 Single crystal growth and orientation procedure

Table 4.2: Grown and measured CeRu,Sng single crystal samples within this work. Used abbre-
viations: R = resistivity, MR = magnetoresistivity, HE = Hall effect, M = magneti-
zation, T = thermopower, TM = torque magnetometry, OS = optical spectroscopy,
XAS = X-ray absorption spectroscopy, Prok = A. Prokofiev, Nezu = T. Nezu, Wink

= H. Winkler.
batch name  grown by result date exemplary measurements
B (G1) Prok success  10/2006  high field MR, R, MR
G2 Prok/Nezu successful 02/2008 R, HE, MR, M, TM, T
G3 Prok/Wink successful 11/2010 R, OS, M, TM, T, XAS
G4 Prok/Wink fail 03/2011 -
GH Prok/Wink fail 05/2011 -
G6 Prok/Wink successful 11/2011 HE, torque, TM
G7 Prok/Wink successful 10/2012 MR, uSR (planned)

again with polarized light, till a sufficiently large single domain was reached. Afterwards,
the domain/phase purity and the correct stoichiometric composition were investigated with
Laue and X-ray powder diffraction and with scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDX) measurements. Exemplarily, photographs of the single
crystal G6 and SEM images of samples separated from it are shown in Fig.4.13. The SEM
investigations reveal phase purity of all investigated samples of CeRuySng.

The results of the powder diffraction analysis of small amounts of material from batches G3
and G7 are displayed in Fig.4.15. Small amounts of foreign phases were detected on the free
ingot surface in all growth runs. Hence, the surface layer was removed from all samples before
the measurements. These foreign phases are visible for instance on batch G6 as a yellowish
surface layer (Fig. 4.13, top). The bulk single crystalline material was, however, pure CeRuySng
with the exception of batch G7. In batch G7, a small amount (< 0.5%) of the foreign phase
RuySng was detected by X-ray powder diffraction (Fig.4.15). Interestingly, the formation of
this phase was also reported for polycrystalline CeRuySng by Strydom et al. [2].

Magnetoresistivity and electrical resistivity measurements revealed that samples separated from
batch G2 show slightly differing behaviour in comparison to all others. Smaller deviations were
also found for samples separated from the same batch and therefore differences without any
batch dependence occurred, too. Hence, additional EDX measurements of the crystal composi-
tions were performed for these differing samples. The EDX technique was chosen because it is
nondestructive. These EDX investigations cannot identify a difference in stoichiometry or im-
purities within the measurement accuracy. In addition, the behaviour of the magnetoresistivity
of samples separated from batch G7 (where a small amount of foreign phases was detected in
the powder pattern) was investigated in detail and compared to results from phase pure batches
(Fig.6.41). This comparison revealed that no distinct effects of foreign phases on the properties
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Figure 4.12: Schematic drawing of the floating zone technique (left). In addition, a resulting
zone melted rod of CeRuySng batch G6 is displayed in the right panel.

of G7 were detectable. Maybe non-detectable impurity concentrations yield noticeable changes
in the density of states (DOS) and as a result, lead to diverging electronic transport proper-
ties. However, the origin of the discrepancies in the electrical transport measurements is not
understood yet.

In conclusion, the phase purity analysis revealed the necessity to remove the surface layer of
the grown single crystals and confirm the high quality of the single crystals in the bulk of all
batches used within this thesis.

4.2.3 Orientation procedure

The special relation of the lattice parameters (¢ ~ v/2 - a) in CeRuySng and the available
Laue device (Kristalloflex 760, Siemens AG) lead to a complicated orientation process. As
already mentioned in Sect. 4.1, the tetragonal unit cell of CeRuySng can be approximated with
a slightly distorted quasi-cubic cell (Fig.4.3). As a result, the crystallographic directions ¢ and
¢’ of the quasi-cubic unit cell cannot be distinguished with the available Laue device. Thus,
a specific procedure based on a sizable c¢-¢” anisotropy of the magnetization was used instead.
At first, a small piece of the single crystalline material with three mutually orthogonal (100) or
(110)) directions (indistinguishable) was separated. Afterwards the (001) and (110) directions
of this piece were determined with magnetization measurements. Magnetization measurements
were chosen for orientation because they are comparably quick and do not require an involved
sample preparation procedure. In addition, the magnetic anisotropy between the directions is
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Figure 4.13: Photographs of the CeRuySng single crystal G6 (top). The grown zone broke into
two pieces. SEM images of a sample separated from batch G6 are shown on the
bottom. They demonstrate the phase purity of this sample. The area displayed
on the right is about 4 times smaller than the one on the left.

Figure 4.14: A photograph of the largest CeRuySng single crystal (G7) grown in this thesis.
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measured (black), refined (red) and difference (green, shifted downwards by a
constant value) curves are displayed. The powder pattern of batch G7 exhibits a
tiny amount of the foreign phase RusSns (less than 0.5 %), seen as small additional
peaks around 34 and 44°. No additional peaks from other foreign phases are
detected.
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Figure 4.16: Schematic orientation process of CeRuySng single crystals. Starting from three
orthogonal (001) or (110) directions (left panel) to the resulting orientation (right
panel) with magnetization measurements [49].

essentially sample and batch independent. The orientation derived for this single crystalline
piece was then assigned to the entire single crystal. A schematic drawing is shown in Fig. 4.16.
A detailed description of the orientation process and its difficulties can be found in the master
thesis of the present author at the Vienna University of Technology [49].

4.2.4 Finalizing sample preparation

At the end of the above described processes, the required samples were separated with a diamant
saw (Well Diamantdrahtsigen GmbH) or an Accutom (Struers GmbH). Finally, the necessary
geometry and surface properties of the cut pieces were achieved by polishing the separated
material with silicon carbide and/or diamant abrasive paper.
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Chapter 5

Theoretical calculations for CeRu,Sng

In parallel to the experimental investigations on CeRuySng, local density approximation plus
dynamic mean-field theory (LDA+DMFT) calculations were performed within the PhD work
of P. Wissgott in the group of K. Held at the Vienna University of Technology [9]. From the
electronic band structure calculated in that work, optical conductivity, electrical resistivity and
thermopower were derived and compared to experimental results of the present thesis. Since
much reference will be made to these theoretical results, the key results are briefly discussed
below. Note that the crystallographic directions are specified with a (<100>), ¢ (<110>) and
¢ (<001>) within this chapter in accordance to the published data on CeRuySng. So, a, ¢ and
¢ does not only nominate lattice constants, but also directions.

At first, the pure LDA electronic structure was investigated. It revealed a manifold of mixed
Ce-4f, Ru-4d and Sn-5p bands around the Fermi level (Fig.5.1). The Ce-4f bands are filled by
0.7 electrons and show a small hybridization tail below the Fermi energy Er (0eV) with mainly
(J=5/2, mj ==+x1/2)-contribution (Fig.5.1, right panel) . The main manifold of the f states is
situated above Ef (starting at about 0.1eV above Er). This manifold is split by approximately
0.4 eV due to spin-orbit coupling into a separated J =5/2 and J = 7/2 manifold. Because of the
additional crystalline electric field (CEF) splitting of these manifolds, the J=5/2 states are
split into m; ==+5/2 states at about 0.3eV above Ep and m; =+3/2 and m; ==41/2 states
centered both at roughly 0.2eV above Er. The latter ones are separated by approximately
0.05eV, with the m; = £ 3/2 state being lower in energy. In addition to the small contributions
from the Ce-4f bands, the Ru-4d bands with small admixture of Sn-5p bands play the major
role around the Fermi level. The partial density of states (DOS) of the Ru-4d bands with
J=5/2 and J=3/2 revealed no J-dependent splitting. Furthermore, they are broadened by
CEF effects within a range of almost 10eV and exhibit a direct gap-like structure of about
0.1eV at the Fermi level.

Subsequently, adequate Wannier orbitals of the localized 4f states were calculated which were
used for the following LDA+DMFT calculation. Importantly, these LDA+DMFT calcula-
tions treated the Ce-4f J=7/2, Ru-4d and Sn-5p states as background, whereas the Ce-4f
J =5/2 states were handled on the full DMFT level. The DOS spectra revealed that the Ce-4f
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Figure 5.1: In the left panel the partial LDA DOS as a function of the energy w is shown for the
most important atomic contributions, namely Ce-4f, Ru-4d and Sn-5p. The right
panel displays the partial LDA DOS for the Ce-4f states in the (J, m; = M;) base.
Both plots were extracted from the PhD thesis of P. Wissgott [9]. Er is positioned
at 0eV.

m; = =% 1/2 states contribute most to the ground state (Fig. 5.2), which is in contrast to the LDA
calculations which revealed mainly m; ==43/2 as lower lying state. These differences proba-
bly occurred because the hybridization strength of the m; ==+1/2 states with the conduction
electrons is enhanced within the LDA+DMFT calculations compared to the pure LDA treat-
ment. The m;==+75/2 state is the highest lying CEF doublet in both LDA and LDA+DMFT
calculations.

The LDA+DMFET DOS spectra at 290 and 1160 K were derived by the maximum entropy
method (Fig.5.3). Within these investigations, the Kondo (or Abrikosov-Suhl) resonance
evolves to lower temperatures, leading to a peak in the DOS slightly above the Fermi level. A
detailed analysis at 290 K revealed that the Ce-4f m; =+ 1/2 states hybridize strongly whereas
the Ce-4f m; ==+ 3/2 states remain more localized. In comparison to the pure LDA calcula-
tions, the Sn-5p Wannier orbitals interact more strongly with the 4f states than the Ru-4d
orbitals . Hence, a slightly larger p contribution to the Kondo effect is revealed.

Within the LDA4+DMFT calculations, the lowest temperatures (below 290 K) were not acces-
sible with the theoretical approach. Thus, the behaviour at lowest temperatures was mimicked
by setting the imaginary part of the self energy to a constant value. This procedure revealed
clearly anisotropic behaviour between the basal plane and the perpendicular ¢ direction, which
correctly describes the experimental trends. The origin of this anisotropic behaviour is best
seen from the calculated k-dependent LDA+DMFET DOS, which is shown in Fig.5.4. In the
upper panel, which shows the DOS at 290 K, a broadening of the bands around EF is seen. This
implies a high scattering rate and is attributed to Kondo scattering. At lower temperatures,
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Figure 5.2:

DOS spectra at 290K for the Ce-4f J=5/2 states (left) and the Ce-4f J=7/2,
Ru-4d and Sn-5p states (right). The spectra were calculated by P. Wissgott [9] and
the plots were extracted from his PhD thesis [9].
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Overall DOS as a function of energy w for two different temperatures 7' (1160 K,
top and 290 K, bottom) derived by LDA+DMFT calculations by P. Wissgott [9].
A Kondo resonance emerges at lower temperatures, leading to a peak in the DOS
slightly above Er. Both plots were extracted from the PhD thesis of P. Wissgott [9].
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Figure 5.4: The upper panel shows the k-resolved LDA+DMFT band structure of CeRuySng at
290 K. The lower panel mimics the situation at low temperatures and is obtained
by setting the self energy > of the LDA4+DMFT calculation for T = 290K to
¥ = R(X)+0.005: eV. The fixed imaginary part to a small value leads to a resolution
of more features in the band structure. It reveals a gapped structure around Er
(0eV) in a broad range of the Brillouin zone. A pronounced band crossing at
EF is only seen for the direction I' to X, which corresponds to the ¢ direction.
Additionally, gray lines for the band structure derived via LDA calculations are
included. These results were calculated within the PhD thesis of P. Wissgott [9]
and the plots were extracted from [16].

the bands are narrower and a remarkable difference between the ¢ and the in-plane directions
becomes apparent (Fig. 5.4, bottom). In a broad range of the Brillouin zone, a direct gap is
established around Ep. This is particular true for the basal (001) plane (Fig.5.4 from T to [3,
5, 0]). On the other hand, no gap is found along the perpendicular ¢ direction (Fig.5.4 from I
to X).

The optical spectroscopy, electrical resistivity and thermopower calculated from this
LDA+DMEFT DOS [9] are discussed in the respective experimental subsections (Sect. 6.6, 6.2
and 6.5).
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Chapter 6

Experimental investigations

This chapter presents the experimental results observed within this thesis. Magnetization,
torque magnetometry, electrical resistivity, Hall effect, magnetoresistivity and thermopower
measurements were performed and are discussed in Sects. 6.1 to 6.5. In addition, the results
of the X-ray absorption spectroscopy, optical spectroscopy investigations and cleaving tests
in combination with STM investigations performed by collaborators on CeRuySng samples
provided within this thesis are discussed (Sect.6.6). Note that the crystallographic directions
are specified with a (<100>), ¢ (<110>) and ¢ (<001>) in accordance to the published data
on CeRuySng. So, a, ¢ and ¢ does not only denominate lattice constants, but also directions.

6.1 Magnetic properties

In this section the temperature dependent magnetic susceptibility, field dependent magneti-
zation (Sect.6.1.1), and torque maqgnetometry measurements (Sect.6.1.2) on CeRuySng single
crystals synthesized within this thesis are presented, analyzed and discussed. Note that within
this thesis the magnetic susceptibility y is given by

x=M/H . (6.1)

The magnetic susceptibility in the linear response regime x g is defined to

(6.2)

Both equations include the magnetization M and the magnetic field H.
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6.1.1 Direct magnetization measurements

The first magnetization measurements on single crystalline CeRusSng were performed by Nezu
[10] and afterwards by the present author [49] within their master theses. Due to slight incon-
sistencies (batch dependencies, background problems), additional magnetization measurements
were performed on new CeRuySng single crystals and the temperature range of these measure-
ments was increased up to about 1000 K. The measurement techniques and devices (SQUID,
VSM) were introduced in Sect. 3.2. As discussed in Sect. 4.2, each single crystalline grain had
to be oriented by magnetization measurements. This is why many samples were measured.

Firstly, the high-temperature behaviour is presented and an analysis in terms of pure crystalline
electric field (CEF) effect is discussed. Secondly, the low-temperature behaviour and a Pauli
susceptibility description are discussed.

High-temperature magnetization and crystalline electric field approach

Figure 6.1 (Figure 6.2) shows the (inverse) magnetic susceptibility x (1/x) (Eqn.6.1) as a func-
tion of the temperature T along the three main directions a, ¢ and ¢’. In the entire temperature
range, a pronounced anisotropy is seen between the out-of-plane direction ¢ and the in-plane
directions a and ¢’ . CeRuySng exhibits an easy basal plane (large x) and a perpendicular
hard ¢ axis (Fig.6.1). Some features are better seen in 1/x(7") (Fig.6.2). 1/x.(T) decreases
at first almost linearly (Curie-Weiss behaviour) from 1000 K towards lower temperatures until
a minimum is reached at 7,, 1/, =360 K, followed by a non-linear increase, a maximum at
Trnaz1/x = 79K, and a pronounced decrease towards the lowest measured temperatures. By
contrast, the in-plane directions a and ¢ show a steady decrease of 1/x,(T') and 1/x«(T), re-
spectively. At about 50K, a shoulder in 1/x(7") along the in-plane directions occurs (Fig.6.2).
For both in-plane directions, no extended range of exactly linear temperature dependence is
seen.

)

From these measurements a small difference between the two in-plane directions a and c
is seen, especially at high temperatures. To confirm this anisotropy, torque magnetometry
measurements between 3 and 325 K were made (Sect.6.1.2). By contrast to the magnetization
measurements presented above, no in-plane anisotropy could be revealed by this technique
between 40 and 325 K. We attribute the disagreement between these results to misalignment
and sample geometry effects during the direct magnetization measurements. Therefore, between
40 and 325 K no intrinsic anisotropy can be discerned in the basal plane. Unfortunately, we do
not have a torque magnetometry setup for measurements above 325 K. Nevertheless, we believe
that also here differences in y, and x. seen in the direct measurement are extrinsic and due to
the above mentioned effects.

At highest temperatures, a Curie-Weiss (CW) law (Chap. 2) was fit to the x(7") data along
the different crystallographic directions (Fig.6.2). The fit parameters (paramagnetic Weiss
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Figure 6.1: The susceptibility y as a function of temperature 7' (on a semilogarithmic scale)
up to 1000 K along the three investigated main directions a (blue), ¢ (red) and ¢’
(green) is shown (in the inset) (sample G2 B 3). The error bars are plotted as
lines. Pronounced anisotropy between the in-plane directions (a, ¢’ ) and the out-of-
plane direction c is seen. The differences between the in-plane directions, measured
with direct magnetization measurements, have been investigated with torque mag-
netometry between 3 and 300 K. These measurements revealed that anisotropy is

measurable only below 25 K. Hence, we attribute the mismatch of the direct mea-
surements to misalignment effects.
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Table 6.1: Directional dependent Weiss temperatures © and effective moments pi. s revealed by
fitting the inverse susceptibility of CeRuySng single crystals at 7' > 500 K (Fig. 6.2).

crystallographic © Leff
direction (K) (up/Ce)
a -143+£50  3.0540.1
c -1780+£1020 3.84+0.9
d -82.54+225 2940.1

temperature O, effective moment ) are listed in Tab.6.1. The differences between the two
in-plane directions a and ¢ is within the error bars. The fits are included in Fig.6.2 (lines).
piess for a free Ce®" ion is 2.54 up. The corresponding slope is indicated as dashed blue line
with an arbitrary © (-120K) in Fig.6.2. The discrepancies of j.¢s of the a free Ce*" ion and
measurements are preserved by including an additional Pauli susceptibility term estimated via
Hall effect measurements at 300 K. This indicates that the Ce-4f J=15/2 multiplet is not fully
thermally populated even at the highest temperatures measured. Therefore, the total CEF
split energy of the J=5/2 multiplet is expected to be in the range of a few tens (hundreds) of
meV (K) in agreement to the findings in other physical properties measurements listed a. © for
CeRuySng assumes values comparable to other Kondo insulators: -1030 K for FeSi [86], -125 K
for Ce3BisPts [51], -100 K for YbB;, [87] and -75 K for UNiSn [88].

As a first approach, a simple crystalline electric field (CEF) model is used to analyse the
magnetic anisotropy of CeRuySng. All calculations were performed with the software package
McPhase 4.8 [89]. A detailed theoretical description of CEF effects and the consequences for
CeRuySng is given in Sect.2.8. The available information relevant for the CEF analysis is
summarized as follows:

e Briining et al. performed x measurements on polycrystalline CeRuySng in 2010 [46]. They
suggested no (marginal) CEF splitting in CeRuySng (6-fold degenerate ground state)
based on thermopower and y measurements above T'=30 K up to 800 K.

e Inelastic neutron scattering (INS) measurements on polycrystalline CeRuySng were per-
formed by Strydom and Adroja [45]. They found a peak in the spectrum at about 30 meV
(~ 350 K) which was attributed to a CEF excitation.

e Local density approximation and dynamic mean-field theory (LDA+DMFT) calculations
by Wissgott revealed that the lowest lying Ce-4f J=5/2 states are m;==+1/2 and
m;==+3/2[9]. The m;==+5/2 states are well separated (Chapt.5, [9]).

e Resonant X-ray absorption spectroscopy (XAS) measurements by Strigari et al. [15] on
single crystalline CeRuySng revealed best agreement between measurement and simulation
for an almost pure Ce-4f J=5/2 m;==3/2 ground state (Sect.6.6). However, surface
and self-absorption effects might distort the signal and a Ce-4f J=5/2 m; ==41/2 ground
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Figure 6.2: Inverse magnetic susceptibility 1/x as a function of temperature 7 (sample
G2_B_3). Additionally, the CW behaviour calculated for fully free Ce®** ions (blue
dashed line) and the CW fits (black, red and orange line) for the different directions
are included.

state cannot be excluded. Therefore, non-resonant inelastic x-ray measurements (bulk
sensitive) shall be performed shortly to confirm this result. A Ce-4f J=5/2 m;=+£5/2
contribution to the ground state could already be excluded. The polarization dependence
did not change up to about 200 K which suggests that the first excited CEF level lies at
least 17meV (= 200 K) above the ground state doublet.

Next, the assumptions used within this CEF approach are listed:

e The point symmetry of the Ce atom is Dy, and no structural changes are assumed over
the entire temperature range.

e An energy of about 30meV is assumed between the ground state doublet and the first
excited doublet with a sizable transition probability (result of INS measurements, indica-
tions for large first CEF splitting from XAS measurements).

e The CEF parameter BY is positive because of the easy plane/hard axis character of
CeRuySng.

e Due to expected hybridization effects at low temperatures, the magnetic susceptibility is
fit only in the high temperature range (7" > 500K).
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e Finally, calculations for both an almost pure m;==+3/2 (J= 5/2) (predicted by XAS
measurements (Sect. 6.6)) and for a pure m; =+1/2 (J=5/2) (indicated by LDA+DMFET
[9]) ground state doublet are performed.

The most important theoretical background used within this calculations is briefly discussed
below (Sect.2.8). Based on the Kramers theorem, the Ce3™ ion in CeRuySng is a Kramers ion.
Hence, together with the tetragonal point symmetry Dy (Sect.4.1), the spin-orbit split lower
lying Ce-4f J=>5/2 multiplet is split into three Kramer doublets. The states in the (J, m;)
basis are

0) =15/2,£1/2)
1) = a?|5/2,43/2) + (1 — @)/*|5/2,¥5/2) and (6.3)
2) = (1—)'/[5/2,¥3/2) — a'?|5/2,45/2)

where « is the mixing coefficient (0 < a <1). For a Ce*T ion in a tetragonal point symmetry the
CEF Hamilton operator Hogr (Eqn. 6.4) has three CEF parameters: BY, BY, and Bj. With
the respective Stevens operators O)" [77] the CEF Hamilton reads

Hepp = By O5 + By O} + B; O . (6.4)

In a first approach, a simple point-charge model (PCM) was used to calculate possible CEF
parameters for a first excited CEF-split doublet at 30meV and to determine the main con-
tributions to the ground state doublet (m;=1/2, 3/2 or 5/2). In general, an approach with
(screened) point charges situated at the atomic positions is only valid for ionic compounds [90].
Due to the metallic behaviour of CeRuySng in the rang of interest for CEF calculations, the
localized ions are screened by conduction electrons. In addition, a significant influence of the
on-site valence electron structure (and its directional dependence) is discussed by Schmitt [90].
Nevertheless, the (screened) neighboring ions determine the basic point symmetry and there-
fore the splitting scheme. These findings were confirmed by Coehoorn [91] by electronic band
structure calculations. By contrast, Duthie and Heine discovered that the magnitude of the
CEF parameters is not changed by screening effects but a sign change can occur for several
metallic compounds [92]. Hashimoto et al. showed that reliable results for the CEF parameters
B/ of RECuy compounds (RE = rare earth) can be derived if a screening factor is used [93]. As
a result of these findings, the point charge ¢ of the atoms surrounding Ce were changed within
+ 3 e with a step size of 0.1e. The cage surrounding Ce consists of 4 Ru atoms and 12 Sn atoms
with two different Sn sites (Snl and Sn2, Fig.4.2). At first, the different Sn sites were set to the
same ¢ for calculations. Charge neutrality via the Pauling scale of electronegativity is reached
by ¢=-0.81e for Ru and 0.04e for Sn in CeRusSng with a Ce®*" configuration. Due to the
results discussed above, charge neutrality is an unfeasible limitation in metal-like compounds
and was therefore enforced.
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Figure 6.3 displays the CEF parameters (BY, BY and Bj), the CEF splitting energy between
the ground state and the first excited doublet (E; — Ej) and m; of the contribution with largest
weight in the ground state doublet as a function of the Ru and Sn charges for the above described
simple PCM calculation. With the assumptions listed above a broad band exists where the
splitting energy is about 30meV (45meV), as indicated by experiments, and BJ>0. This
region is marked with a gridded yellow area in Fig. 6.3 (middle panel, £y — Ey) or with two red
lines at the borders of this energy range (remaining panels in Fig.6.3). Within this region BY
varies between 6.6 and 3.9 meV at qs, =-3 ¢ (qr, =-1.52¢) and 2.45¢ (qr, =-0.1¢), respectively.
All configurations within this energy range include a pure m;==+1/2 ground state doublet;
no configuration with mainly m; ==+ 3/2 character was found. The area of charge neutrality
in CeRuySng (qry = —6/4qsn — 3/4qce, goe=3¢€) is limited to gs,, =0+0.125¢€ in the band
discussed above. Due to the limited validity of an almost ionic picture for metal-like CeRuySng
and the importance of the valence electrons in the publications discussed above, this result
yield no limitation for further analysis.

In the next PCM approach, the two different Sn sites were decoupled and different point charges
were allowed for the two Sn sites. The charge ranges (£3e) were the same as used before.
Within these calculations, also satisfying combinations of point charges (CEF parameters)
were found to obey the restrictions listed above. Several possibilities with a mainly m; =+5/2
or pure m; ==+ 1/2 ground state doublet were found, with a first excited CEF doublet around
30meV, as indicated by experiments. Unfortunately, the results cannot be displayed due to
the need of a 4-dimensional representation. Interestingly, also within this approach, no ground
state with mainly m;=243/2 contribution was revealed with the necessary energy splitting
between the lowest lying doublets.

In conclusion, both PCM approaches revealed that no ground state with mainly m; ==43/2
contribution was found with the restrictions listed above. The first PCM approach leads to
a pure m; ==+ 1/2 ground state doublet, the second one yield additionally several possibilities
with mainly m; ==45/2 character. Another interesting result of both PCM model calculations
are the values of the CEF parameters. BY is of the order of a few meV, B} was in the order of
a few 1/100meV and Bj is of the order of a few 1/10meV.

In an alternative approach, the CEF parameters were varied themselves over specific ranges
in the next step. Due to the manifold of possible combinations of CEF parameters satisfying
the restrictions listed above, limitations on the CEF parameters based on experimental results
were made. The first CEF parameter, BY, is positive because, as already mentioned, CeRu,Sng
exhibit an easy basal plane/hard ¢ axis behaviour. In addition, the absolute value of By can be
determined from the anisotropy in the paramagnetic Weiss temperatures, O, - ©,, that can
be determined by magnetic susceptibility measurements at temperatures well above the CEF
splitting energies [94,95]. BY is given by the Elliot formula [96]
10

B =307 nersa) O — O (6.5)
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Figure 6.3: The CEF parameters BY (top, left), BY (top, right) and B} (middle, left), the
splitting energy between the lowest lying doublets F; — Ey (middle, right) and the
quantum number m; of the major contribution to the ground state doublet (bottom,
left) as a function of the Ru and Sn charges are shown in contour plots. These values
were calculated with a simple point-charge model applied for Ce3* in CeRuySng.
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where J is the total angular momentum. Although the CW regime with the full Ce** moment
was not reached up to the highest measured temperatures in CeRuySng (Fig.6.2), a rough
estimation of BY was made. Using the © values obtained from the fits (Tab. 6.1), BY is calculated
with Eqn. 6.5 to about 8 meV. If the highest 1/x values were extrapolated with the slope of the
CW law for the full Ce*T moment, the resulting A© would also result in By values in the range of
a few meV. These values are in good agreement with the PCM calculations above which revealed
the same order of magnitude for BY. In comparison to other tetragonal Ce systems like CelrIn;
(BY=-1.3meV, [97]), CeRhIn; (B =-1.3meV, [97]) and CeCuySiy (BY=-0.8meV, [98]), BY
for CeRuySng is enhanced and exhibit the opposite sign.

Exemplarily, calculations for BY =6 meV and varying BY and B} are displayed in Fig.6.4. The
values for B} and Bj are changed within a ten times larger range than the values derived in the
former PCM investigations. Figure6.4 shows the energy difference between the ground state
and the first excited doublet (E; — Ep) (top panel, left side), the total angular momentum
quantum number m; of the major contribution to the ground state doublet (top panel, right
side) and the coefficient a'/? or (1-a)'/? of the major contribution (Eqn.6.3) in contour plots.
An energy splitting £y — Ey of 30 £5meV, as indicated by experiments, is found in two small
bands which are symmetric in Bf (gridded yellow area). The crossover from pure m; ==+ 1/2 to
mainly m; ==+ 3/2 character of the ground state doublet is positioned exactly at the minimal
calculated energy difference between the lowest lying doublets (E; — Ey). Thus, one energy
band is situated in the pure m; == 1/2 ground state regime (left one) and the other one is
situated in the m; ==43/2 dominated regime of the ground state doublet (right). Note that
the step-like structure is due to the chosen step size of the CEF parameters BY and Bj.

XAS experiments revealed an almost pure m; ==+ 3/2 ground state doublet (coefficient almost
1, see results listed above). Therefore, the results for B =6 meV with a m; =+ 3/2 dominated
ground state doublet (right energy band in Fig. 6.4) were further investigated. The restrictions
by INS (energy splitting about 30 meV) and XAS (almost pure m;==3/2 with coefficient almost
1) measurements in combination with the By value of a few meV (here B =6 meV used) derived
by the PCM model and CW fits (Fig. 6.2) in combination with the Elliot formula (Eqn. 6.5) yield
a small range of possible B} and B} parameters (Fig. 6.4). B} and Bj are variable approximately
in the range of (0.205-0.23) meV and ((-0.7) - (4 0.7)) meV, respectively (indicated with dashed
lines in Fig.6.4).

The CEF scheme and the calculated (measured) 1/x(7) are shown for BY=6meV,
BY=0.218meV and Bf=0.3meV in Fig.6.5. The energy splitting between the ground state
doublet (almost pure m; ==+ 3/2) and the first (second) excited doublet is 29.9 meV (125.4 meV).
At the lowest temperature, 1/x(7) cannot be mimicked with this modification. In addition,
the large increase of 1/x.(7") at low temperatures with the maximum at about 75K and the
minimum at 360 K cannot be reproduced by the fit either. Also the high-temperature 1/x.(T")
exhibits remarkable differences between measurement and calculation. An additional Pauli
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susceptibility contribution yq yields only marginal improvement for 1/x.(7"), mainly at high-
est temperatures (Pauli susceptibility contribution estimated via Hall effect measurements at
300 K). By contrast, 1/x,(T") and 1/x~(T') are mimicked appropriately for 7'>200 K. An ad-
ditional x( contribution leads to a small depletion of 1/x,(T") (1/x«(T)).

Also other combinations of CEF parameters with an almost pure m; =+ 3/2 ground state were
investigated. The slope of 1/x(T') changes, but the behaviour of 1/x.(7T) cannot be mimicked
properly. Hence, the conclusions for an almost pure m; ==3/2 ground state doublet are the
same as discussed above and shown in Fig.6.5, namely that it does not represent the data
well.

Therefore, alternatively to an almost pure m; ==+ 3/2 ground state doublet (Fig.6.5), a pure
m;==1/2 ground state doublet with the restrictions listed above was investigated (Fig.6.6).
As expected, the steep increase of 1/x.(7") with increasing 7" at lowest temperatures and the
minimum in 1/x.(7") was mimicked best within this approach. Note that the steep increase
of 1/x.(T) at lowest temperature is not fully understood yet and strong influences of the
Kondo physics are suggested in this temperature range. The extrinsic or intrinsic nature of
these features (steep increase and minimum in 1/x.(7)) is still under discussion (Sect.6.1.2).
The minimum in 1/x.(7") at 360K is suggested to be intrinsic which is indicated by torque
magnetometry either. Additionally, the high-temperature behaviour of 1/x(7) is described
properly for all measured directions. The CEF parameters were determined to BY = 3.7meV,
BY = -0.05meV and B} = 0.6 meV, which leads to an energy splitting of 30.6 meV between the
two lowest lying doublets (Fig.6.6).

In conclusion, no adequate CEF model with an almost pure m;==43/2 ground state was
found to describe the high-temperature magnetization of CeRuySng within the approaches
discussed above (Fig.6.5). By contrast, the pure m;=241/2 ground state scheme revealed
overall agreement with 1/y measured at high temperatures (Fig.6.6). Hence, these results
indicate that the ground state doublet exhibits pure m;==+1/2 states. As expected, the
magnetic low-temperature behaviour cannot be described with a pure CEF model, confirming
hybridization effects of the localized 4f electrons with the itinerant electrons found in several
investigations within this thesis. In comparison to the pure m;==+1/2 ground state doublet
calculation of 1/x(7), a higher 1/x(T') value was measured indicating a loss of magnetization
strength at temperatures below about 300 K (Fig.6.6).

Low-temperature magnetization and sample quality investigations

Figure 6.7 shows x(7") and 1/x(T") below 350 K with additional points (orange squared dots)
revealed by torque magnetometry measurements (see Sect.6.1.2). As already discussed in the
high-temperature subsection, 1/x.(7") reaches a minimum at about 360 K and a maximum at
about 75 K. In general, y. derived from torque magnetometry measurements (Sect.6.1.2) is
very small and changes the sign at about 175 K. By contrast, 1/x,(7") and 1/x+(T") show a
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Contour plots of several calculated quantities plotted as a function of the CEF
parameters BY and Bj for a constant BY =6 meV. The splitting energy of the ground
state and the first excited doublet (top panel, left), the major contribution to the
ground state doublet (J, m;) (top panel, right) and the coefficient of the major
contribution (a'/? or (1-a)'/?) (Eqn. 6.3) of the ground state (lower panel, left) are
shown. The energy bands within 25 to 35 meV are marked with a gridded yellow
area which exhibit neither a pure m; == 1/2 ground state doublet (left band) or a
mainly m; ==+ 3/2 ground state doublet (right band, BY positive). The borders of
the region of interest are indicated by black dashed lines.
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Figure 6.5: Calculated (McPhase 4.8 [89]) and measured inverse magnetic susceptibility 1/x
(sample G2_B_ 3) as a function of temperature 7" are shown on top. Nice agreement
between measured and calculated curves at high temperatures within the in-plane
directions was found, by contrast to 1/x.. An additional Pauli contribution yq yields
a small depletion of 1/x (estimated via Hall effect measurements). Additionally, the
respective CEF scheme is added (lower panel).
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Figure 6.6: Measured and calculated (McPhase 4.8 [89]) (inverse) magnetic susceptibility x
(1/x) (sample G2_B_3) as a function of temperature T are shown (top and bot-
tom panel). A CEF scheme with a pure m; ==+1/2 ground state doublet yields
remarkable better agreement with the measured 1/y than with a mainly +3/2
ground state doublet. Additionally, calculated 1/y (x) curves with an added Pauli-
susceptibility term xo (value estimated via Hall effect measurements at 300 K) are
shown (dashed lines). The respective CEF scheme is shown in the middle panel.
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steady almost linear decrease with decreasing temperature between 60 and 350 K. Below 60 K,
a stronger reduction is seen for 1/x,(7T) and 1/x. (7). Interestingly, the decrease of x with
decreasing T, characteristic of Kondo insulators, was not detected over the entire temperature
range, except for x., where a maximum was detected at about 360 K (Fig.6.1, inset). This
maximum can also be attributed to CEF effects (Fig.6.6). Additionally, the upturn of y. at
lowest temperatures contradicts to characteristic y of Kondo insulators found, e.g., in the fully
gapped compound Ce3Bi Pt3 at about 80K [51] and in the nodal Kondo insulator CeNiSn at
about 12K [33]. So the origin of the maximum in y. is not understood yet.

Additionally to the T sweeps at a constant magnetic field H, H sweeps at low tempera-
tures were performed (Fig.6.8). Within these measurements, linear behaviour of the magne-
tization M.(H) was found for T>9K up to poH =7T (Fig. refCeRuSn:linearMHdeviation).
Linear behaviour of M,(H) and M.(H) was measured for T>25K up to poH=7T
(Fig. refCeRuSn:linearMHdeviation). These findings are in good agreement with the data on
polycrystalline CeRuySng of Briining et al. [46]. In that work, a strong field dependence of
x was detected for T'<20K. Also the absolute values of M(H) of our single crystals are in
agreement with the polycrystal data of Bruening et al. [46]. In the lower panel of Fig.6.8
(right) a comparison of M, (H), M.(H) and M. (H) of our single crystals at 3K is shown. The
difference of M (H) between the in-plane directions is attributed to misalignment effects be-
cause comparable marginal anisotropy was measured by torque magnetometry measurements
(<1.5% at 9T) (Sect.6.1.2). At 3K, the pronounced anisotropy of M (H) yields an ~ 10 times
higher signal at 7T along the in-plane directions than along c¢. The absolute values of M(H)
confirm that a pure CEF picture cannot describe the low M (H) values at lowest temperatures.
In the following the absolute values of M(H) are discussed with different approaches.

At first, the contribution of impurities M;,,, to M(H) is discussed. For this purpose, the
sample quality of the CeRuySng samples of different batches is compared by magnetization
measurements (Fig.6.9). The investigated samples are G2_B_ 3 (batch G2), G3_B_ 1 (batch
G3) and MProbe (measured within the author’s master thesis [49]). These measurements reveal
discrepancies of x(7T') below about 100 K. As already mentioned in Sect. 4.2, these differences
cannot be attributed to measurable stoichiometric discrepancies. M (H) for G3_B 1 shows
a higher value along both directions than G2_B_ 3 (Fig. 6.9, right panel), indicating a higher
impurity concentration in G3_B_ 1. If AM, of G3_B 1 and G2_B_ 3 is fully ascribed to
a directional independent impurity magnetization M, a M;,,, value of about 0.01 yup/Ce is
reached at 3K and 7T. This M,,, value leads to an impurity concentration of about 0.03
atoms per formula unit (0.3at.%) at 3K and 7T for impurities with spin s=1/2. Therefore,
the discrepancies of My (H) of about 0.05 up/Ce are unlikely due to impurities. Instead, the
differences in M and yx of different batches are attributed to misalignment effects: this can be
seen by the difference of M,(H) and M. (H) for sample G2_B_ 3 (Fig. 6.8, lower panel, right
side) and sample MProbe (Fig. 6.9, right panel). Torque magnetometry measurements revealed
a remarkably smaller difference between M, (H) and M. (H) (< 1.5% (0.004 up/Ce) at 3K and
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9T) (Sect.6.1.2). The misalignment is disucussed in detail in Sect.6.1.2, suggesting a strong
sensibility for measurements with H pointing along the hard ¢’ axis.

Next, the absolute value of x was compared with a Pauli susceptibility contribution y, within
the Landau-Fermi liquid (LFL) theory. The charge carrier concentrations n of 6.7-10% and
5.0-10% charge carriers per m?® at 3K for the ¢ and in-plane directions, respectively, were
obtained from Hall effect measurements (Sect. 6.3). With xo = 2N (Er)u% and a free electron
gas approach, yo was calculated at 3K to 2.5- 1075 and to about 2.3 - 107® emu/mol for the ¢ and
in-plane directions, respectively. These values are two (four) orders of magnitude lower than the
measured ones, but can be enhanced to appropriate values by an effective mass m* ~ 1100 m,
(m* =88m,) for the in-plane directions (¢ direction). In addition, the Sommerfeld-Wilson ratio
(7/x, 7y is the coefficient of the linear specific heat term) was analyzed, which is ~2-5 for a
wide range of heavy fermion materials. In CeRuySng, v was determined to 40 mJ/mol K2 by
Pottgen et al. [40] and to 80 mJ/mol K? by Briining et al. [46]. A Sommerfeld-Wilson ratio of
2 is achieved with = (850 4 50) mJ/mol K?. Hence, the position of CeRuySng in comparison
to the Sommerfeld-Wilson ratio of HF compounds is shifted either to higher + or to lower x.

Finally, the picture of localized Ce 4f electrons in the CEF environment derived above is
discussed for low temperature. 1/x(7") was fitted linearly with 1/x = T'/C + const (const
= constant parameter) at lowest temperatures describing, e.g., 1/x~(T) satisfyingly from
lowest temperatures up to about 8 K (Fig. 6.9, left panel, inset). The slopes yield an effec-
tive moment pi.rr of 1.2-1.45/Ce along ¢’. In comparison, the CEF level scheme with the
pure m; =1/2 ground state doubled (dominating m; =3/2 ground state doublet) configuration
lead to piesr=0.742 pip/Ce (pesr =1.660 pup/Ce) for the ¢ direction in the same temperature
range. M shows pronounced anisotropy at lowest temperature (Fig.6.9, right panel) with
M, ~0.275 up/Ce and M,.~0.03 up/Ce (approximately 1/10 of the in-plane value) at 3K
and 7T. If the pure m; =1/2 ground state doublet CEF level scheme is probed, only ~ 21 % of
the full moment (M, cqic,1/2 =1.28 up/Ce) is reached at 7T and 3 K. The dominating m; =3/2
ground state doublet scheme fails in general to describe the measurements in this temperature
range because the directional dependence of the calculated hard and easy axis is opposite to the
measured dependence. As expected for strongly interacting 4f electrons at low temperatures
in CeRuySng , a pure CEF describtion of the low temperature behaviour cannot describe the
results properly.

Summary and discussion

Direct magnetization measurements on CeRuySng reveal pronounced magnetic anisotropy be-
tween the easy plane (basal plane, including a and ¢’) and the hard ¢ axis over the entire
temperature range from 2 to 1000K (Fig.6.1). M, is much smaller (about 0.03up/Ce at 3K
and 7T) than M, and M, (about 0.275u5/Ce at 3K and 7T). Interestingly, no well-defined
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Figure 6.7: The upper (lower) panel shows the direct measured (inverse) magnetic susceptibility
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76



6.1 Magnetic properties

L L B B B B 0.025 ———r—"—+—+1"—+—"r—T"—"T"—""—"TT—TTT—
o -
020l Hlla Lo I Hllc i
“Ur 0" ] ° ]
Lo =] oo020[ o° -
o ] 4 o (o] 4
- o 3K DD -. d oo
0.15 - = 6K o " - " . ° I
— L o ] [} 4 r
8 = 9K o . " " ._530.015_ . °
S s 12K ] B [} 10O e
:EJ - DD I. l. -.- _\:EJ L .‘. .I
<0.10 et e et 10010l 0t e
\ -- -..l. :EO'OO_ .0. .o.._.
a ) [ )
.---'. ) ¢ |
0.05 | at’ [ . ]
Oor 7  0.005 .
0.00 & T S S 0.000 k& e L
3 4 5 6 7 5 6 7
u,H (T)
0'25-'"""""""""""';A'A' 0'25-""""""""""""'A'A'
Hlui¢' R i T=3K ]
L N [ A a®
020 [ s 221 o20f PR L
s AA AA ; : AA ..
AA a4 Al [ [ Hll a AA "
- a LAY et - e Hlc PR
80.15 AA a R AAA_’Q?O’]S-— s Hlc AA.- E
T o N a? 1L F A"
CH st et et 12 | N
s°0.10 A A 413 010 | Aw 1
L AA AA h B AAA ]
A A r A g
[ at ] [ ]
0.05 4 o005fF ]
5 L ..........‘.....’..f
0.00 P | | YR W TR NN WY ST S Y N T 1 000 f AT SR S [N YN SN SN [N NN ST SR [NNY VN SO SR Y WO S 1
3 4 5 6 7 0 1 2 3 4 5 6 7
M (T) ot (T)

Figure 6.8: Magnetization M at constant temperatures 7" as a function of the magnetic field
poH along the a (top panel, left), ¢ (top panel, right) and ¢ (lower panel, left) is
shown (sample G2 B 3). A comparison at 3K is shown in the lower panel on the
right. A pronounced anisotropy between the in-plane and the out-of-plane direction
was found. The discrepancy between the in-plane directions is suggested to small
misalignment yielding to moderate deviations.
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Figure 6.9: The left (right) panel shows the magnetic susceptibility x and inverse susceptibility
1/x (magnetization M) as a function of temperature 7" (the magnetic field H at
3K) for different batches of CeRuySng (G3_B_1, MProbe, G2_B_ 3). First devi-
ations for x (1/x) were found below about 100 K. The low temperature behaviour
of 1/x was fitted with a Curie Weiss law revealing that the increases at lowest
temperatures are described by an effective moment pi.rs of 1.2-1.4 15 /Ce. Due to
the characteristics of the M discrepancies, we concluded that mainly misalignment
effects cause the deviations between the different CeRuySng samples (batches).

maximum in x(7") was found. Such a feature is usually considered as a hallmark of Kondo insu-
lators and is for instance observed in Ce3BiyPt3 at about 80 K [51]. In CeRuySng, a maximum
is only seen in y. at about 360 K. However, this maximum could alternatively be attributed to
CEF effects (Fig.6.6). Hence, its origin is still unclear.

An analysis of the magnetic susceptibility data above 300 K with a CEF model for localized
Ce 4f electrons, that takes also INS and XAS results into account, yields a pure m; ==+1/2
ground state as best solution (Fig.6.6). It is in particular the pronounced minimum in 1/x.(7)
at 360 K which is not reproduced if the ground state is composed of m; ==+3/2,£5/2 states.
This simple CEF approach fails at low temperatures, indicating that here the localized Ce 4f
moments strongly interact with the conduction electrons.

At the lowest accessed temperatures (3 K), the sample quality of different CeRusSng batches was
investigated and confirmed to be very high (Fig.6.9). Another important result of this analysis
was the demonstration that the magnetic response depends sensitively on small misalignment
of the investigated crystal direction with respect to the magnetic field direction (Fig.6.9).
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Figure 6.10: Schematic drawings of the CeRuySng samples (green) used for torque magnetome-
try measurements. Three almost cylindrical CeRuySng samples were prepared for
measuring the magnetic torque within the basal plane ((001)-plane, left drawing),
orthogonal to the basal plane including a ((100)-plane, middle drawing) and or-
thogonal to the basal plane including ¢’ ((110)-plane, right drawing). The direction
of the magnetic field H and the crystallographic directions a, ¢ and ¢ are indicated
(directions shown in detail in the left panel).

6.1.2 Torque magnetometry

Torque magnetometry is a useful tool to investigate anisotropic magnetic behaviour in single
crystals. As discussed in Sect. 6.1.1, due to the strong magnetization anisotropy a perfect align-
ment of the CeRuySng samples with respect to the magnetic field is essential. Hence, torque
magnetometry measurements were performed because they eliminate misalignment problems
in the direction of rotation. The device used and the sample geometry are discussed in detail
in Chap. 3. Three almost cylindrical CeRu,Sng samples were prepared and oriented with their
cylindrical axis along the crystallographic a, ¢ and ¢ direction, respectively. Consequently,
the magnetic anisotropy was measured within the basal plane ((001)-plane; a - ¢’; batch G3;
Fig.6.10, left drawing), orthogonal to the basal plane including the a direction ((100)-plane; a
- ¢; batch G3; Fig. 6.10, middle drawing) and orthogonal to the plane including the diagonal of
the basal plane ¢ ((110)-plane; ¢ - ¢; batch G6; Fig. 6.10, right drawing). The detailed theo-
retical description of the used formalism and the physical background of magnetic anisotropy
is discussed in Chap. 2. Note that within this thesis the magnetic susceptibility y is given by

x=M/H . (6.6)

The magnetic susceptibility in the linear response regime x g is defined to

OM(H)
Xer = lm o (6.7)
Both equations include the magnetization M and the magnetic field H.
The magnetic torque 7 is defined by
F=poV My x H | (6.8)
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Figure 6.11: The left panel shows the nomination used for torque magnetometry investigations
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within this thesis. The right panel displays a schematic drawing of the directional
dependences within a standard torque measurement for a tetragonal paramag-
netic sample with an easy axis a. Here, the magnetic field H is rotated within
the (010) plane by the rotation angle 6 with respect to the ¢ direction. In ad-
dition, the magnetization M the torque 7, the tetragonal main directions (a,
) and the angle v between M and H are dlsplayed Geometrical dependences:
H=H.+H,= \H'cos + | H| sin(0); M, =xcHe; My=xaHa [99,100]

with the vacuum permeability g, the volume V', the volume magnetization ]\vaol and the
magnetic field H. During the torque measurements, the direction of H with respect to the
crystal was rotated by the angle 6 or ¢ within a plane that contains two main crystallographic
directions (Fig6.11, left panel). The direction of the magnetization M = M,V is situated
between the direction of H and the nearest casy axis within the rotation plane (a direction in
Fig6.11, right panel). The angle between M and H is named ~. If one assumes that the local
minima/maxima in the anisotropy energy Fy,;s, are situated along the main directions (a, ¢
and/or ') and M can be described by M, and M,, the direction of M is determined by the
different values of the magnetic susceptibility y along the main directions. This approach is
described, e.g., by Aviani et al. [99] and Xiao et al. [100] and displayed schematically in Fig. 6.11
(right panel). Consequently, Ay was calculated for the out-of-plane rotations by
AXmol

T= o H? Nippoy sin(260) (6.9)

and for the in-plane rotation by

AXmol
2

T = IU()HQ Nmol sm(4¢) y (610)

with the number of moles NV,,,;.

Equations 6.9 and 6.10 are confirmed by starting with the anisotropic energy density for tetrag-
onal systems FEgpisorerr (Eqn.2.39, Sect.2.9). The resulting directional dependent magnetic
torque for rotation within the (001) plane (configuration 1 in Fig.6.10, #=90° in Fig.6.11),
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Ta,c = _aEaniso,tetr/a¢7 is given by

Taw = —K3 (= 2 cos(¢) sin(¢)® + 2 cos(¢)® sin(¢) ) = —;Kg sin(4¢) . (6.11)

The torque for rotation within the (100) plane (configuration 2 in Fig. 6.10, ¢ =90° in Fig. 6.11),
Ta,e = _aEamso,tetr/897 is given by

1
Tae = K1 5in(20) + 4 Ky sin(0) cos(0)® = (K, + Ks) sin(20) + §K2 sin(46) . (6.12)

Finally, the magnetic torque 7. = —0FEanisotetr/00 for rotation within the (110) plane (con-
figuration 3 in Fig.6.10, ¢ =45° in Fig.6.11) is

Teo = K1 sin(20) + 4 Ky sin(0) cos(0)* — K3 sin(6)* cos(0)
1 . 1 1 . (6.13)
= (K + Ky — ZKg) sin(20) + (§K2 + gKg) sin(46)

The angular dependence for the different terms of all three equations (Eqns.6.11-6.13) are
shown in Fig6.12 (left panel). Additionally, a calculated curve for 7, . with K3 =1and K, =1/4
is compared to a pure sinusoidal curve in Fig.6.12 (right panel). The Ks-including term leads
to a distortion of the sinusoidal behaviour produced by the K;j-including first term. Note that
all contributing terms to 74, are sinusoidal with doubled or quadrupled frequency (26, 46 or

44).

With the above equations the anisotropy constants K; can only be determined in the magneti-
cally saturated regime. Since CeRu,Sng is paramagnetic in the entire measurement ranges the
K; could not be determined. Instead, an analysis of the T" dependence of K; and the descrip-
tion of K; by crystalline electric field (CEF) parameters in the paramagnetic state, proposed
by Kuz'min [101], was performed. Here the anisotropy energy FEunisotetr kuz for a tetragonal
crystal containing Ce atoms is written as [101]

Eaniso,tet’r,Kuz(ea ¢) - Kl,Kuz SZTL(@)Q + KQ,Kuz sm(@)4 + KS,Kuz Sln(0)4 COS(4¢) ) (614)

with the anisotropy constants K kuz, K2 ku, and K3 ky,. In comparison to the definition of K
by Nagata et al. (Eqn.2.39), K;ku, differ by sign and/or constant coefficients. However, the
T dependence for K; and the respective Ky, (for the same i) is identical. K; are given in
the high-temperature expansion (HTE) for the single-ion anisotropy energy used within that
approach (ugH and B]™ small in comparison to k7T") by

Kikw=—-3B3dy T?+0(T7%) | (6.15)
Koku =35 BY dy T+ O(T) (6.16)

and
Kskw = Bidi T™'+0(T7%) (6.17)
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Figure 6.12: The left panel shows the angle dependence of the terms involved in the magnetic
torque equations (Eqns.6.11-6.13). In the right panel, a calculated curve for 7, .
with K3 =1 and Ky =1/4 (Eqn. 6.12, red line) is compared with a pure sinusodial
curve (black line). Consequently, a dominant K; constant tends to a pure sinu-
soidal curve (black line) while a dominant K5 constant shows a distorted sinusoidal
curve induced by the Ks-including term in Eqn.6.12 with quadrupled frequency
(red line).

with

4 kp ) (2n + DIN(2J + 1)(2] — n)! (6.18)

dn:N<

The equations above include the CEF parameters B]", the temperature 7', the number of Ce
atoms N, the Landé factor g;, the Bohr magneton g, the magnetic field H, the Boltzmann
constant kp and the total angular quantum number J. In analogy with 74,., we again determine
the torque by

TKuz(e) = _aEaniso,tetr,Kuz/ae = Z Tn sm(n&) (619)

n=2,4

for the rotations of H in the (100) and (110) plane, with 7, given by

7o = —Kixu — (Koxw £ Ksxw) =3 BYdo T2+ O(T™%) — (35 B{ £ B)) dy T"*+0O(T™°) |
(6.20)

and
Ty = ;(KQ,KUZ + K3 xu) = ; (35 BY £ B) di T +0O(T°) (6.21)

with the upper (plus) and lower (minus) sign for the rotation of H in the (100) and (110) plane,
respectively. 7 for the rotation of H in the (001) plane is given by

Tac’,Kuz(gb) = _aEaniso,tetr,Kuz/8¢ - _4K3,Kuz5in(4¢) =—4 (BZL d4 T_4 + O(T_5))SZTL(4¢)
(6.22)
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6.1 Magnetic properties

The CEF parameters BY, BY and B} can be determined from terms of lowest power in 1/7" in
Eqns. 6.19-6.22. For this purpose, torque measurements within the (100), (110) and (001) plane
were performed as a function of temperature (3-325K) within this thesis. Kk, (Eqns.6.15-
6.17) lead to 7, ¢ T7™ and Tae kuz X T (Eqns. 6.19-6.22). As a result, the K ky,-including
(BY-including) term is the dominant contributing value to the torque at high temperatures.
By contrast, the Ky ku,- and K3 ku-including (BY- and Bj-including) terms are detectable at
lower temperatures with quadrupled frequency.

Both CeRuySng samples which include the hard ¢ axis in the plane of rotation (H rotates
within (100) and (110) plane) display a pure sinusoidal 7(f) with doubled frequency (26)
over the entire temperature range (3 to 325 K). Exemplarily, 7.~ (configuration 3 in Fig. 6.10,
rotation within (110) plane) at 100 K with an applied field of 3.25T is shown in Fig.6.13,
together with sketches of the measurement geometry. In addition, 7,. (configuration 2 in
Fig.6.10, rotation within (100) plane) and 7. (configuration 3 in Fig.6.10, rotation within
(110) plane) at different temperatures are shown between 15 and 300 K (Fig. 6.14) and between
3 and 10K (Fig.6.15), which display the pure doubled frequency (26) component to 7(0) over
the entire temperature range. Note that these measurements were made with different samples
(Ta, with sample G3_ A a II and 7.~ with sample G6_ A 1). Due to the different sample
masses, the absolute values of 7,. and 7.~ cannot be compared within these figures (for a
comparison of the different directions, see Figs.6.17 and 6.18). Due to the highly pronounced
easy plane character of CeRuySng, a dominant K; contribution to 7(6) was expected from direct
magnetization measurements. In addition, the T-dependence of the Kj k,, contributing terms
and the CEF parameters determined in Sect.6.1.1 imply a dominant 7(#) contribution with
doubled frequency (26). Due to the T-dependence of 7, detailed investigations of 7(#) at the
lowest T were made, but no contributions with quadrupled frequency (4 ¢) could be resolved
(Fig. 6.15).

Next, we describe the torque measurements for the rotation of the magnetic field within the
(001) plane (configuration 1 in Fig. 6.10). Figure 6.16 shows 7, ~(¢) at several temperatures with
poH =97T and schematic drawings of the sample geometry. 7, .(¢) is theoretically described
with the anisotropy constant K3 (K3ku, ) and a sinusoidal curve with dependence of 4 ¢
(Eqns. 6.11 and 6.22). Above 40 K, no sign of magnetic anisotropy (no angle dependent signal)
was detected in 7, (¢). The first sign of magnetic anisotropy is seen at 40K (not shown).
Clear evidence for anisotropy was found at 25 K. The anisotropy increased steadily to lower
temperatures (Figs.6.16 and 6.18).

Firstly, the experimental results were investigated with Eqns.6.9 and 6.10 to determine Ay
within the three rotation planes measured. A comparison between Ay derived via the torque
magnetometry (TM) analysis including the hard ¢ axis (Ax,. and Ax. ) and the results from
direct magnetization (DM) measurements (sample G2_B_ 3) is shown in Fig. 6.17. In addition,
Xecaleae(H) and Xecatecer (H) are shown, which were calculated by

Xc,calc,ac(H) = XaDM<H) - AXZE/[(H) (623)
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7(10"Nm)

100 150 200 250 300
(°)

Figure 6.13: Torque 7 for a rotation within the (110) plane (configuration 3 in Fig. 6.10, sample
batch G6) at 100 K with an applied magnetic field 1o H = 3.25 T as a function of the
rotation angle 6. The graph includes the torque 7 (green points) and a sinusoidal
fit (red line) with doubled frequency (2 ) describing the data ideally. Additionally,
schematic drawings of the measurement geometry for # =0, 45 and 90 ° are added.

The CeRuySng sample (yellow, almost cylindrical geometry) is mounted on the
sample platform (black) which was rotated within the (110) plane in a constant H
(constant direction and H value) during the measurement procedure.
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Figure 6.14: The left panel shows the torque 7, . (configuration 2 in Fig. 6.10, sample batch G3)
at different temperatures T and magnetic fields H as a function of the rotation
angle 6. The right panel displays 7. (configuration 3 in Fig.6.10, sample batch
G6) at the same T" as a function of . A sinusodial fit (indicated with lines) with
doubled frequency (26) mimics 7,. and 7. over the entire temperature range
ideally. The minima of 7 at about 150° are shown in detail (marked with a red
arrow).
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Figure 6.15: The left panel shows the torque 7, . (configuration 2 in Fig. 6.10, sample batch G3)
at different temperatures T and magnetic fields H as a function of the rotation
angle 6. The right panel displays 7. (configuration 3 in Fig.6.10, sample batch
G6) at the same T" as a function of . A sinusodial fit (indicated with lines) with
doubled frequency (26) mimics 7,. and 7. over the entire temperature range
ideally. The minima of 7 at about 150° are shown in detail (marked with a red
arrow). Here, no admixture of a quadrupled contribution to 7 can be resolved.

and
Xc,calc,cd(H) - X?M(H) - AXZ%(H) ) (624)

respectively. TM measurements indicate a higher anisotropy between the easy plane and
the hard c¢ axis than determined via DM measurements, in particular at low temperatures
(see Xecate.ac(H), Xecateee (H) and x.(H) in Fig.6.17). Below about 175K, xccac.ac(H) and
Xecalece (H) changes sign and the discrepancy to the direct measured y.(H) becomes very
large. Therefore, a detailed discussion of possible error sources is given below:

e Magnetic impurities were discussed in detail in Sect.6.1 concerning the sample/batch
dependencies and their directional behaviour. With the assumption of isotropic magnetic
impurities (distributed randomly in CeRuySng), an isotropic y enhancement would be
expected. Thus, the susceptibility difference Ax measured by TM and DM measurements
is expected to be largely unaffected by impurities.

e Next, background signals to x in the DM measurements caused by the glue used for
fixing the sample on the sample holder were investigated. xgue~1.5-107%emu/T is
almost temperature independent over the entire temperature range and was subtracted
from the data. The absolute value of Ypeer Was determined to a maximum of 3% (11 %)
of x, and x (x.) below 300 K (maximum value at 300 K along the in-plane directions
and at 75K along the ¢ axis). At 3K, the percentual contribution of Xpeer to X, and
Xe (Xe) is decreased to about 0.3% (3%). Unfortunately, the glue mass is only poorly
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350

Figure 6.16: Torque 7, (configuration 1 in Fig.6.10, sample G3_A_a_ II) as a function of

the angle ¢ at different temperatures 1" below 25K, with an applied magnetic
field pgH =9T. The graph includes the measured points (symbols) and the fits
according to Eqn. 6.11 (lines). Schematic drawings for the ¢-dependent geometries
are added on the bottom (sample (yellow), sample platform (black) and magnetic
field H direction (red arrow)).
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Figure 6.17: Magnetic susceptibility x (susceptibility anisotropy Ay) of CeRusSng determined
by direct magnetization (DM) and torque magnetometry (TM) measurements as
a function of temperature 7' (top: 3-350 K, semilogarithmic plot; bottom: 100 -
350 K). Here, Ax derived by TM measurements with rotations of the magnetic field
H in the c-including planes ((100) and (110), configurations 2 and 3 in Fig.6.10)
are presented. The DM measurements were performed with sample G2 B 3 and
the torque measurements with sample G3_ A a II (G6_A 1) for the rotation
within the (100) plane ((110) plane). Xec.caic.ca @0d Xe catecr Were determined via
Eqns. 6.24 and 6.23 including the batch (Eqn. 6.30) and magnetic field (Eqns. 6.25
and 6.26) corrections discussed in the text.
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Figure 6.18: Comparison of the magnetic anisotropy in the (001) plane of CeRuySng derived
by torque and direct magnetization measurements. The difference of the magnetic
susceptibility Ay, » was derived by torque magnetometry (green and blue symbols)
and by direct magnetization measurements (red symbols). The most significant
direct measured torque magnetometry values (blue symbols, configuration 1 in
Fig.6.10, sample G3__A_a_I) reveal that an anisotropy evolves below about 25 K,
with an easier magnetization ability along the a ([100]) direction. Note that the
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6.1 Magnetic properties

determinable due to the small amount used. Therefore, the error is in the magnitude of
Xback and reaches at maximum about 2% (6 %) along the in-plane directions (¢ axis).

The background signals in TM measurements were investigated, too. Firstly, the grav-
itational part was measured at each 7' (amplitude of about 4-107% Nm for the heaviest
sample, yield at maximum 4 % of maximum in measurement signal) and was subtracted
from the measured 7. The gravitational signal has half or quarter the frequency () of the
sample signal (260, 4¢) and is therefore well separable. Secondly, the sample holder itself
(without sample and glue) was measured over the entire temperature with poH =0 and
9T. These measurements were required for the determination of the anisotropy within
the (001) plane. At ugH =9'T, the sample holder contributes by a noisy signal with a
band width of 3107 Nm above 100 K. Below 100 K, a sinusoidal signal with a doubled
frequency (20) and an amplitude of about 3-107® Nm was found. Note that this value
is about 3% of 7 for measurements including the hard ¢ axis (measurements with H
rotating in (100) or (110) planes). Due to the small absolute values at poH =9 T and
the fact that this contribution decreases with field strength, the background could not
be determined in the H regions where TM measurements including the ¢ axis were per-
formed. Therefore, this contribution was not substracted from the total 7 measured with
H rotating in the (100) or (110) plane. This signal was subtracted only for 7 within the
(001) plane, where all measurements were done at 9T.

Next, the M (H) dependencies (Figs. 6.8 and 6.19), which are non-linear below 9K (20 K)
for ¢ (the (001) plane directions), are analyzed because x(7') in DM and Ax(7") in TM
measurements were determined at different H. This is a problem because a determination
of x. by the combination of both data sets via Eqns. 6.23 and 6.24 should be done at the
same field H if the M(H) curves are non-linear. Recall that the definition (Eqn.6.6)
we use here for y is x(H) = M(H)/H and not the linear-response definition (Eqn.6.7)

Xrr = limyg_. az\g }IH ). To compensate for this effect, corrections were introduced

xOM(Hy) — xPM(H)y)
XQM(Hz) - XCDM(Hz)

C

Xc,calc,cc’(Hl) - XCD’M(Hl) - AXZ:S//[(HQ) (625)

and DM DM
Xa (H1> — Xe (H1>

X&M (Hz) — xPM(H2)
The xPM(H) values were taken from measured M (H) curves (Fig.6.8) and are tabulated
in Tabs.6.2 and 6.3. Note that, e.g., x(1.47) > x(37) in the non-linear M (H) range
which is shown in Fig. 6.19, top panel) at 3 K. The xc caic,ac(T) and xe caic,ce (T') in Fig. 6.17
contain this correction.

Xc,calc,ac(Hl) - XaDM(Hl) - AXZQ/[(HQ) (626)

The torque samples were prepared with almost cylindrical shape to avoid different demag-
netization fields due to the sample shape with respect to the direction of H (Fig.6.10).
The CeRuySng samples used for DM measurements were not spherical symmetric and
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Table 6.2: M (H) data from Fig.6.8 that are relevant for the determination of Xccaic.ac(T)
(Eqn. 6.26). MH refers to M (H) data from DM measurements on sample G2 B _ 3,
TM indicates the conditions (7" and H) of TM measurements (top). The ratios of
susceptibility differences at the field H, and at 3T are calculated for temperatures
where M (H) data are available (bottom). Note that the sample dependence of the
calculated ratios is negligible.

T available H,  xa(Ha) Xa(3T) Xe(Ha) Xc(3T)
(K) data (T) (emu/mol) (emu/mol) (emu/mol) (emu/mol)
3 MH 1.25  0.02515 0.02345 0.00214 0.00206

3 ™ 1.25 - - - -
) ™ 1.25 - - - -
6 MH 1.25  0.01712 0.01662 0.00131 0.00128
7 ™ 1.3 - - - -
9 MH 1.5 0.01339 0.01324 0.00101 0.00101
10 ™ 1.5 - - - -
12 MH 1.5 0.01136 0.01138 0.00086 0.0084

15 ™ 1.75 - - - -

T Ha Xa(Ha) - Xc(Ha) Xa(ST) - Xc(gT) AXa,c(Ha)/AXa,c<3T)

(K) (T) (emu/mol) (emu/mol) (%)
3 1.25 0.02301 0.02139 7.6
6 1.25 0.01581 0.01533 3.1
9 1.5 0.01238 0.01222 1.2
12 1.5 0.01050 0.01054 -0.4
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Table 6.3: M (H) data from Fig.6.8 that are relevant for the determination of X cacce (T)
(Eqn. 6.25). MH refers to M (H) data from DM measurements on sample G2 B_ 3,
TM indicates the conditions (T" and H) of TM measurements (top). The ratios of
susceptibility differences at the field H. and at 3T are calculated for temperatures
where M (H) data are available (bottom). Note that the sample dependence of the
calculated ratios is negligible.

T available Hc/ Xc’(Hc’) Xc’(3T) Xc(Hc’) Xc(3T)

(K) data (T) (emu/mol) (emu/mol) (emu/mol) (emu/mol)
3 MH 1.4 0.02874 0.02631 0.00212 0.00206
3 ™ 1.4 - - - -

5 ™ 1.4 - - - -
6 MH 1.4 0.01912 0.01861 0.00131 0.00128
7 ™ 1.5 - - - -
10 ™ 2 - - - -
12 MH 2 0.01258 0.01255 0.00085 0.0084

15 ™ 2.25 - - - -

T HC/ Xc’(Hc’) — Xc(Hc’> Xc’(ST) — XC<3T) AXQC/(HC/)/Aqu (3T)

(K) (T) (emu/mol) (emu/mol) (%)
3 14 0.02662 0.02425 9.8
6 1.4 0.01781 0.01732 2.8
12 2 0.01173 0.01171 1.8
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therefore different demagnetization fields Hy = —NM (N =demagnetization factor) oc-
curred for DM measurements along the different crystallographic directions. The reduc-
tion of H is given by Hggmpte = Hegternai + Hq. For CeRuySng, the maximal reduction for
poH =1T can be calculated at highest M ~ 3 emu/cm?®=3000A/m and with N =1 to
about 0.4 %. Thus, demagnetization effects are negligible.

Next, misalignment effects in the DM measurements are discussed. They are believed
to be relevant (Sect.6.1.1) because the anisotropy measured by TM for rotations within
the (001) plane (configuration 1 in Fig.6.10) is higher than the one obtained from DM
measurements (Fig.6.18). The assumptions for this investigation are identical to the
formalism used for calculating Ax in the TM analysis (Eqns.6.9 and 6.10), namely
M:MNLMCL, Mc:Xc I—jc and ]\Zfa =YXa I—fa. Due to the almost isotropic magnetic be-
haviour within the easy (001) plane in CeRuySng, the discussion of misalignment can be
reduced from 3 to 2 dimensions. As displayed in Fig.6.20, top left panel, the magnetic
anisotropy leads to an angle v between M and H. The angle between M and the easy
a axis is named J. The magnetization measured within the experiments is My and the
angle of displacement is 6 (90°-6) along the [001] axis (in-plane directions). With

tan(s) = W _ Ixel (6.27)
]Ma |Xal
and
N=90—-0-§ (6.28)

the absolute value of the magnetization along the H direction ‘]\7[ H‘ is given by

3,

‘ —

’MH‘ =My = ‘M‘cos(fy) = ‘]\Z’cas(QO—@—arctan( ) . (6.29)

a

The ratio of the reduced to the full magnetization along the main directions Mgy /My,
(Mp/Mp)q) as a function of the angle of misalignment ¢ (90°-0) is shown in Fig. 6.20,
bottom (top right) panel. The direction of My (J, Eqn.6.27) is determined by the ratio
|M.| /| M| < Xa/Xe So, the calculations were performed with x,/x. =10 (5) observed at
about 3K (175K) in CeRuySng. Due to the indications of higher anisotropy derived by
TM, higher ratios were investigated, too. A sharp percentage increase of M is derived
along the hard ¢ axis (Fig. 6.20, bottom panel, inset). Thus, a correct alignment for DM
measurements of y. is crucial. Note that the high percentage along c is related to the a
small signal. For the TM measurements performed within this thesis and DM measure-
ments along the in-plane directions a and ¢, this approach yields small contributions due
to misalignment effects. For x,/x.=10 and a misalignment of 10°, the errors are: DM
Axo~ Axe =-2.T7%, DM x.=9.0% and TM with H rotating in (100) or (110) about
-3.4%. In conclusion, misalignment effects cannot be responsible for the discrepancies
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Table 6.4: Enhancement of the magnetic susceptibility along the ¢ direction x% (Eqn.6.30) in
comparison to the measured value on sample G2 B3 x~(G2_B_3) due to batch
discrepancies. These values were used to calculate xccaiece (Eqn.6.24) shown in
Fig. 6.17.

T (K) 3 ) 7 10 15 25 40 60 80
X5/ xe(G2_B_3) | 1.089 1.085 1.081 1.078 1.065 1.049 1.042 1.027 1.012

measured using this approach. Nevertheless, misalignment effects are suggested to cause
remarkable discrepancies based on DM measurement results.

e Finally, we investigated errors caused by measuring y and Ay on different batches. For
TM measurements, samples separated from batch G3 (Ax,~ and Ax,.) and G6 (Ax,)
were investigated. Detailed DM measurements along all three directions (a, ¢ and ¢’) were
performed on sample G2_B_ 3 (batch G2). The low-temperature discrepancies between
all samples measured along the ¢’ axis within this thesis are shown in Fig.6.9. These
measurements indicate a higher yx. in CeRuySng below about 85K than measured in
sample G2 B 3. At 3K, y~ of sample G2 B 3 is about 15 % lower than measured on
G3_B_ 1. Note that no dataset was measured along the a or ¢ direction. Therefore, no
Xecale (Eqns. 6.23 and 6.24) can be calculated using samples separated of the same batch.
So x% was calculated by

Xe(G2_B_3)+ xv(G3_B_1) + x«(MProbe)
3

*

X5 = (6.30)

and used for calculating x. cacc (Eqn.6.24). In a first approach, the same corrections
were made to calculate X caicac. S0, the corrections due to different sample batches are
included in Fig.6.17. The ratios of x% to x~(G2_B_3) at several temperatures are listed
in Tab.6.4.

In conclusion, none of the above discussed error sources can account for the large negative
Xecaleae @A Xe catecer Values (Eqns. 6.24 and 6.23, Fig.6.17). Xccae(T') turns negative below
about 175K leading to Xccae = (-0.005)-(-0.011) emu/mol at 3K (Fig.6.17). This value is
about three orders of magnitude higher than typical diamagnetic susceptibilities of single el-
ements like Bi, C (graphite, diamond) or Pb. Apparently, there is another not yet identified
error source. We hope that future experiments with samples with known anisotropy will clarify
the situation.

In addition to the detailed discussion within the out-of-plane planes, the anisotropy in the (001)
plane was probed (configuration 1 in Fig.6.10, sample G3__A_a_II, Figs.6.16 and 6.18), too.
Figure 6.18 shows Ay, derived directly by TM measurements (blue symbols), indirectly by
TM measurements with Ax, o« = Axac—Axee (green symbols) and by DM measurements with
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M (H) illustrating the field dependence of the magnetic susceptibility x = M/H in
CeRuySng at 3K along the ¢ (left, top) and ¢ (right, top) axis. y is compared at
1.4 and 3T, which are the magnetic fields used for the comparison of TM (1.4T)
and DM (3 T) measurements (Fig.6.17). The magnetic susceptibility in the linear

response, xrg=limy_0OM(H)/OH, is also included.

(M/H)/xLr is plotted as

a function of ugH at several temperatures in semilogarithmic plots for the ¢ axis
(bottom, left) and for the ¢ axis (bottom, right).

94



6.1 Magnetic properties

-~ MM, (150K) = 5
— MM, (3K) = 10
—- MM, =100

[ - MM, = 1000

[ - = MM, = 10000

0_75'....|....|....|....|......
90 85 80 75 70 65 60

6(°)
0 AL
45:: : ; ;12f
T i : S
F ,’ 11
40F: | S
L i 1.0
0 35F - MM =5 10 :
T 30F | ;T MM =10 -
5 S S == MM, =100 ]
- 25F | /== MM, =1000 :
20F | "~ -~ M /M, = 10000 I
Fo PP
15F/ PPt E
:’/' R ]
10 PITT e Sl PR T PR VT SR TR T ST T ST SR N ST T W
0 5 10 15 20 25 30

Figure 6.20: Investigation to calculate the angle dependence of misalignment in direct magneti-
zation measurements on CeRuySng. The left panel (top) defines the rotations. The
magnetization My measured in the experiment is aligned along the field direction
and the misalignment of the crystal axis ¢ (a) with respect to this field is defined
by 6 (90°-6). My/Mpua (Mp/Mpy.) is shown as a function of the misalignment
angle 90°-6 (0) in the top right panel (bottom panel). For these calculations,
Eqn. 6.29 and x,/x.=10 (5) observed in the direct magnetization measurements
at about 3K (175K) in CeRuySng were used. Due to the indications of a higher
anisotropy measured by torque magnetometry, higher ratios are investigated, too.
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AXae = Xa— Xe (red symbols). TM measurements revealed an easier magnetization along the
a ([100]) than along the ¢ ([110]) axis. DM measurements in the linear M (H) range (> 20 K)
are included and are, within the error bar, consistent with an isotropic (001) plane above 20 K.
At lower temperature, M (H) is non-linear and no accurate determination is possible with the
available data. In contrast to the rotations including the out-of-plane direction ¢, the absolute
value of Ay appears to be reliable. However, this result is still questionable because of the
discrepancies found by calculating X cqic.cr discussed above. Nevertheless, a small anisotropy is
suggested to develop in the (001) plane below 25 K by the most significant TM measurements
in the (001) plane (blue symbols) and an easier magnetization along the a than along the ¢
axis is found in this temperature range.

Next, the TM measurements were used to determine CEF parameters following the work by
Kuz'min [101]. It was shown that the torque of anisotropic paramagnetic single crystals with 4 f-
shell electrons contains important information about the CEF environment. High-temperature
expansions of the angle dependence of 74, allow for a unique determination of the CEF pa-
rameters (Eqns.6.14-6.21). Note that this approach is valid in a non-interacting 4 f-electron
regime, which is certainly not the case in CeRuySng at low temperatures. Nevertheless, this
approach was tested and revealed interesting results. Due to the temperature dependencies
K; o< T~ and the determined B/™ relation (BY/BY ~30-70) for CeRuySng from DM mea-
surements (Sect.6.1.1), a signature of the K contribution (quadrupled frequency (46)) on the
dominating K contribution (doubled frequency (26)) is predicted to be unresolvable over the
entire temperature range for the TM investigations. These predictions are in good agreement
with the behaviour measured for 7, . and 7. . (configurations 2 and 3 in Fig. 6.10) over the entire
temperature range (Figs.6.14 and 6.15). Hence, BY > BY revealed in Sect.6.1.1 is confirmed.
Additionally, BY is calculated with Eqn.6.20 to about 4.2meV using the TM values between
250 and 325 K (275 and 325 K) with rotating H in the (100) and the (110) plane (Fig.6.21). The
TM values in this temperature range are likely in the non-interacting 4 f-electron regime where
the model of Kuz'min should apply (Fig.6.21). BY is in good agreement with B determined
with DM measurements (Sect.6.1.1). This result indicates that the approach of independent
localized 4 f-electrons works well above 275 K. At lower temperatures, the behaviour of 7,, and
Tac' Kuz(¢) cannot be mimicked properly with Eqns. 6.20 - 6.22 indicating the evolving hybridiza-
tion between the localized Ce-4f electrons with the itinerant d- and p-type electrons.

Summary and discussion

Torque magnetometry measurements confirmed the pronounced anisotropy measured by direct
magnetization measurements between the easy plane and the hard ¢ axis. In fact, TM shows
even more pronounced anisotropy, leading to a vanishing of y. at about 175K and to an
unphysical high negative value of y.~-1-10"2 emu/mol at 3 K. The origin of the latter is not
yet understood and further measurements are needed to clarify the situation.
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Figure 6.21:
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Determination of the crystalline electric field parameter BY with TM measurements

within the (100) (yellow symbols) and (110) plane (brown symbols) (configurations
2 and 3 in Fig.6.10). The equation used includes the torque 7, the temperature

T, the function dy (Eqn. 6.18) and BY. Both fits lead to BYa4.2meV. This value
is in good agreement with B9 determined by direct magnetization measurements.
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TM measurements at 9T in the (001) plane revealed an increasing anisotropy with decreasing
temperatures below 25 K (Fig. 6.18). In this temperature range, the a axis is easier magnetizable
than the ¢ axis. Above 25K, no anisotropy was detected.

Finally, TM measurements were used to determine CEF parameters, following an approach by
Kuz'min [101]. BY was determined to about4.2meV (Fig.6.21), which is in good agreement
with the value derived by direct magnetization measurements (Sect.6.1.1).
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6.2 Electrical resistivity

Table 6.5: Table of CeRu,Sng single crystals used for electrical resistance, magnetoresistance
and Hall effect measurements. Used abbreviations: R = resistivity, MR = magneto
resistivity, HE = Hall effect, PPMS = physical property measurement system, DF
= dilution fridge, HT = homemade high temperature set-up (E. Bauer).

sample name measurements geometrical infos measurement device/info
B.2 high magnetic field MR ille PPMS, Rossendorf
B.3.1 R, MR, high magnetic field MR jlla, jl|c PPMS, Rossendorf
B.3.3 R, MR jll¢ PPMS, DF

G2 A 1 R, HE, MR ille DF, PPMS, HT
G2_A 21 R, HE, MR ille DF, PPMS
G2_B 2 R, HE, MR Jjlla DF
G2_B_2|a R, HE, MR jlla PPMS, DF

G2 B 2| R, HE, MR il PPMS, HT, DF
G3_ A A ¢ R jlla PPMS, HT
G6_A 2 |a R, HE, MR Jjlla PPMS
G6_A 2 | R, HE, MR jlld PPMS
G7_BO1 R, MR jlla PPMS
G7_BO7 R, MR jlla PPMS
G7_TOP4 R, MR jlla PPMS

6.2 Electrical resistivity

Electrical resistivity measurements were performed on several CeRuySng single crystals from
different batches in the temperature range from about 50 mK up to about 620 K with three
different devices (Tab.6.5). A detailed description of the used devices and procedures is given
in Chap.3. Within these measurements, slightly different behaviour was found for different
CeRuySng single crystals. Hence, a comparison between different CeRuySng single crystals is
added at the end of this section.

Figure 6.22 shows the electrical resistivity p(7) and its relative value p(7") along the three
different investigated directions a (pu(T"), red), ¢ (pe(T'), blue) and ¢ (po(T), green) in a
semilogarithmic plot. The samples of these measurements were separated from batch G2.
Starting from high temperatures (about 620K), p(7") decreases with decreasing temperature
until a minimum at 7,,;,1 =400 K (355 K) along the in-plane directions (¢ direction) occurs.
After this minimum, each curve shows a remarkable increase of p(7') with further decreasing
temperature ending in a maximum at T,,, = 11K (9.5K) for p,(T) and p.(T') (p.(T)). With
further decreasing temperature, p(T') decreases slightly until another increase sets in, forming
a minimum at Ty, =2.5K (1.9K) for p,(T) and p(T') (p(T)). pe(T) shows additionally a
small hump at Tjymp = 150 K. Parts of the following investigations and of the discussion have
already been published [102].
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Chapter 6 Experimental investigations

Table 6.6: Minima and maxima of electrical resistivity measurements for CeRuySng single crys-

tals separated from batch G2 (Fig. 6.22).
Crystallographic Tminl Pminl Tmaac Pmaz Tmin2 Pmin2

direction (K)  (pQcm) (K)  (puf2em) (K)  (pf2em)
a 400 237.2 11 1607.0 2.5 1556.2
c 355 416.1 9.5 778.0 1.9 741.0
d 400 583.1 11 1689.0 2.5 1643.9

T | T

min2 l max -

p(T) 1 p(300 K)

(M

o

T (K)

Figure 6.22: Electrical resistivity p measured on samples separated from batch G2 (G2 B 2

samples along in-plane axes, G2_A_ 1 along ¢ direction) as a function of temper-
ature T' along the three investigated directions in a semilogarithmic plot (top).
Pronounced anisotropy is found over the entire temperature range between the
in-plane directions (a, ) and the perpendicular ¢ direction. The in-plane direc-
tions show similar behaviour, which is nicely seen in the relative resistivity plot
p(T)/psoox (bottom).
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6.2 Electrical resistivity

Two alternative approaches were made to explain the behaviour of p(7"). They are discussed
in the following. At first, a two-gap structure in the elecronic density of states (DOS), which
is frequently found in simple semiconductors, was assumed. In this picture, the intermediate
temperature behaviour is explained with an intrinsic gap, which was fitted with

p = py eB/2eT) (6.31)

where p; is a constant, A is the energy gap and kg is the Boltzmann constant. Within this
picture, the second upturn at low temperatures is caused by a smaller extrinsic gap due to
impurity states situated within the intrinsic gap. Since p(T") between T,,;,1 and T,,,, cannot
be described by Eqn.6.31 over a wide temperature range, the data were fitted in two fitting
intervals (12 K and 32 K), shifted with a step size of 2 K through the data (Fig.6.23). Although
reasonable values for the energy gap A are obtained, no extended temperature range with a
constant A was found for any sample except for p.(7") of sample G2__A_ 1; this measurement
revealed a roughly constant energy gap of about 31 K in the temperature range between 60
and 100 K. Interestingly, an energy gap of about 30 K has also been found from electrical
resistivity [1], thermopower [42] and "'?Sn NMR investigations [43] on polycrystalline CeRuySng
samples. For the low-temperature increase below T},;,2 the procedure results in A values that
are 0.08-0.09 K. This appears unphysical and the results are therefore not shown. Thus, the
model of a semiconducting material with a two-gap structure in the DOS is not convincing.
In our publication [102] another illustration of these facts was used. There, two temperature
ranges were fitted with Equ. 6.31 and displayed in plots. Naturally, the conclusion is the same.

The alternative second approach to explain the p(T") curves is based on the interpretation of
CeRuySng as Kondo insulator, which is also indicated by other physical properties, for instance
by the optical conductivity [16]. In Kondo insulators, a hybridization gap is expected to develop
below a characteristic temperature. Unfortunately, no quantitative predictions for the electri-
cal resistivity have been made. The anisotropic hybridization in CeRusSng leads to additional
uncertainties. However, models for Kondo metals can be of some use. An important contri-
bution to the temperature dependence of the resistivity comes from Kondo scattering which,
in the incoherent scattering regime, leads to the well-known —In7" result of single impurity
models (Chap.2) [17]. In the Kondo insulator Ce3;Bi,Pt3, for instance, this —In 7" behaviour is
found for the electrical resistivity at high temperatures (vicinity of room temperature) [103].
In addition, the crystalline electric field split level scheme of the localized f electrons plays
an important role, an effect that has been incorporated in the Cogblin-Schrieffer (CS) model
(Chap.2) [7,59]. Although this is a single impurity model, it can qualitatively explain the
electrical resistivity behaviour of Kondo lattice systems such as CeAls or CeAly. For a constant
DOS, the CS model predicts different regions of -In 7" behaviour if the CEF split multiplets of
the magnetic impurity are energetically well enough separated [55].

First, the phonon contribution to the electrical resistivity p,,(7") has to be subtracted; it was
approximated by pr,(T") of the non-f reference compound LaRusSng [41] with p,n(T) = pra(T) -
PLao (Prao is the residual resistivity of LaRusSng). We restrict our analysis to temperatures
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Figure 6.23: Energy gaps A/kp fitted with Eqn. 6.31 as function of temperature 7" along the a,

¢ and ¢ direction of several CeRusSng samples. The fits were performed between
15 and 350 K. Two fitting intervals of 12 K and 32 K were chosen and their results
are shown as dots and lines, respectively. The oscillations of some fits are caused

by the interpolation process of p(T"). No simple semiconducting behaviour (with

a constant gap value) can be found over a wide temperature range.
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Figure 6.24: Electrical resistivity Ap, and its relative Ap,(T) along the a direction of several
samples as function of temperature 7" in a semilogarithmic plot. p,, was derived
from LaRuySng [41]. The insets show the high-temperature behaviour. The linear
slopes in range 1 and range 2 are indicated with dashed lines (-In7T" law) and the
transition between these two ranges is indicated with T},.qnsition = 165 K.

below 310K because of the available pp,(T) data. Ap(T) = p(T)- ppn(T) and Ap(T) = (p(T)-
ppn(T)) / (p(300 K) - ppr (300 K)) of several samples for the a, ¢ and ¢’ direction are shown in
Figs. 6.24 and 6.25 in semilogarithmic plots. Not shown here is that the upturn of p(7") below
Tomin2 can be approximated in a narrow temperature range by a -In7T" law [102].

pa(T) measurements were performed with four samples with a well-defined rectangular cross
section. Therefore, the absolute values of p,(7') could be determined with good accuracy and
are shown in Fig.6.24, left panel. For p.(7') and p.(7T) measurements, only one sample per
direction (batch G2) was measured with a well-defined cross section. Hence, the absolute
resistance R of the samples with poorly-defined geometry has to be transfered to a specific
resistivity p to compare the magnetic contribution Ap(T') to p(T) (Fig. 6.25). This was made
for each direction separately by p(T) = R(T) (prer(300 K) / R(300 K)) with p,.r(300 K) of the
geometrically well-defined G2 samples. Note that the influence of the residual resistivity pg
is neglected within this thesis. A determination of py at the lowest accessed temperatures
is not meaningful because of the semiconducting nature of p(7T"). This may result in errors
in the rescaling process to determine Ap(T) of the samples with poorly-defined form factor.
Therefore, the R(T') curves of all samples were investigated to ensure that the characteristics
in Ap(T) are robust and not resulting from the scaling process. These investigations revealed
that the scaling process does not change the characteristics. Therefore, the quantity (R(T),
p(T), Ap(T) or Ap(T)) used for presentation is unimportant for the discussion below.

For each investigated direction and for almost all samples two temperature ranges (range 1
and range 2 in Figs.6.24 and 6.25) were identified where Ap(T") oc-InT" is observed. Fits in
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Figure 6.25: The relative electrical resistivity along the ¢ axis Ap.(T) and along the ¢ axis

Apy(T) as function of the temperature 7" are shown in semilogarithmic plots in

the left and in the right panel, respectively. p,, was derived from LaRuySng [41].
The insets show the high-temperature behaviour. The linear slopes in range 1 and

range 2 are indicated with dashed lines (-In 7" law) and the crossover between these

two ranges is indicated with T},qnsition = 165 K. The values of some samples were
scaled to the p(300 K') values of others (with better defined form factors) with the
same orientation to subtract the phononic contribution. In the Ap.(T') plot, the

position of the hump seen in p.(7") is marked with T},
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6.2 Electrical resistivity

these ranges are shown by dashed lines in Figs.6.24 and 6.25. To compare the intermediate
temperature range (between range 1 and 2) for different directions the transition temperature
Tiransition = 165 K is introduced. T} qnsition 1S situated almost perfectly between the corners of
range 1 and 2 for all directions and different samples.

Along the in-plane directions, the (negative) slope of the fit in range 2 is larger than in range
1. Along ¢, two of three samples showed clearly two temperature ranges with different slopes of
-InT behaviour (G2_A_1and G2_A_2 1) (Fig.6.25, right panel). In the third sample (B2),
the different slope of the -InT" law in range 1 and 2 is not as pronounced as in the other two
samples. Unlike for the in-plane directions, the (negative) slope of the fit of Ap.(T) is smaller
in range 2 than in range 1. The differences of Ap(T) between different samples are attributed
to extrinsic effects (in-gap states of impurities) and are discussed in the following subsection.

Some hints to understand the behaviour of Ap(T") come from the Cogblin-Schrieffer (CS) model
(Chap.2) [7,59]. Although this is a single impurity model, successful explanations of the
electrical resistivity behaviour of Kondo lattice systems such as CeAls or CeAly were found.
The CS model predicts that, for a constant DOS, the prefactor of the -InT" term decreases
with the thermal depopulation of the CEF levels (Eqn.2.18, Chap.2). The decrease of the
-In T term with the thermal depopulation of the CEF levels was detected for Ap.(T'). Inelastic
neutron scattering (INS) measurements [45] and X-ray absorption spectroscopy (Sect. 6.6) yield
a CEF splitting between the lowest lying doublets of about 30 meV. Hence, the -In T behaviour
in range 2 and 1 for Ap.(T) might be attributed to the Kondo scattering on the two lowest
lying CEF doublets and on the ground state doublet, respectively. By contrast, Ap,(T) and
Ape(T) cannot be described within this model because an increase of the slope is measured at
lower temperatures. Another effect should not be ignored for this analysis. Optical conductivity
measurements revealed that the DOS changes remarkably with decreasing temperature, leading
to a metal-like DOS along ¢ but to a gapped DOS within the (001) plane, containing a and
¢ 19,16] (Chapt.5 and Sect.6.6). Therefore, the discrepancies for Ap,(T) and Ap.(T) might
be due to the strong temperature dependence of the DOS within the (001) plane. An indication
for changes in the DOS is also found from Hall effect measurements: a change of the sign of
the Hall coefficient Ry (T) was detected at 185K for the in-plane directions a and ¢. A smaller
DOS yield a smaller contribution to p;,q, (smaller increase to lower temperatures) and a shift
of the maximum of the Kondo scattering contribution to lower temperatures (Eqn.2.18 and
Fig. 2.5, right panel; Chap. 2). The measurements show the opposite, namely a higher increase
of the slope and a higher T,,,, along the in-plane directions than along the ¢ axis (Figs.6.24
and 6.25). Therefore, a higher DOS along the in-plane directions than along the ¢ axis is
suggested by the CS model. These findings are in contradiction to the other physical properties
measurements, which reveal a higher DOS along the non-gapped ¢ axis. Therefore, a pure CS
model may be invalid to describe the behaviour found in CeRuySng.
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Table 6.7: Table of maxima and characteristic temperatures in p(7') measured for several
CeRuySng samples along different crystallographic directions.

Pa (T) pc(T) Pc! (T)
sample name  T},4:(pq) (K) || sample name  T,0.(pe) (K) || sample name  T}0.(per) (K)
G2 B 2a 11.0 G2 A 1 0.5 G2 B 2| 11.0
G3 A A ¢ 14.0 G2 A 21 10.0 B.3.3 12.0
G7 _BO7 12.0 B.2 12.0
G7_TOP4 14.0

Tiransition = 165 K (sample and directional independent)
Thump =150 K, only seen in p.(T") of sample G2_ A 1

Comparison of the electrical resistivity for different CeRu,;Sng samples

Similar to the direct magnetization measurements (Sect.6.1), slight differences in p(7") were
found for different samples. In spite of these differences, the overall behaviour was repro-
ducible and robust. Within this thesis, different CeRuySng batches were grown (Sect. 4.2) and
the samples are named by the respective batch name. In general, the G2 samples showed a
smaller p(Truaz) - P(Thninz) value along all investigated directions. Additionally, 7,4, of the G2
samples is a few Kelvin smaller than in samples of batches B, G3 and G7 (Figs. 6.24 and 6.25,
Tab. 6.7). The discrepancies at the lowest temperatures were investigated by magnetoresistance
measurements and are discussed in detail in Sect.6.4 .

Ap.(T) (15K <T <160K) showed significant spread of different samples investigated while
very robust behaviour was found for the in-plane directions (Figs.6.24 and 6.25). Since also
sample B.2 displays a slightly lower slope in range 2 than in range 1 in Ap.(T"), the smaller
slope in range 2 appears to be intrinsic. Contributions from Ap(T) along the in-plane directions
yield a enhancement of the slope in range 2. Therefore, the discrepancies of the slopes in range
2 in Ap.(T) for different samples are attributed to misalignment effects.

The discrepancies in Ap(T') seen at the lowest temperatures for different samples and directions
might be due to a high sensitivity of p(7") on impurities, which leads to changes in the DOS
in the vicinity of the Fermi level (see effects of impurities in CeNiSn [33,39]). A detailed
comparison of the magnetoresistance for different samples at low temperatures is found in
Sect. 6.4. The significantly higher Ap,(T") of sample G3_A_A ¢ (Fig.6.24, left panel) is not
yet understood.

Magnetoresistance measurements revealed remarkable differences between CeRuySng single
crystals separated from batch G2 and B. Therefore, p(7') was measured with sample B.3.3 and

G2 B 2||¢ between 0.05 and 300 K (Fig.6.26). Above 10K, only small discrepancies for the
two samples were measured (more pronounced maximum in sample B.3.3) in p(T"). At lower
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Figure 6.26: Relative electrical resistivity p (7)) as a function of temperature 7" along the ¢’
direction for two different samples, namely G2 B 2||¢’ (white) and B.3.3 (red).

temperatures, a remarkable splitting of the curves is seen revealing a higher depletion at low-
est temperatures for sample B.3.3 compared to G2_B_ 2||¢’. Nevertheless, the characteristics
(minimum around 2 K, maximum around 12 K) are the same. Magnetoresistance measurements
revealed that these discrepancies cannot be reduced by applying magnetic fields.

Summary

As expected, p(T) of CeRuySng displays anisotropy between the in-plane (a and ¢’) and perpen-
dicular ¢ direction(s) over the entire temperature range (Fig.6.22). No indication of a reliable
simple semiconductor-like behaviour of p(7T") was found. By contrast, the CS model is at least
partially in good agreement with the measurements at high temperatures (above 15 K) [7,59].

All p(T') measurements (sample and direction independent) revealed that two temperature
ranges (range 1 and 2) with -In7" behaviour exist above 15K (Figs. 6.24 and 6.25). The center
of the intermediate temperature range, T} qnsition = 165 K, is almost directional independent.
The relation of the slopes in the -In 7" ranges for p.(T") are in agreement with the predictions of
the CS model. Thus, the temperature dependence in these ranges may be attributed to Kondo
scattering on the two lowest lying CEF doublets (splitting energy of about 30 meV [45]) and on
the ground state doublet.

By contrast, p,(T') and p.(T') do not follow the simple CS model. The gap formation along these
directions (suggested by optical conductivity measurements and theoretical calculations [9,16],
Chap. 5 and Sect. 6.6) leads to a pronounced reduction of the DOS with decreasing temperature.
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A simple CS model predicts that the DOS is higher along the in-plane directions than along
the ¢ axis in CeRuySng. Although the CS model fails, a change in the DOS cannot be excluded.
The application of a CS model on CeRusSng may not be appropriate. An additional indication
for a changing DOS is found in Hall effect measurement because a sign change of the Hall
coefficient is found at about 185K for the a and ¢’ direction with H ||c (Sect.6.3).

The low-temperature p(T) is qualitatively understood as follows: The maximum at T}, in-
dicates a transition from incoherent to coherent Kondo scattering. Unlike in heavy fermion
metals the decrease in p(T") with decreasing 7" does not hold down to the lowest temperatures,
but instead stops at T2 below which p(T') reincreases. Presumably, the reduction of the
density of states with decreasing 7" overrules the increase in scattering time in this temperature
range.

The comparison of different batches revealed that small differences occur in p(7") for different
samples but robust directional dependent characteristics are determined. Therefore, the sample
quality is high enough to reveal intrinsic effects.

LDA+DMEFT calculations for CeRuySng were performed by P. Wissgott within his PhD thesis
[9]. The resulting p(T") curves are shown in Fig.6.27. At 290K, the values were calculated
with the computed LDA4+DMFT self energy. At lower temperatures, the imaginary part of the
computed LDA+DMFT self energy was set to 0.005eV. These p(T') curves are less anisotropic
than the measured data but nevertheless reproduce the key features. Note that the fine structure
of the electronic band structure and the exact position of the chemical potential have a large
influence on the behaviour of p(7"). Thus, the differences between theory and experiment are
ascribed to features in the DOS which were not reproduced in the theoretical band structure.
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Figure 6.27: Theoretical and experimental electrical resistivity p as a function of temperature
T along the main directions (batch G2). The theoretical values were calculated
using LDA+DMFT by P. Wissgott [9].
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6.3 Hall effect measurements

Hall effect measurements were performed on CeRuySng samples separated from batch G2 and
G6. The standard 6-point technique and devices used for the measurements are discussed
in detail in Chap.3. Throughout this section we adopt the following notations. Electrical
current was applied along the three directions [100] (a axis), [110] (¢’ axis) and [001] (¢ axis).
The corresponding Hall coefficients are denoted by Ry ,, Ry and Rpy.. The magnetic field
direction is added in parenthesis as (H||c). For instance, Ry ,(H||a) would be a Hall coefficient
measurement with current along the a axis and with magnetic field along the perpendicular
a axis. Rpy.(H|c), Ru.(H|) and Ry~ (H|c) measurements were performed with samples
separated from batch G2. Rpy.(H|a) and Ry (H||¢') were measured on samples separated
from batch G6. Ry (T) was determined by isothermal Hall resistivity (pga;) measurements from
the initial slope for non-linear pg.u(H) curves for T'<10K (Eqn.2.29, Fig.6.30). At higher
temperatures, ppq (1) was measured at 9T and Ry was calculated by Ry = pran(97T) / (1oH).
As for all other physical properties measured within this PhD thesis, anisotropy between the
in-plane Ry (Ry, and Ry ) and Ry . was observed.

Figure 6.28 shows a semilogarithmic plot of Ry (7") measured within this work. In Fig.6.29 the
high-temperature part is shown on linear scales. Figure 6.30 shows isothermal pgq;(H) curves.
Ry (T)(H||¢"), Ryo(T)(H||a) and Ry~ (T)(H||¢') remain positive over the entire temperature
range. By contrast, a sign change from positive at lower to negative values at higher temperature
was revealed at about 180 K for Ry .(T")(H||c) and Ry . (T)(H||c) (Fig.6.29). Interestingly, the
sign change of Ry (T') is in the vicinity of the temperature range where the crossover between two
-InT regimes (different slopes) occurs in the electrical resistivity (Sect. 6.2, T ansition = 165 K).
These features suggest a multiband structure and a change of the kind of majority carriers (hole
type at low and electron type at high temperatures).

While the anisotropy of Ry (7T) is small at high and at low temperatures, it is more pronounced
at intermediate temperatures where a hump-like structure is seen at about 10K (Fig.6.28).
Since the position of the hump correlates with the temperature of the maximum in p(7'), this
structure might be due to the anomalous Hall effect (AHE) (Chap. 2).

In order to test this hypothesis the data were analyzed by plotting (Fig. 6.28, inset)
ARpo = Rua(H || ¢) = Ria(H || @) = Y10 Pmaga(T) Xe(T') = .00 Pmaga(T) Xa(T)  (6.32)
and
ARpe = Rue(H || ¢)=Rue(H || ¢) = Y1,¢cpmage (T)Xe(T) =Y1,¢e Pmag.e (T)xe(T) - (6.33)

Since X7 Xa(e), a difference in the anomalous Hall effect is expected from Eqn.2.32. In-
deed, this difference resembles Ry (T) in heavy-fermion compounds (Fig.2.8). The maxima in
ARy (T), pa(T), pe(T) and po(T) are listed in Tab. 6.8. T, (ARp) are slightly shifted to lower
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Figure 6.28: Hall coefficient Ry with current along the a, ¢ and ¢ directions and with dif-
ferent applied magnetic field poH directions as a function of temperature 7" in a
senilogarithmic plot. These measurements were performed on CeRuySng samples
separated from batch G2 and G6. The positions of the maxima measured in the
electrical resistivities p,, p. and po (Sect.6.2) are indicated by Tp,a.. The inset
shows the difference ARy, and ARy for different directions of H, calculated
from Eqns. 6.32 and 6.33.
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Figure 6.29: Hall coefficient Ry with current along the a, ¢ and ¢ directions and with different
applied magnetic field poH directions as a function of temperature 7. These
measurements were performed on CeRuySng samples separated from batch G2
and G6. The plot shows the change of sign for Ry .(H|c) and Ry (H|c) at
about 180 K.

Table 6.8: Temperature of the maxima 7),,, measured on CeRuySng single crystals for the
electrical resistivity p and for the difference of Hall coefficients ARy. The batches
of the single crystals are added in parenthesis.

pc(G2) pa(GQ) pa(G6) pc’(G2) pc’(G6) ARHa a ARH; d
Taz (K) 9.5 11 15 11 15 4 7

temperatures in comparison to Tyaz(pe) and Te:(pe) (Tab.6.8 and Fig. 6.28, inset). Due to
the calculation of ARy (T') (Eqns. 6.32 and 6.33) with different samples, the shift of T,,4. (ARxy)
to lower temperatures (compared to T,..(p)) is partially induced by the higher T,,,.(p) for G6
samples in comparison to G2 samples (Tab.6.8).

Next, the absolute values for R (T') are discussed. pq,(T) and x(T) were determined by elec-
trical resistivity (Sect.6.2) and magnetization measurements (Sect.6.1.1), respectively. There-
fore, the only unknown in Eqn.2.32 is the coefficient v; describing the scattering of itinerant
on localized electrons (Chapt.2). Table 6.9 lists the p,qq(7) - x(T') values (relations) at 10 K.
These relations change by less than 5% in the temperature range discussed below. Therefore,
their temperature dependence can be neglected.

For an isotropic ; coefficient, the hump in Ry (7") due to the AHE should be strongly enhanced
for Ry o(T)(H|la) (orange symbols connected with lines in Fig. 6.28) and Ry ~(T)(H||c") (dark
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Figure 6.30: Hall resistivity pgay for current along the a (top), ¢ (middle) and ¢ (bottom)
axis as a function of magnetic field poH, measured at different temperatures. For
T <10K, Ry was determined by the initial slope of these isotherms.
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Table 6.9: Relations between different p,q,(7") - x(T") values used for analysis of the anomalous
Hall effect in CeRuySng . The values are calculated as (column value) / (row value)
at 10 K. The temperature dependence of these values is negligible.

Pmag,a * Xa  Pmag,ec* Xe  Pmag,e " X¢! Pmag,a * Xe  Pmag,e’ * Xe

Pmag,a * Xa 1 1/23.8 1.1 1/10.5 1/10.1
Pmag,c * Xe 1 26.1 2.2 2.4
Prmag.e’ * Xe! 1 1/11.6 1/11.0
Pmag,a * Xe 1 1.1
Pmag,c * Xe 1

green symbols connected with lines in Fig. 6.28) in comparison to the other combinations of H
and Ry (T') directions. This enhancement is seen best in the second row of Tab. 6.9 including
the relations with respect to ppmag.c- Xc. By contrast to these values, the measurements revealed
that a sizable higher contribution of R4 (T) to Ry(T) was measured for all Ry (T) with H||c
(Fig. 6.28). Therefore, we suggest a higher v, coefficient for R4 (T) with Hl|e. If a relation
between 7, (H||c) and v, (H |la(c')) of about 25 is used, good agreement for all Ry (T) contri-
butions is found. Note that v; depends on the phase shifts linked to the possible scattering
channels [74]. Thus, our results point to different scattering channels for H||c and H|a(c).

The charge carrier concentration n (Equ.2.30) and the Hall mobility uy = Ry /p within a
single-band model approach are shown in Fig.6.31. n reaches a minimal value of about
0.0055 charge carriers per formula unit for all directions at the lowest temperatures. Pro-
nounced anisotropy is seen for the Hall mobility. If a parabolic dispersion relation with
a spherical symmetric Fermi surface is assumed, the effective mass m* can be calculated
with n=0.0055 carriers/f.u. and v=0.08 J/mol K? [46] (y=0.04J/mol K? [40]) to m* =124 m,
(m*=62m,) (m,=electron mass).

Figure 6.32 shows Ry (T") and puy(7T) of the orthorhombic Kondo insulators (semiconductors)
CeNiSn and CeRhSb [11]. The low-temperature behaviour of Ry (7)) and pg(7") shows sim-
ilar characteristics as found for CeRuySng (Figs.6.28 and 6.31). Ry(7T) and pug(T) exhibit
a logarithmic increase to lower temperatures for a single-band model approach. The charge
carrier concentration at 0.5 K was calculated to 0.0012 and 0.0016 carriers/f.u. for CeNiSn and
CeRhSb, respectively [11]. The increase of Ry (T') at lowest temperatures is due to the increase
of uy(T) to lower temperatures and not due to the change of the charge carriers within this
model.

CeNiSn was suggested to exhibit an anisotropic hybridization gap in the electronic DOS [5],
as is also discussed for CeRusSng. In Fig.6.32, |Ry(T)| of CeNiSn is shown along the nodal
(gapless) a direction [11] (the equivalent direction in CeRuySng is the ¢ direction). The increase
of py implies an increase of 7/m* where 7 is the scattering time of the quasiparticles and m*
their effective mass. Ikeda and Miyake [5] attributed the increase of uy to a larger 7 in the
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Figure 6.31: In the left panel the charge carrier concentration n is shown as a function of
temperature 7' for different units of n. The right panel shows the Hall mobility
(g as a function of T

pseudogapped state than in the normal Fermi-liquid state because of scattering restrictions in
the k-space due to the narrow gapless region along the a axis. The higher logarithmic increase
to lower temperatures in ppy (7") than pgo(7) (pre (7)) might be explained by an equivalent
argument (higher 7) or by a lower m* along the gapless ¢ axis of CeRuySng (Fig. 6.31).

Summary

Hall effect measurements revealed several anisotropic features between the in-plane directions
and the ¢ axis. The observed sign change of Ry, and Ry with (H||c) at about 180 K might
be connected with the crossover between different -lnl" regimes in the electrical resistivity.
The anisotropic hump-like structure at about 10 K is attributed to an anomalous Hall effect
contribution. At the lowest temperatures Ry (T) is almost isotropic and reaches 260-107° m?*/C
at 50 mK for all directions, which corresponds to a single-band charge carrier concentration of
only 0.0055 charge carriers per formula unit. Interestingly, this single-band model revealed an
anisotropy of the Hall mobility which was compared to the results of the anisotropic Kondo
insulator CeNiSn [5]. This comparison revealed similar low-temperature behaviour for Ry (T)
and g (7T) in CeRuySng and CeNiSn (logarithmic increase of gy with decreasing temperatures).
An electronic DOS with an anisotropic hybridization in CeRusSng might be supported by Ry (T)
and gy (7T) within this analysis.
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Figure 6.32: Hall coefficient Ry and Hall mobility gy as a function of temperature 7' of the
Kondo insulators (semiconductors) CeNiSn and CeRhSb in a semilogarithmic plot.
This plot was extracted from [11].
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6.4 Magnetoresistance

Magnetoresistance measurements are much employed for investigating Kondo insulators. In
SmBg, for instance, the closing of the gap in high magnetic field was investigated by magne-
toresistance meaurements (Fig.6.54) [104,105]. In CeNiSn, strong directional dependences of
the magnetoresistance were observed which allow to extract information about the underlying
anisotropic Fermi surface [12]. Within this thesis, both transverse and longitudinal magnetore-
sistance measurements were performed on CeRuySng samples along the three investigated main
directions. Additionally, high-field measurements were carried out in Rossendorf/Dresden by
J. Larrea and F. Weickert on samples prepared within this PhD thesis. As already mentioned
in Sect. 6.2, slight sample dependencies were found for different batches. These differences are
most pronounced in the magnetoresistance. The overall behaviour, however, is the same for
all batches. A detailed description about the used devices and measurement techniques is pre-
sented in Chap. 3. The following section presents the measurements along the three directions
a, ¢ and ¢’ as function of the field direction. In the next section, the batch dependent behaviour
is discussed. Finally, field-dependent magnetoresistance isotherms are discussed. Throughout
this chapter we adopt the following notations:

e Current direction: Electrical current was applied along the three directions [100] (@ axis),
[110] (¢ axis) and [001] (¢ axis). The corresponding magnetoresistance pg is denoted by

PB,as PB,¢ and PB.c-

e Magnetic field direction: Spherical polar coordinates are used to define the direction of

the magnetic field with respect to the crystal axes for the magnetoresistance with rotat-
ing magnetic field (Fig.6.33). For instance, pp (¢ =0°, § =0-90°) would be an electrical
resistivity measurement along the ¢ axis with magnetic field rotating from the ¢ to the
a axis. The longitudinal magnetoresistance is denoted by ppong and the respective di-
rection, e.g. for the longitudinal magnetoresistance along the a axis by pp ongq- The
transverse magnetoresistance is denoted by pp irans and the field direction is added in
parenthesis. Thus, a transverse magnetoresistance measurement with an electrical cur-
rent along the a axis and with a perpendicular magnetic field along c is referred to as

pB,trarw,a(H”c)-

Investigations to determine the differences between longitudinal and transverse
magnetoresistivity

Longitudinal and transverse pp measurements may help to discriminate between contributions
based on changes of the electronic bandstructure (Fermi surface) and contributions due to
the magnetic deflection of charge carriers. Additionally, the angular dependence of pgp was
investigated to determine the sensitivity of pp to misalignment of the magnetic field. The
samples used for these investigations were separated from batch G2 and exhibit a minimum in
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Figure 6.33: Schematic drawing of the notations (spherical polar coordinates) used for magne-
toresistance measurements with rotating magnetic field H.

pB,long,au pB,trans,a(H||a>7 pB,long,c’a pB,trans,c’<H||cl> and pB,long,c above 2K (Flgs 6347 6407 6.44
and 6.46). By contrast, no minimum above 2K is detected for pg transa(H||C), pBtrans.c (H||C)
and pg trans,c(H||¢") (Figs. 6.34, 6.44 and 6.46).

Firstly, pp . measurements were performed with rotating H within two different planes ((001)
and (110)). pp trans,c(¢=0-45° 0=90°) with poH =9T at several temperatures was investi-
gated. The ratio pp trans.c(@, 0 =90°)/ pp trans..(H|la) is displayed in Fig.6.35. Starting from
¢»=0° (H|la), a small decrease to ¢ =45° (H||¢') was measured. This small difference of

< 0.5 % implies almost isotropic behaviour (a spurious Hall voltage would yield a deviation of
<+0.2%).

An empirical fit function

pB.c(B) = prewo + P1 cos(m 5)* + Py sin(m (3)” (6.34)

was used to describe the data (=0 or ¢). Equation 6.34 contains the rotation angle [, the
multiplicity m, the exponent v and the fit parameters p,..;o, P; and P;. Equation 6.34 describes
properly both pgp.(3) measurements performed within this thesis (Figs.6.35 and 6.36). Note
that pp.(H) of the investigated curves show a small (no) minimum above 2K (Fig.6.34).
Equation 6.34 contains three terms. The first term (p,co) is an angle-independent constant
term. The second (contains P;) and third term (contains P,) describe the contributions to
pB.(H) for H pointing along a main direction (a, ¢ or ¢’). The angle-dependent depletion of
this contributions is described with a sinusoidal angle dependence (frequency m) to the power
of .

The fit parameters for pgiransc(¢) (Eqn.6.34) are listed in Fig.6.35 in the right panel. P
and P, decrease with increasing temperature. Also their difference decreases indicating the
disappearance of the small anisotropy with increasing temperature. The small anisotropy,
the higher ppg trans.c(H||a) compared to pp trans.c(H||¢') and the lowering of the anisotropy to
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Figure 6.34: Relative transverse pg iransc(H || ¢) / pp.(0T) (left) and longitudinal pgjong.c /
p(0T) magnetoresistance (right) as a function of the magnetic field poH at different
temperatures. The exponential dependence of these curves (H®) was fitted at the
lowest temperatures (lines).

higher temperatures indicate an easier magnetization ability along the a axis in comparison
to ¢ at lowest temperatures if the anisotropy is attributed to magnetization effects. These
findings are in agreement with the results of torque magnetometry measurements (Fig.6.18).
The multiplicity m =2 for ppirans(¢) and the quadratic dependence of the sinusoidal terms
for both pp . measurements (Figs. 6.35 and 6.36) cannot be ascribed to geometrical effects and
to the field dependence along the main directions (see non-quadratic exponential behaviour in
Fig.6.34). However, appropriate results are found with the empirical Eqn. 6.34.

pB.(0=45° 6=0-90°) measurements were performed at 2 and 3 K with magnetic fields of 3, 5,
7and 9T. The ratios pp (¢ =45°,0) / pp(01) are shown in Fig. 6.36. pp (¢ =45°, ) increases
with increasing H and shows minima (maxima) for  =0° (#=90°). The minima for § =0° are
caused either by the longitudinal geometry (no transverse deflection) or by the dependence on
the direction of H (scattering rate, density of states (DOS) around the Fermi level). Ongoing
investigations indicate that the H direction is most important and the transverse or longitudinal
application of H is of minor importance (Figs.6.37, 6.44, 6.46, 6.49 and 6.50). pp.(¢p=45°,
0) / pp..(0T") was fitted with Eqn. 6.34. The fits are included as dotted lines in Fig. 6.36 and their
parameters are listed on the right. The ratio between the parameters P, (H || ¢) and P, (H||¢)
varies between 1:5 and 1:8. Small misalignment of H with respect to the main directions (¢ and
') lead to only slight deviations. Therefore, a misalignment of H cannot cause the pronounced
differences observed for pg .(H) above 2 K measured with different samples.

The following measurements within this subsection were performed with j along the in-plane
directions a or ¢. In Fig.6.37 pp(¢p=45° 0=0-90°) / pp~(0T) at different temperatures
and with different applied magnetic fields is presented. Note that ppiong e of the samples
investigated show a pronounced minimum already at temperatures above 2 K (Figs. 6.40, 6.44
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Figure 6.35: Ratios pg trans.c(¢, 0 =90°) / pB.trans(H||a) (line + symbols) with an applied mag-
netic field poH =9 T are shown in the left panel as a function of the rotation angle
¢ at different temperatures. The fits (dashed lines) were calculated with Eqn. 6.34.
Schematic drawings of the measurement geometry at ¢ =0 and 45° are included
as insets. The respective fit parameters p,..;0, P1, P> and « are listed in the table
on the right.

and 6.46). Therefore, the behaviour is expected to be more complicated in comparison to pg .
For #=0°, an increasing pp trans, (H||c) with increasing H was detected between 2 and 8K,
leading to a maximal increase of about 1% at 9T. For §=90°, a minimum of pg e Was
measured between 4.2-6T below 8 K (Fig. 6.44, 6.46 and 6.48). Due to the minimum shifting
to lower temperatures, pp(¢p=45° 6)/pp(0T) shows a stronger depletion with lowering
temperature. At 2K, pp(¢p=45° 0)/pp(07) is already negative for § >8°. Therefore,
small misalignments of H with respect to the ¢ direction would yield remarkable differences for
PB trans,e (H||c). Due to the evolving minimum in pgjone .~ (Fig.6.44), a simple approximation
in the intermediate angle range with Eqn. 6.34 is not feasible. However, footprints of quadratic
sinusoidal contributions at # =0 and 90° (estimated in Eqn. 6.34) can be clearly seen below 4 K
(especially at 9'T).

As already mentioned in the introduction of this subsection, the transverse deflection con-
tribution to pp is of great interest. Therefore, pp (¢ =45-135°, 0 =90°) measurements were
performed. Since H was rotated from ¢ =45-135° (6 =90°) and j was applied along ¢ (¢ =45)
the difference between these angles A¢ was used for the discussion of these measurements. The
results are shown in Fig. 6.38. The difference between pp jonge (A¢=0°) and pp rans (H||)
(A¢p=190°) reaches at maximum 2% (possible Hall contributions <+0.2%). These findings
imply that the direction of H is most important for the behaviour of pp . Furthermore, these
results suggested that pp is affected by changes of the DOS at the Fermi energy that depend
on the magnetic field strength and its direction. The transverse deflection contributions are
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Figure 6.36: The left panel shows the relative magnetoresistance pg (¢ =45°, 0) / pp(0T") (line
+ symbols) with differing applied magnetic fields poH as a function of the rotation
angle 6 at 2K (top) and 3K (bottom). Fits according to Eqn. 6.34 are included as
dashed lines. Schematic drawings of the measurement geometry at # =0 and 90°
are shown as insets. H is rotated from the longitudinal orientation (along ¢) to
the perpendicular orientation (along the ¢’). The fit parameters p,e, P1, P> and
« are listed in tables on the right.
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Figure 6.37: The left panel shows the relative magnetoresistance pp (¢ =45°, 0) / pp (07" for
different applied magnetic fields ugH as a function of the rotation angle 6 at 4 K

(top) and 8 K (bottom). Schematic drawings of the measurement geometry at 6 =0
and 90° are shown as insets. The right panel shows pg (¢ =45°, 0) / pp.~(0T") at

2 (top) and 3K (bottom).
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6.4 Magnetoresistance

negligible. Another indication of transverse deflection being negligible is found in pp (¢ =45-
135°, =90°) at 2K with ugH =9T. Its relative value is described by Eqn.6.34 with the
fit parameters p,.o=0.87, P, =P, =0.12341 and a=1.82 (Fig. 6.38, right panel, top, dashed
line).

Finally, Fig. 6.39 shows pp.(¢= 0°,0=0-90°)/pp..(0T). As expected, similar behaviour as
determined for pp o (¢= 0°,6=0-90°) / pp~(0T) was found (Fig. 6.37). Due to the noticeable
influences of extrinsic effects on the evolution of the minimum in ppgjongq (Fig.6.41), a reliable
discussion of the slight differences between pg (¢ = 0°.0) and pp (¢ = 0°,0) cannot be made.
Nevertheless, the same conclusions as for pg (6= 0°, 6=0-90°)/pp+(07) can be made,
namely detectable footprints of quadratic sinusoidal contributions at § =0 and 90° (especially
at #=90° and poH >7T) and an additional directional dependent negative contribution.

In conclusion, pp measurements with rotating magnetic field show similar behaviour for pg,
and pp ~ but very different behaviour for pp .. pp. can be described with an empirical equation
(Eqn. 6.34). The increase of pp.(H) with increasing H is enhanced for H||¢' compared to H||c
(Fig.6.36). pp.transc is almost independent of the direction of H (Fig.6.35). At the lowest
temperatures, pgiong.a(H), PBtrans.a(H)(H| @), pBionge (H) and pp irans.e (H)(H||c") exhibit a
minimum (Figs. 6.37 and 6.39). The most surprising finding within these investigations is the
similar behaviour of pg jong. and pg rans, (H||¢’) (Fig.6.38). This result suggests a negligible
deflection contribution to pp . (¢) and a dominant contribution of the H-direction dependent
variation of the charge carrier concentration (H-direction dependent change of the DOS at the
Fermi energy).
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Figure 6.38: Relative magnetoresistance pg (¢, 0 =90°) / pp o (uoH =0T) for different applied
magnetic fields pgH as a function of the rotation angle A¢ at 2, 3, 4 and 8K.

A¢ is the angle between the electrical current 7 and the H direction. Schematic

drawings of the measurement geometry at A¢ =0, 45 and 90 ° are shown as insets.
Additionally, a fit according to Eqn. 6.34 with p,.0=0.87, P, =P, =0.12341 and
a=1.82at 2K and 9T is included as dashed magenta line.
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Figure 6.39: Relative magnetoresistance pp (¢ =0°, 0) / pp..(0T) for different applied magnetic
fields poH as a function of the rotation angle 6 at 2 K. Schematic drawings of the
measurement geometry at # =0 and 90° are shown as insets. As expected, similar
behaviour as measured for pp (¢ =0°, 0) was found (Fig. 6.37).
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Chapter 6 Experimental investigations

Comparison of magnetoresistance measurements for CeRu,Sns; samples separated from
different batches

Magnetoresistance measurements were performed with CeRuySng samples separated from the
batches B, G2, G3 and G7. Sample dependent differences in physical properties were most
pronounced in pp(H) measurements. In this subsection, these discrepancies are discussed with
PB.iong.c (H) measurements at first. Afterwards, pp trans,o(H)(H ||a) measurements are presented
for several CeRuySng samples.

The discrepancies of p(7T') for CeRusSng samples from batch G2 and B are discussed in Sect. 6.2
and are shown in Fig. 6.26. pp jong.(H) of the samples B.3.3, B.3.1 (measured by F. Weickert
and J. Larrea in high magnetic fields) and G2 B 2||¢’ are displayed in Fig. 6.40. pg jong.(H)
for G2_B_2||c’ (Fig.6.40, top) exhibits a minimum below 4 K. This minimum gets more pro-
nounced with decreasing temperature. At H>9T and T'<1.5K the increase of pg jong (H)
becomes linear. The absolute values are slightly shifted for different temperatures in the linear
range. By contrast, the CeRuySng samples separated from batch B exhibit the first footprints of
a minimum at about 2 K. At 0.1 K, a remarkable minimum in pg jong (H) exists in accordance
to the G2 sample. Another similarity to the G2 sample is the almost linear increase at higher
H (above 9T) and the almost perfect overlap of these linear ranges at the lowest temperatures
(for B samples below 2.4 K). The slope of this linear increase is sizable larger (=~ 2 times) for
samples separated from batch B than for sample of batch G2.

Nevertheless, a general sample/batch-independent behaviour for pg jong. (H) was found. Start-
ing at poH =0, a minimum in pg e (H) evolves at low temperatures (below 2-4K) around
3-6T followed by an almost linear H-dependent but T-independent increase above about 9T
and below about 2K (below 1.5 K for G2 sample, below 2.4 K for B samples).

Further investigations were performed by measuring pp trans.o(H)(H||a). Figure 6.41 shows this
quantity for CeRuySng samples separated from the batches B, G2, G3 and G7 at 2K as a
function of H (left panel) and of H? (right panel). pp trans.a(H)(H|la) at 2K exhibits a clear
minimum at about 4T for G2 B 2[ja. Only ppirans,«(H)(H||a) for G7 BOT shows a footprint
of a minimum too. The other CeRuySng samples show a comparable behaviour over the entire
H range, with an almost quadratic increase above 4T (Fig.6.41, right panel, indicated with
lines). This quadratic increase of pp rans.o(H)(H| @) at higher H was found also in G2_B_ 2||a
and G7 BO7. The G7 samples were separated from different positions of the single crystal
G7, with G7 BO1 at the beginning, G7 BO7 in the middle and G7 TOP4 at the end of the
grown crystal (equivalent positions to the growth procedure). Interestingly, the G7 sample
separated from the intermediate position (G7 BO7) does not show intermediate behaviour.
Therefore, we suggest that tiny extrinsic effects lead to sizable differences in the minimum in
PB.rans,a(H)(H|la). No indication of stoichiometry variation of the single crystals along the
growth direction could be detected (Sect.4.2).
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Figure 6.40: Comparison of the longitudinal magnetoresistance along the ¢’ direction pg jong.e
as a function of the applied magnetic field poH at different temperatures 7' for
samples separated from batch G2 (G2_B_ 2||c, top) and B (B.3.3, B.3.1, bottom).
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Figure 6.41: Relative transverse magnetoresistance along the a axis pgtransqa(H||a)/pp.q (0T)
for several CeRuySng single crystals separated from different batches at 2 K, as
function of the applied magnetic field poH (left) and as function of (poH)? (right).
The quadratic behaviour of pg trans.a(H||a)/pp.q (0T) at high fields is indicated by
linear fits.

In conclusion, for the same configuration, similar overall behaviour of pp(H) was measured
for all investigated samples, indicating that the behaviour is dominated by intrinsic materials
properties. A noticeable discrepancy is the evolution of the minimum in pp jong - (H) (Fig. 6.40)
and pp trans.o(H)(H|a) (Fig. 6.41) at higher temperatures for CeRuySng samples separated from
batch G2 compared to the other single crystals. The comparison between p.(T') of samples
separated from the batches G2 and B at poH =0T revealed that the G2 sample has a larger
pe(T) value than the B sample at the lowest temperatures (Fig.6.26). Together with the
pa(H) investigations above, this indicates a partially suppression of the higher p(7") value of
G2 samples by the applied H. Note that the discrepancy cannot be totally suppressed within
the entire measurement range for H||¢’ (different slopes of samples from the batches G2 and B,
Fig.6.40). Theoretical results of P. Wissgott (Chap. 5) [9] together with experimental results of
optical conductivity measurements (Sect.6.6) [16] point to the development of a hybridization
gap in the (001) plane but not perpendicular to it. In Kondo insulators, small amounts of defects
are known to influence low-temperature properties appreciably [33,39]. So the discrepancies
found in pg trans.«(H)(H||a) and pp jong, (H) measurements are presumably due to small sample
dependent extrinsic effects, which influence the DOS at the Fermi level most noticeably along
the low DOS directions a and ¢'.

Longitudinal magnetoresistance

Longitudinal magnetoresistance pp jony measurements were performed with CeRusSng samples
separated from two different batches (B and G2). Samples separated from batch B were used
for ppiony measurements in high magnetic fields in Rossendorf/Dresden by J. Larrea and F.
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Weickert. Additionally, pp ong of another sample separated from batch B (B.3.3) and samples
separated from batch G2 were measured at lower fields in the PPMS by the author and in the
dilution fridge in collaboration with K.-A. Lorenzer. The discrepancies between the batches
were discussed in the subsection above.

Figure 6.42 displays the ratio pp iong(H)/pp (0T) (top) and the derivative Opp iong(H)/OH (bot-
tom) of the high-field measurements along the a (left) and ¢ (right) direction. Similar be-
haviour is observed for both directions. At 1.5K, a very shallow minimum is observed at
Hyfminjong.a =1.7T and Hp g miniong. =2.3T (Fig.6.42, Tab.6.10), followed by a strong re-
sistivity increase towards higher H. These increases end at a maximum in ppong(H) and
pB,long,a(H) at th,maa:,long,c’ =25.4T and th,ma:c,long,a =20.0T. th,ma:v,long,c’ for T’ S 4.2 K and
H}, ¢ mag long,a increase only slightly with increasing temperature (Tab. 6.10, Fig. 6.42). The resis-
tivity decreases steadily with further increasing H above these maxima. In general, pg jong. (H)
shows a stronger field response at all temperatures than pg jong,a(H).

PB.iong.c(H) shows distinctly different behaviour than pp jong(H) along the in-plane directions
(Fig.6.43). Here, neither minima nor maxima are found up to 55T. The zero of the derivative
O0pB.iongc(H)/OH tentatively indicates a maximum Hpfmaziongc ~=57T (607T) at T=1.68K
(3.32K), that appears to increase with increasing temperature.

Detailed low-temperature investigations of pp jon,(H) were carried out with the PPMS device
(dilution refrigerator set-up) for CeRusSng samples separated from batch G2 in the H range
from 0 to 9T (15T) (Figs.6.44 and 6.45). Unfortunately, samples separated from batch G2
show a higher p(7") value at the lowest temperatures and a minimum in pp(H) at the highest
temperatures in comparison to all other samples. Therefore, the decrease in pg(H) (batch
G2) at the lowest magnetic field is probably partially produced by extrinsic effects. Note that
this minimum exists also in CeRusSng samples separated from batch B indicating that the
minimum in pp(H) at the lowest temperatures is an intrinsic effect. Figure6.44 (Fig.6.45)
shows ppiong(H) (the derivatives 0pp jong(H)/OH) for the directions a, ¢ and ¢’. As expected,
anisotropic behaviour of ppg jong(H) between the in-plane directions (a and ¢’) and the perpen-
dicular ¢ axis is revealed.

The longitudinal resistivities all exhibit a minimum at lowest temperatures (Fig.6.48). Inter-
estingly, the positions of the minima H,in iong.a(1) and Hyin jong. (1') are almost temperature
independent below 0.5 K, which is seen as temperature-independent zero crossing in the respec-
tive 0pp,iong(H)/OH (Fig.6.45). These minima are pinned to Hyin iong,a,r<05 ) ~4.1T and
H pin jong,e' (T<05 k) ~4.2T (Fig.6.48).

The slopes of pp jong.a(H) (pB,1ong (H)) are identical at pioH >3.5T and 7' < 0.5 K (only shifted
to higher absolute values with increasing 7") (Fig.6.45). This is also found for pg jong..(H) at
poH >9.5T and at T'< 2K (no measurements performed with poH > 9T above 2K) (Fig. 6.45,
bottom). The difference of the pp jong(H) values is less than 2% in this 7" and H ranges.
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Figure 6.42: The left (right) panel displays the relative longitudinal magnetoresistance along
the a direction pp ong.a/pB.a(0T) (¢ direction ppiong/pp.«(0T)) on top and the
respective derivative 0pp iong.a/0H (0pB,iong/OH) at the bottom as a function
of the applied magnetic field pgH. These measurements were performed by J.
Larrea and F. Weickert with samples (batch B) prepared within this work. Similar
behaviour along both directions was achieved. A stronger magnetic field response

was seen in pg jong. (H) compared to pp jong.q(H). The extrema are indicated with
arrows and listed in Tab. 6.10.
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Figure 6.43: The left (right) panel displays the relative (derivative of the) longitudinal magne-
toresistance along the ¢ direction pp jong.c/pB,c(0T) (OpB.iong.c/OH) as a function of
the applied magnetic field pugH. These measurements were performed by J. Larrea
and F. Weickert with CeRuySng samples (batch B) prepared within this thesis.
The extrema are indicated with arrows and listed in Tab. 6.10.

Table 6.10: Extrema of pp ons(H) measurements in high magnetic fields at different temper-
atures in Rossendorf/Dresden. These measurements were performed by J. Larrea
and F. Weickert with CeRusSng samples (batch B) prepared within this thesis.
pB.Iong.e (H) at 0.1 K was measured by the author in collaboration with K.-A. Loren-
zer. Used abbreviations: Hjf e, = maximum in pp jong(H), Hpfmin = minimum
in ppong(H), Hnpss (Hifss1) = steepest positive slope in pgiong(H), Hpfss2 =
steepest negative slope in pp jong(H).

PB,long,a(H)
151K 293K 420K 13.7K
Hppmin (T) 1.7 - - -
Hppmae (T) | 20.0 20.8 21.5 22.0
Hpyf o1 (T) 10 10.4 11 -
Hpg s (T) 31.0 31.5 32.0 -

PB,long,c' (H>
01K 153K 240K 420K 820K
Hypmin (T) | 3.0 2.3 - - i

extrema

Hypmas (T) | - 254 255 257 309
Hupos (T) | 105 115 120 125 130
pB,lang,c(H)

1.68K 3.32K 4.22K
Hifmas (T) | 57 60 _
Hyjpss (T) 232 275 272

131



Chapter 6 Experimental investigations

PBionga(H) and ppong. (H) show similar characteristics with increasing H till the respec-
tive Hpinjong are reached (Fig.6.44). At higher H, different characteristics are observable.
PB,iong. (H) shows an almost linear behaviour with a very shallow decrease of the slope start-
ing at the inflection point Hy jong e =11T. In ppiong(H ), a reliable reduction of the increasing
slope can be observed (starting at Hys jong = 8.5T). In addition, pp jong..(H ) measurements in-
dicate a maximum in pp jong.q(H) slightly above the achievable maximum field strength (15T)
within these measurements (Fig.6.45). These findings are in accordance to the high field
measurements, which revealed a higher lying maximum in ppg g (H) than in pgjong..(H)
(Fig. 6.42).

Transverse magnetoresistance

Additionally to pp jong(H) investigations, pp trans(H) measurements were performed with the
same CeRuySng samples. An additional contribution to pp(H) may differ between the longi-
tudinal and the transverse geometry: The deflection of charge carriers due to the transverse
geometry yields an additional contribution to pg(H) due to the Lorentz force. Note that the
difference between the longitudinal and transverse geometry above 2 K was investigated before
(Fig.6.38). Surprisingly, these investigations revealed that the difference between the longitu-
dinal and transverse geometry above 2 K was negligible for pg . (H).

PBtrans,a(H[¢) (top), pBtranse (H||¢) (middle) and pptransec(H|c) (bottom) are shown
in Fig.6.46.  Their derivatives are shown in the same order in Fig.6.47. As ex-
pected, ppiransa(H|c) and ppiranse(H|c) behave similarly, but distinctly different from

pB,trans,c(HHcl)-

At lowest temperatures (7' < 1.5 K), minima evolve in pp 4rans (Fig. 6.48). An almost quadratic
increase in ppiransa(H|lc) and ppirans. (H||c) was found for poH >11T and 7T'<2K. This
quadratic increase is clearly seen in the linear increase of 9pp trans/OH for pp irans along the
a and ¢ axis (Fig.6.47). The absolute decreases of pp transa(H||c) and pp trans (H|c) are
comparable. Also their minima are only slightly shifted (Fig. 6.48). Interestingly, the quadratic
increase at H > 11T is comparable with the one found for pg jong..(H) (Fig.6.50). This finding
suggests a strong dependence of pg(H) on the magnetic field direction and small dependences
on the longitudinal or transverse orientation and on the electrical current direction. This H-
dependence of pg(H) is discussed in detail in the following subsection.

PB.transc(H||¢') shows comparable behaviour to the one found for ppimga and pgiong.e
(Figs.6.44 and 6.45,6.46, 6.47, 6.49 and 6.50). ppiransc(H||¢') shows a decrease at lowest
H and T ending in a minimum H i trans.c(H||¢') = 2.8 T at T'<0.5K. The following increase
with increasing H is almost T-independent for H > 7T and T'<2K and ends in a maximum
Hoin trans.c(H||) = 14.5 T. Also ppirans,(H||¢') measurements revealed that the direction of H
determines dominantly the behaviour of pg(H) in accordance with the findings above.
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tions a, ¢ and ¢ as a function of the magnetic field poH (samples batch G2). These
measurements were performed in collaboration with K.-A. Lorenzer. The minima
H viniong 10 pB1ong(H) at the lowest temperatures are indicated with arrows.
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investigated main directions a, ¢ and ¢’ as a function of the magnetic field poH
(samples batch G2). These measurements were performed in collaboration with
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Figure 6.47: Derivative of the transverse magnetoresistance 0pp trans/OH along the three in-
vestigated main directions a, ¢ and ¢ as a function of the magnetic field poH
(samples batch G2). These measurements were performed in collaboration with
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Figure 6.48: Minima in the magnetoresistance measurements (as a function of the magnetic

field) (Figs. 6.44, 6.45, 6.46 and 6.47) H,,;, as a function of temperature 7'

Interesting features of pp jong(H) and pp trans(H) are found by plotting the magnetic fields of
their minima as a function of temperature (Fig.6.48):

Hointrans.a(T)(H || ¢) and Hyin trans.e (T)(H || ¢) (Fig. 6.48, cyan and brown data) show
similar behaviour, namely a decrease with increasing temperature ending at 1.5 K. Also
Hninjong,a(T) and Hyin jong. (1) are similar over the entire temperature range (Fig. 6.48,
green and blue data). In general, H,,;, (1) reaches slightly smaller absolute values than
the Hypine(T) for both geometries in these curves.

The characteristics of H,ui, (7)) are mainly determined by the direction of H (H||c¢ or
Hla(¢)).

For H,in(T), a smaller absolute value and the disappearance of the minimum at lower
temperatures is seen than for H,,(T) and Hyi, e (T) if the data with the same H-
direction are compared.

For T<0.5K and Hlla or H|¢, Hpin(T) reaches temperature-independent values
(Hmin,long,a (T) ~ Hmin,long,c’ (T) ~4.1 T7 Hmin,trans,c(T) (HHC/ ~29 T)

Magnetic field direction dependence of the magnetoresistance

In the former subsections, pgp(H) curves with respect to their electrical current direction were

shown and their T-dependence was discussed. Indications for a dominant H-direction depen-
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dence of pp(H) were found. Hence, pp(H) is discussed with respect to the H-direction within
this subsection (Figs. 6.49 and 6.50).

ps(H) — pp(0T) (H|c) and Opp/OH (H||c) are shown in Figs. 6.49 and 6.50 (top). Similarities
for the in-plane current directions a and ¢ are clearly revealed. By contrast, the initial decrease
of pBionge — PB,(0T) with increasing H is remarkably smaller at low H and at lowest 7'
Surprisingly, a current-direction independent increase of pg(H || ¢) — pp(0T) for H>12T
and T'<2K was measured. This is clearly seen in dpp/0H (H||c), where the curves of the
derivatives lie within a small band for H > 12T (Fig. 6.50, top).

pp(H) measurements with H||¢ or H||a are compared in Figs.6.49 and 6.50 (bottom). The
same characteristics in pg(H ) were found along all directions of j. Starting at ugH =0T, pg(H)
decreases with increasing H reaching a minimum H,,;, between 2 and 5T at low temperatures
(Fig.6.48). The following increase of pp(H) with increasing H yield a measurable inflection
point Hs (Fig.6.50, bottom). A temperature-independent slope of pg(H) was found for the
lowest temperatures at magnetic fields higher than H,,;,(H) along all directions. In general,
pp(H)—pp(0T) for H||¢ or H||a shows a stronger depletion at H,,;,(H) than for H||c. Hpin(H)
are shown in Fig. 6.48 and the inflection points Hgs(H) are at about 5, 10.5 and 12T along the ¢,
a and ¢ direction (Tab. 6.10), respectively. Hpaz trans.c(H )(H||') is measurable at about 14.5T.
0pB jong.a(H)/OH indicates a maximum in pp ongq(H) around 18 T. A possible maximum in
PBlong. (H) might exist at higher H.

Magnetoresistance of other Kondo insulators

Within this subsection, magnetoresistance measurements of CeRuySng are compared with the
results of the Kondo insulators CeNiSn (orthorhombic, anisotropic gap opening) [12], Ce3Bi Pt3
[14] and SmBg [105], which was recently suggested to be a topological Kondo insulator [106].

pp(H) of CeNiSn shows remarkable dependencies on the direction of the magnetic field and
electrical current direction at 0.45K (Fig.6.51). The increase of (pp(H) — pp(0T))/pp(0T)
yield a value of 33 for j along the non-gapped axis a and H|c at 15T. ppony(H) along all
axis change slightly around pg(0T). Thus, in contrast to the case of CeRuySng, the transverse
vs. longitudinal application of H appears to be the dominating effect in CeNiSn. As discussed
above, the influence of impurities are of great importance in Kondo insulators. Figure 6.52
shows the behaviour of different CeNiSn samples. Note that only sample #5 was purified using
the solid state electrotransport (SSE) technique [13]. This technique is required to obtain high-
quality single crystals of CeNiSn. The impurities in CeNiSn yield a strong enhancement of
p(T) at the lowest temperatures [13]. This enhancement is reduced by applying a magnetic
field (Fig.6.52, ¢). As a result, the impurities mask, e.g., the maximum of CeNiSn at about
2T with H|la and j(I)||c measured with the high-quality sample #5 (Fig.6.52, b).

138



6.4 Magnetoresistance

Py - pg (OT) (nQ2cm)

Py - pg (OT) (nQcm)

50 | L | T T v T T — T T
L
Hllc !,.r!";r:gt'h
5 RTINS
ole e o8Ol analaagse” 1
0 hgmupmagesassiaind spt PHIT YT RI2I22 000 ]
u\u-ulluulﬁiﬁ:;;!!::::::“
g O-O;u
50 F N o, . acE°§°§ 2%
%[@%‘ oooOO°°o0000co;o;o=o:°:°§020A 1
B, ]
ug%% o 0.05K,jlic 2 0.05K,jll¢
-100 5 ¢ 050K,jllc 4 050K, jlic A
s o e 110K, jlic + 1.00K,jllc 1
s 0.05K,jlla oz, - /
. 050K§"3 o 150K, jllc 4 150K, jli¢
- 100K jlla “ata, o 2.00K,jlic « 200K, jlic ]
180F . 150K jla 15238°]
= 200K,jlla
N I P B B , 1 °P9g0000g0g8908°) L
0 2 4 6 8 10 12 14
#,H (T)
200F: go5K, jiia - 005K jllc o R
» 050K, jlla ¢ 050K, jlic Hl|la, H| c
= 110K, jlla + 1.00K,jlic eerattin]
100 [+ 150K, jlla « 150K,jlic UPTTTLILEL Ot v
° 200K jlla  ° 200K jlic g & -, ‘:‘:.:__.:_;:.-.-..:
-] Agpa S gu® s
0807, o ° Y LS
0l . W,}ﬁc?!oiogf::“o"sw_‘
A%00 cﬂcg%ﬁggﬁAEA“‘ B .=-- ) AAA:
P T L VP Ly
-100 [ o‘s_‘“.‘.‘-:n“““‘.__.:“ Lat
& A'm A“AAAAAAAA‘A‘A -'.. AAA AAA DnD”"“Dn
) L aun” a a poo®
& "l-.u.-""- aat 285 E
%, pot?
-200 | C Sassaasasts? Log8® - 0.05K,jlic" A
Lo0°%as" + 050K, jll ¢
%K% LT + 110K jli ¢
. [ « 150K, jlic ]
300 A%A%”“M s 200K, jllc
1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
u,H (T)

Figure 6.49: The upper (lower) panel shows the magnetoresistivity difference pp — pgp(0T) with
an applied magnetic field along the ¢ direction (in-plane directions a and ¢’) as
a function the magnetic field pgH with the electrical current along the three in-

vestigated main directions a, ¢ and ¢’. These measurements were performed in
collaboration with K.-A. Lorenzer.
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Figure 6.50: The upper (lower) panel shows the derivative of the magnetoresistivity dpg(H)/0H
with an applied magnetic field along the ¢ direction (in-plane directions a and ¢’)
as a function the magnetic field pgH with the electrical current along the three
investigated main directions a, ¢ and ¢’. These measurements were performed in
collaboration with K.-A. Lorenzer.
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Figure 6.51: Magnetoresistance of CeNiSn [12]. The calculated energy gap by Tkeda and Miyake
[5] does not open along the a axis.

Ce;3BisPt; shows a remarkable decrease of pp jong(7") only below 20K (Fig.6.53). The authors
report that the magnetic field dependence can be described with a simple model of a collapsing
energy gap (A~37K) [14].

With the appearance of a minimum in pg(H), SmBg shows similar characteristics as found
in CeRuySng, but on absolutely different scales. pp(H)/pp(0T) decreases to about 0.04 for
SmBg and at maximum to about 0.83 for CeRuySng (Fig.6.54). The minimum in pg(H) was
attributed to the closing of the energy gap [105].

Summary and discussion

pp(¢,0) measurements with rotating magnetic field were performed for several geome-
tries. Within these investigations, pp.(¢,6) was described reliably by an empirical function
(Eqn. 6.34) (Figs.6.35 and 6.36). Due to the temperature-dependent minimum in pg jong,.(H)
and ppiong, (H) already above 2K, pp .(¢,0) and pp (¢, 0) cannot be described properly with
Eqn.6.34. An additional decrease of pp.(¢,6) and pp . (¢,0) is observable with increasing 6
(Figs. 6.37 and 6.39). Surprisingly, similar behaviour (differences lower than 2 %) were found for
PBiong.e A P rans.e (H| ") (Fig.6.38). Therefore, the charge carrier deflecting contribution
in the transverse magnetoresistance appears to be negligible for pp(H) of CeRuySng.

Next, discrepancies in pg(H) for different CeRuySng single crystals were investigated; sample
dependencies within this thesis are most pronounced in magnetoresistance measurements. The
investigation revealed that the general characteristics (minimum in pg(H) below 10T at low
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Figure 6.52: Magnetoresistance of different CeNiSn samples [13]. Only sample #5 was purified
with the SSE technique.
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Figure 6.54: Magnetoresistance of SmBg [105].
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temperatures) are identical for all samples investigated. Slight differences were detected for the
temperature evolution of these minima, their absolute values and the slopes of pg(H) (Fig. 6.40
and 6.41). These differences are attributed to extrinsic effects which influence the low charge
carrier DOS around the Fermi energy. In CeRuySng, only marginal discrepancies were measured
in comparison to other Kondo insulators like CeNiSn (Fig. 6.52) [13,33,39]. Due to comparably
small discrepancies, the high quality of the CeRu,Sng single crystals is confirmed by these
results.

PB.iong(H ) measurements were performed by F. Weickert and J. Larrea at the High Field Labo-
ratory at the Helmholtz-Zentrum Dresden-Rossendorf with CeRuySng samples prepared within
this thesis. ppong.a(H) and ppjong(H) exhibit a minimum Hjminiong at about 1.7T and
at about 2.3 T at T'=1.5K, respectively. Hpf maz,iong is observed at about 20.5T and about
25.5T along the a and ¢ direction, respectively (Figs.6.42 and 6.43). The extrema found
within the high field measurements are listed in Tab.6.10. Interestingly, identical slopes in
both pgiong.a(H) and ppong. (H) are found at pgH >18T and T'<4.2K for each direction
(see derivatives in Fig.6.42). By contrast, ppiong,(H) shows only a maximum at poH ~58T
at the lowest temperatures and similar slopes at H > 35T and T'<4.2K (Fig.6.43).

Finally, pg jong(H) and pp srans(H) measurements were performed with the dilution refrigerator
set-up in collaboration with K.-A. Lorenzer. These measurements revealed that the direction
of H is most important for the behaviour of pg(H). This surprising feature is nicely seen in
the temperature dependence of the minima H,,;,(T) in pg(H) (Fig.6.48) and in the magnetic
field dependent representation of pp(H) in Figs.6.49 and 6.50. Hence, the direction of j and
the relation between the direction of j and H play a minor role for pp(H).

If H is applied along ¢, similar slopes (j direction independent) were found for 7'<2K and
poH >10T (Figs. 6.49 and 6.50). pp(H)(H|la(c')) shows similar characteristics for all current
directions; best seen in their derivatives dpgp(H)/OH (Fig.6.50). pp(H)(H|la(c")) decreases
with increasing H, reaching a minimum, followed by an increase of pg(H). The slope at
H > H,,;, is temperature independent at lowest temperatures. An inflection point H,, is ob-
served below 15T along all directions. pp trans.c(H)(H||¢") reaches a maximum at poH =14.5T.
These features in pg(H) are seen at the lowest magnetic fields in pp .(H), followed by pp .(H)
and finally in pp (H).

If this order of directions (¢ ,a and ¢’) is compared to the directional dependent hybridization
strength along the different crystallographic axis, similarities with other physical properties
can be found. The lowest hybridization strength would exist along ¢, which was determined by
theoretical calculations by Wissgott (Sect.5), optical spectroscopy measurements by Guritanu
et al. (Sect.6.6) [16] and indicated by several electrical transport measurements within this
thesis. Comparing the in-plane directions a and ¢, the hybridization strength is suggested to be
higher along ¢’ than along a by using the order discussed above. A higher hybridization strength
along ¢ is slightly indicated by thermopower measurements, too (Sect.6.5). Magnetoresistance
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measurements indicates that the hybridization is remarkably less effected by a magnetic field
along ¢ than by a magnetic field along the in-plane directions.
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Table 6.11: Minima and maxima of the thermopower S measured on CeRu,Sng single crystals

(Fig. 6.55).
crystallographic  Truim1 Smint Tmaz  Smaz Lmin2 /| Tmin - Smin2 | Smin
direction (K)  (ueV) (K) (peV) (K) (neV)
a 270 59 121 69 15 -10.0
¢ ; ; - - 99 298
c’ 270 69 117 80 15 -94

6.5 Thermopower

CeRuySng exhibits interesting properties for thermoelectric and thermomagnetic refrigeration
applications. The cage forming crystal structure and the classification as Kondo insulator are
two promising characteristics which could reduce the thermal conductivity and lead to an en-
hanced thermopower S, respectively. Both these are key aspects for a high thermoelectric figure
of merit. In addition, fundamental information about the electronic structure and the scattering
processes along the investigated directions can be inferred from thermopower measurements.

Within this work, thermopower measurements were performed in collaboration with M. Tkeda
(IFP, TU Vienna). CeRuySng samples were separated by the present author from batch G2
along the crystallographic directions a, ¢ and ¢’. S(T") measurements were performed in a home-
made device set-up by E. Bauer (IFP, TU Vienna). A detailed description of the measurement
technique and the measurement procedure is given in Chap.3. Figure6.55 shows the results.
As expected, a distinct anisotropy of S(7") between the out-of-plane direction ¢ (S.(7")) and the
in-plane directions (a (Sq(T")), ¢’ (Se (7)) is observed. The overall temperature dependence
of So(T") and S (T') is very similar. Only above 50K, S (7T') is slightly higher than S,(7"). The
minima and maxima in S(7') are listed in Tab.6.11.

Sa(T) and Su(T) decrease slightly upon decreasing 7' from 300K, leading to a minimum
of 59 uV/K and 69 uV/K at Tpin1(Sa) = Timin1 (Se) =270 K, respectively. With further de-
creasing T, a slight increase of S,(T") (S« (7)) is found, ending in a maximum of 69V /K
at Tar(Se) =121 K (80 uV/K at Tpae(Se) =117K). The following strong decrease of S,(7T)
(Se(T)) towards lower temperatures ends at a minimum of -10.0uV/K (-9.4 uV/K) at
Tonin2(Sa) = Timin2(Se) = 15 K. The reincrease towards the lowest temperatures ends at a nega-
tive value of -2.5 uV/K and -1.3 uV /K at 5.2K for S,(7) and S.(T), respectively.

Se(T') decreases with decreasing temperature between 300 and 22 K, with a noticeable change
of the slope at about 80 K (Fig. 6.56, left panel). Here, no maximum is achieved over the entire
temperature range. The minimum in S.(7") of -28 uV /K is reached at T,;,(S.) =22K. It is
about 3 times larger and shifted by 7K compared to the minima measured along the in-plane
directions. The following upturn towards lower temperatures ends at -8.8 uV /K at 5.2 K. Note
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that the small kink at about 32K for S.(T) is attributed to measurement inaccuracies and is
not considered as intrinsic.

In addition to the single crystal measurements, published data on polycrystals Sy (") [46]
are included in Fig.6.55. To compare S, (1) with the results of S(7') measured on single
crystalline samples, the polycrystalline S(7") estimated from single crystal measurements was

calculated by
L(SU(T) + 5u(T) + S.(T)) (6.35)

and is also included in Fig.6.55. Although the low temperature upturn of S,u,(7") can-

Ssc,poly (T) -

not be accounted for by Sscpo, (1) measurements, the temperatures of the minima (75,,)
are in good agreement (7,in(Ssepoty) = 175K, Thin(Spory) =19.0K). At higher temperatures,
Ssepoty (1) yields higher values than Sy, (7).

Similar characteristics of S(7") were found in many dilute Kondo systems, heavy fermion com-
pounds and Kondo insulators [4,8,65,67,68,70,71]. These compounds exhibit two peaks in
S(T') (maxima for Ce compounds) which were attributed to incoherent Kondo scattering on the
full CEF-split multiplet and on the ground state, respectively (Chap.2). Therefore, these peaks
depend on the total CEF splitting energy Acpr and the Kondo temperature Ty leading to e.g.
two clearly separated peaks (e.g. CeCusSis [67]) or two overlapping peaks (e.g. CeNiSn [4]) in
S(T). This dependence was investigated by substitution of Ce with La or by applying pressure
for several compounds [67]. Exemplarily, S,(7") of the anisotropic Kondo insulator CeNiSn
exhibits two peaks (maxima at 20 and 100 K) which were attributed to the energy scales Tk
and Acgr (Fig.6.57). The upturn at lowest temperatures was attributed to the formation of
an anisotropic energy gap at lowest temperatures [4]. A peaked structure of S(7") is also seen
for the Kondo insulators (semiconductors) CeRhAs and CeRhSb [107].

In CeRuySng (Fig.6.55), a maximum at T,,,, =120K (= 10.4meV) is found in S,(7") and
S« (T). Tts origin cannot be assigned distinctively to Acgr or Tk. Using Eqn. 2.28; this leads
to Acpr=(17-62)meV. This is in good agreement with the CEF-splitting scheme derived by
direct magnetization measurements (Sect.6.1.1, Fig. 6.6, Acpr ="76.2meV). Theoretical calcu-
lations by P. Wissgott [9] (Chap.5) revealed that the Kondo temperature is in the vicinity of
290K [16]. The upturn in S(7") at lowest temperatures is attributed to the anisotropic gap
formation, in analogy to CeNiSn [4]. Note that the description of features in S(7") in a Kondo
insulator with theoretical and experimental results of Kondo lattices or with theoretical results
of single-impurity models are questionable. Interestingly, no maximum was observed in S.(T")

(Fig. 6.55).

The potential for thermoelectric application is determined by the thermoelectric figure of merit
ZT. The thermal conductivity measurements for its calculation were performed by J. Hénel
(IFP, TU Vienna) [108] and show, as expected, anisotropic behaviour between the in-plane di-
rections and the perpendicular ¢ direction. The maximal power factor PF = S%0 (0 = electri-
cal conductivity) is reached at the highest temperatures accessed with the S(7") measurements,
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Figure 6.57: Thermopower S as a function of temperature 7" on a semilogarithmic plot. These
measurements were performed by U. Kohler and the plot is extracted from her
PhD thesis [4].

namely 295K and 300K for the ¢ and a direction, respectively. At these temperatures, the
values are Z7,=1.5-10"2? and Z7,=1.7-1072.

Summary

Within this work, anisotropic behaviour of S(T') was measured between the in-plane direc-
tions (a, ¢”) and the perpendicular out-of-plane direction ¢. Comparable behaviour of S(T")
was already found in dilute Kondo systems, heavy fermion compounds and Kondo insula-
tors [4,8,65,67,68,70,71]. This behaviour is described properly with a single impurity Ander-
son model by Zlati¢ et al. [8]. The maxima in S,(7") and So(7') at 120K can be attributed
to be caused by incoherent Kondo scattering on the CEF-split multiplet and/or on the ground
state (Chap.2). A clear distinction as found in CeNiSn [4] is not feasible. However, if these
maxima are attributed to the incoherent scattering on the CEF multiplet (calculated with
Eqn. 2.28 to Agpr = (17-62) meV), similar total CEF splitting energies are found in compari-
son with CEF schemes revealed with direct magnetization measurements (Sect.6.1.1, Fig. 6.6,
Acgrp="76.2meV). Interestingly, no maximum was observed in S.(7T") (Fig.6.55).

Finally, S(7T) was compared to S,(7") and S.(7) calculated with local density approximation +
dynamic mean-field theory (LDA+DMFT) calculations by Wissgott [9] (Fig. 6.56, right panel).
At 290 K, the values were calculated with the computed LDA4+DMFT self energy. At lower
temperatures, the imaginary part of the computed LDA+DMEFT self energy was set to 0.005 eV.
The calculated values are less anisotropic than the measured values and cannot mimic the
peaked structure in S,(7") and S.(7) at around 120 K. Note that the fine structure of the
electronic bandstructure and the exact position of the chemical potential have a large influence

149



Chapter 6 Experimental investigations

on the behaviour of S(T"). Thus, the differences are attributed to small features in the electronic
band structure.
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6.6 Measurements with grown/prepared CeRu,Sn; single
crystals by cooperating groups

As already mentioned in Chap.3, CeRuySng single crystals were grown and/or prepared for
measurements performed by cooperating research groups (researchers).

At first, longitudinal magnetoresistance measurements at high magnetic fields were performed
by J. Larrea and F. Weickert in Rossendorf/Dresden. These results were already shown and
discussed in Sect. 6.4. Secondly, resonant X-ray absorption spectroscopy (XAS) and XAS partial
fluorescence yield (PFY) mode measurements with several CeRuySng samples separated from
different batches were performed by F. Strigari in the group of A. Severing (2. Physikalisches
Institut at the Universitat zu Koln). Next, optical conductivity o(w) measurements of single
crystalline CeRuySng samples (separated from batch G3) were performed by V. Guritanu, J.
Sichelschmidt, T. Weig and M. Scheffler along the a and ¢ direction. A summarizing article
of o(w), LDA4+DMFT calculations (Wissgott [9]) and electrical resistivity measurements was
recently published [16]. Finally, first cleaving tests, scanning tunneling microscopy (STM) and
preliminary scanning tunneling spectroscopy (STS) analysis were performed by S. Wirth (Max
Planck Institute for Chemical Physics of Solids, Dresden).

6.6.1 X-ray absorption spectroscopy

Within this PhD thesis, an important task was the determination of the crystalline electric
field (CEF) split level scheme of the Ce-4f J=15/2 multiplet in CeRuySng. Firstly, an anal-
ysis of the CEF scheme was performed with magnetization measurements at high tempera-
tures (Sect.6.1.1) which revealed non-CW behaviour up to highest accessible temperatures
(1000 K). Inelastic neutron scattering (INS) measurements on polycrystalline CeRuySng indi-
cated a CEF excitation of about 30 meV [45]. Combining both results, some evidence for a
pure (J=5/2, m;==41/2) ground state doublet was found, but no final conclusion could be
drawn. Hence additional investigations were performed with XAS measurements which were
successfully achieved for other compounds, as, e.g., CePdsSiy [82] and CePt3Si [83].

The XAS experiments (and their analysis) were performed by F. Strigari in the group of A.
Severing (2. Physikalisches Institut at the Universitiat zu Koln) at the National Synchrotron
Radiation Research Center (NSRRC, Dragon beamline BLO8A) in Taiwan [15]. The CeRusSng
samples studied here were grown and prepared within this thesis (Chapt. 3). A short description
of this measurement technique is presented in Chapt. 3. Preliminary results were presented by
F. Strigari at a poster session at the conference "Quantum Criticality & Novel Phases" in 2012
in Dresden.
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Figure 6.58 displays the absorption intensities at 12 K (middle) and two simulations performed
by F. Strigari with a dominating (J=5/2, m;==+1/2) (top) and a dominating (J=5/2,
m;==3/2) (bottom) ground state doublet [15]. The polarization dependence of the intensities
measured implies that the dominating wave functions of the ground state doublet (J =5/2) are
either m; ==+1/2 or m; == 3/2. Within that analysis, a ground state doublet with a dominat-
ing (J =5/2,m; ==+ 5/2) contribution was excluded. Interestingly, the most appropriate results
were found with an additional small contribution (<0.08) of the higher lying spin-orbit split
J =7/2 multiplet (same m; as main contributing J =5/2 eigenstate). A comparison between
simulation 1 (m; ==+ 1/2) and simulation 2 (m; = £ 3/2) revealed that simulation 2 clearly lead
to a better agreement with the measurements (Fig. 6.58). This finding is in contrast to the anal-
ysis of the direct magnetization measurements which suggested a pure (J=5/2, m; =+1/2)
ground state doublet (Sect.6.1.1). Therefore, additional non-resonant inelastic X-ray scattering
(NIXS) measurement are planned. NIXS measurements are bulk-sensitive and, therefore, will
clarify whether the XAS spectra of Fig. 6.58 are modified by surface or self absorption effects.

In addition, the temperature dependence of the absorption intensities was investigated up
to higher temperatures. Within these measurements, the polarization dependence remained
constant up to 200 K implying that the first CEF-split energy level is positioned at least 17 meV
above the ground state multiplet. This finding is consistent with the results of inelastic neutron
scattering (INS) on polycrystalline CeRuySng that associated a peak at about 30 meV with a
CEF excitation [45]. Therefore, an energy splitting of 30 meV between the lowest lying doublets
was assumed for the CEF investigations of direct magnetization measurements (Sect.6.1.1).

Alternatively to the My and M5 excitations investigated here, investigations have been made on
the Lj excitations. Therefore, XAS in the partial fluorescence yield (PFY) mode measurements
were performed by F. Strigari in the group of A. Severing. The L3 excitations are used to
investigate the Kondo scale by studying the temperature dependence of the small additional
hump at 5740€V in the spectra (Fig.6.59) caused by the f°-contribution (excitation in the
4 fO-state). The fact that this hump is only very slightly reduced at 160 K suggests a Kondo
temperature of at least this order of magnitude.

6.6.2 Optical reflectivity measurements

Optical reflectivity in the far-infrared and THz frequency range is a useful technique to inves-
tigate the low energy scales in strongly correlated electron systems. As such, it is commonly
used to study Kondo semiconductors or insulators such as, e.g., YbBio [109]. Within this thesis,
two CeRuySng single crystals were separated from batch G3. Optical reflectivity measurements
were performed by V. Guritanu in the group of J. Sichelschmidt at Max Planck Institute for
Chemical Physics of Solids (Dresden) in the energy range of 5meV-30eV (frequency range:
1.2THz-7.3PHz) and by T. Weig and M. Scheffler at 1. Physikalisches Institut (Universitat
Stuttgart) in the energy range of 0.5-5meV (frequency range: 0.12-1.2THz). The electrical
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Figure 6.59: L-edge XAS-PFY measurements on CeRuySng at several temperatures by F. Stri-
gari in the group of A. Severing. The hump at 5740eV (shown in detail in the
inset) is used to investigate the Kondo temperature scale.
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field component of the light was applied parallel to the a and ¢ direction. Each group investi-
gated only one sample, so different samples were measured in the different energy ranges. The
measurement technique and the CeRuySng single crystals used are discussed in Chap. 3.

The optical reflectivity spectra as a function of the energy (wave number), R(w), are shown in
the left panel of Fig. 6.60 [16]. These spectra were measured with the electrical field E parallel
to the a (top) and ¢ (bottom) direction at different temperatures between 6 and 300 K. In
the intermediate frequency range, R(w) shows a larger decrease with decreasing temperature
along the a (marked with an arrow in Fig. 6.60, left panel, top) than for the ¢ direction [16].
These findings are consistent with electrical resistivity measurements (Sect. 6.2) which revealed
a lower electrical conductivity along the a axis over the entire temperature range. The real part
of the optical conductivity o;(w) was calculated from R(w) by V. Guritanu with a Kramers-
Kronig fitting method [110]. Importantly, R(w) measured in the THz frequency range (dots
in Fig.6.60, left panel) is close to unity which yields a strong dependence of o;(w) on small
variations of R(w). Hence, o1(w) was calculated by a weighted average over finite frequency
ranges in the THz frequency regime. o1(w) with E||a (E||c) are shown in the right top (bottom)
panel of Fig.6.60 [16]. The values of the dc electrical conductivity are added as symbols at
Energy =0meV in this plot.

o1(w) shows pronounced anisotropic behaviour especially at lowest temperatures and frequen-
cies. Metal-like behaviour is found for F||¢ which is suggested by the Drude-like feature in
o1(w) at lowest temperatures below about 25meV. By contrast, o;(w) for E|la is decreasing
with decreasing energy at lowest temperatures, behaviour typical for semiconductors. However,
o1(w — 0) for El|a remains finite at the lowest temperatures and frequencies accessed, which is
in agreement with the finite dc electrical conductivity. This behaviour implies that the gap is
not yet fully formed or that residual in-gap states are present within a gapped density of states
along a.

In conclusion, o1 (w) suggests metal-like behaviour along the ¢ and semiconductor-like behaviour
along the a direction. These results are consistent with a higher hybridization strength along the
a direction suggested by other physical properties (thermopower (Sect. 6.5), electrical resistivity
(Sect.6.2) and magnetoresistance (Sect.6.4)) measured within this work and by theoretical
calculations by Wissgott [9] (Chap.5).

In addition, the temperature dependence of the calculated integrated spectral weight Ns¢
was investigated by V. Guritanu (not shown) [16]. The lower N.s; along both directions at
low temperatures and energies is attributed to the pseudogap formation as opposed to the
existence of a simple uncorrelated bandgap because the low-temperature loss of N.sy persists
up to at least 0.6 eV. Such behaviour of N.s¢ suggests strong correlations of the charge carriers
in contrast to electronic band effects and was also observed in other Kondo insulator, e.g.,
FeSi [86]. Importantly, this characteristic is found, though more weakly, also for the ¢ direction.
Therefore, at least an onset of Kondo gap formation appears to occur also along the ¢ direction,
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Figure 6.60: The optical reflectivity as a function of the energy (wavenumber) is shown in
the left panel with the electrical field E of the incoming radiation along the two
crystallographic directions a (top) and ¢ (bottom) at different temperatures. The
right panel presents the calculated optical conductivity o;(w) as a function of the
energy (wavenumber) at low energies for different temperatures. The inset shows
a comparison of g;(w) for the two different orientations of E at 6 K. o1(w) was
calculated by V. Guritanu with a Kramers-Kronig fitting method [110]. These
plots have recently been published in [16].

which is consistent with electrical resistivity and magnetoresistance measurements (Sects. 6.2
and 6.4), which show similar characteristics along all directions.

6.6.3 Cleaving tests, scanning tunneling microscopy and preliminary
scanning tunneling spectroscopy analysis

In CeRuySng, the most important question is the nature of the k-dependent electronic band
structure at the Fermi energy at low temperatures. An excellent measurement technique to
investigate this property is angle-resolved photoemission spectroscopy (ARPES). For ARPES
measurements, a pristine flat surface of the sample is required. This is usually obtained by
cleaving the samples in ultra-high vacuum (UHV), frequently at low temperatures. If the sample
has a preferential plane of fraction, the sample breaks along this plane and the requirements

155



Chapter 6 Experimental investigations

for measurements are fulfilled.

To test the possibility of ARPES measurements on CeRuySng, cleaving tests were performed
by S. Wirth at Max Planck Institute for Chemical Physics of Solids in Dresden in a low-
temperature UHV scanning tunneling microscope (STM) such that the cleaved surface could
be directly imaged in the STM after the cleaving process. First, cleaving tests were performed
at 300 K. Their results and a photograph of the sample (batch G3, samples separated from
piece G3_B_ 1 bottom) after the cleaving process are shown in Fig. 6.61. These cleaving tests
yield no preferential plane of fraction and a height difference in the line scan of about 1.7 nm
(Fig.6.61, bottom, right panel). Thus, the sample surface achieved by the cleaving process at
300 K is unusable for ARPES measurements.

In a second step, several samples (batch G3, samples separated from piece G3_B_ 1 bottom)
were cleaved at 20 K. Figure 6.62 shows images for a successful cleave. The roughness in the
60 nm x 60 nm area imaged in Fig.6.62, top, is about a few hundreds pm (line scan in Fig. 6.62,
bottom). In this area, no sizable terraces or atomically flat areas are detectable. Fourier
transformations of several line scans were performed to see whether periodic structures can be
resolved. This was not the case and the cleaved surface exhibits no ordered structure. Never-
theless, the surface is potentially usable for ARPES measurements. These are now planned to
be performed in collaboration with S. Kimura at SPring-8 in Japan.

In addition to the cleaving tests, preliminary scanning tunneling spectroscopy (STS) measure-
ments on CeRuySng were performed by S. Wirth. Two spectra measured at 4.7 K are shown
in Fig.6.63. The red curve was measured with higher resolution than the black curve. These
measurements revealed a low residual DOS at the Fermi energy, indicating a partially gapped
DOS at the Fermi energy (pseudogap), in good agreement with the measurements performed
within this thesis and by collaborators.

156



6.6 Measurements with grown/prepared CeRuySng single crystals by cooperating groups

Z Range: 6.189 nm

£ E
o N~—
© -
w 5
S D
© s
o
>_
30 0 30
X Range: 60 nm
1.5] ]
1.0 ]
E 051 _
N
0.0 ]
-0.51 4
0 10 20 30 40 50
X (nm)

Figure 6.61: Results of the cleaving tests at 300K on CeRuySng. A STM image of a
60 nm x 60nm surface of CeRuySng (top), a photograph of the cleaved surface (bot-
tom, left) and a line scan with a length of 50nm (bottom, right) are presented.
The in-situ cleaving process and the STM investigations were performed by S.
Wirth (Max Planck Institute for Chemical Physics of Solids, Dresden).
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Figure 6.62: STM image of a 60 nmx 60 nm surface of CeRuySng cleaved at 20K (top) and a

10nmx 10nm close up (bottom, left) across which a line scan (bottom, right) was
measured. The in-situ cleaving process and the STM investigations were performed
by S. Wirth (Max Planck Institute for Chemical Physics of Solids, Dresden).
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Figure 6.63: Preliminary scanning tunneling spectroscopy measurements on CeRuySng per-
formed by S. Wirth at 4.7K. The red curve was measured with higher resolu-
tion than the black curve. In agreement to other investigations on CeRu,Sng, an

indication for a pseudogap is detected.
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Chapter 7

Summary and outlook

Within this work, several CeRuySng single crystals were grown using the floating zone technique
(Sect. 4.2, Tab.4.2). The growth procedure was performed based on the work of T. Nezu and
A. Prokofiev [10]. Energy dispersive X-ray spectroscopy and X-ray powder diffraction measure-
ments revealed that the crystals were single phase and of high crystalline and stoichiometric
perfection. All batches were oriented by the Laue technique and subsequently by magnetization
measurements. The additional magnetization measurements were necessary because the par-
ticular crystallographic structure of CeRuySng did not allow to distinguish the two directions
[001] and [110] with the used Laue device. The magnetization measurements confirmed the
high quality of the single crystals.

All physical properties investigated within this thesis are highly anisotropic between the [001]
axis and the tetragonal basal (001) plane. Within the (001) plane, only small anisotropy is
found between the [100] and [110] direction. Optical reflectivity measurements by V. Guri-
tanu, J. Sichelschmidt, T. Weig and M. Scheffler, together with local density approximation
+ dynamic mean-field theory calculations performed by P. Wissgott [9] revealed indications of
an energy gap opening within the (001) plane, while the [001] direction remained essentially
metallic (Sect.6.6.2 and Chap.5). The existence of a pseudo gap in CeRuySng was confirmed
by preliminary scanning tunneling spectroscopy measurements by S. Wirth (Sect. 6.6.3).

Electrical transport measurements performed within this thesis (Sects. 6.2 to 6.5) are in good
agreement with this picture of an anisotropic gap opening in the electronic band structure.
The temperature-dependent electrical resistivity cannot be described with a simple semicon-
ductor model but is instead dominated by Kondo physics (Sect.6.2). The Hall coefficient and
Hall mobility display a logarithmic increase with decreasing temperature at low temperatures,
similar to the Kondo insulators CeRhSb and CeNiSn [11] (Sect.6.3). Surprising results were
obtained by magnetoresistance measurements (Sect.6.4): the direction of the magnetic field
along [100] or within the (001) plane has a much stronger influence on the sign and magnitude
of the magnetoresistance than the direction of the current or the angle (0° or 90°) between the
current and the magnetic field (longitudinal or transverse magnetoresistance). This behaviour
is best revealed by the field derivatives of the magnetoresistivity curves (Figs.6.49 and 6.50).
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Chapter 7 Summary and outlook

These features in the magnetoresistance point to a strongly anisotropic field dependence of the
electronic density of states.

Another important aim within this thesis was the determination of the crystalline electric field
level scheme of the Ce 4 f electron. This information is important to understand the anisotropic
hybridization and to provide the correct starting point for the ongoing theoretical calculations.
Direct magnetization (DM) and torque magnetometry (TM) measurements revealed a large
magnetic anisotropy with a hard ¢ axis and an easy (001) plane character (Sect.6.1). TM
measurements show a stronger anisotropy than DM measurements. At low temperatures, the
combination of DM and TM measurements yields a large negative magnetization along the ¢
axis; further investigations are needed to confirm this result. The temperature dependence of
the magnetic susceptibility curves obtained from DM measurements was fitted with different
crystalline electric field level schemes. Best agreement above 300 K was found for a ground
state doublet of pure (J=5/2, m;==+1/2) sates. Resonant X-ray absorption spectroscopy
(XAS) measurements performed by F. Strigari (Sect.6.6.1) on the other hand, observed an
almost pure doublet of (J=5/2, m;==+3/2) sates as ground state. This discrepancy might
be due to surface and/or self absorption effects in XAS. Bulk sensitive non-resonant inelastic
X-ray absorption spectroscopy (NIXS) measurements will be carried out shortly to resolve this
conflict.

Various further measurements on the CeRuySng single crystals grown during this PhD work
are ongoing or planned. Firstly, thermoelectric properties are of great interest because both
the cage-like crystal structure and the flat bands in the vicinity of the pseudo gap might lead
to enhanced ZT values. Secondly, the electronic band structure is planned to be investigated
with angle-resolved photoemission spectroscopy (ARPES). This measurement could directly
determine the k-dependent electronic band structure and thus test the picture that has emerged
from this work. Muon spin rotation (uSR) and neutron scattering measurements are only
available on polycrystalline CeRuySng samples yet. Thus, measurements on CeRusSng single
crystals are planned to enhance the accuracy of the measurements and open various additional
possibilities of investigations. Finally, the ground state of the Ce 4f electron is of great interest
and we hope to clarify this by NIXS measurements.

In addition to the investigations on CeRuySng, service measurements on Ces_,La,PdySig and
on the type-I clathrate BagAugSiyy substituted with Ce and La were performed within other
projects. These measurements are shown and briefly discussed in the appendix.

In summary, with the CeRu,Sng single crystals synthesized and studied within this thesis near
insight into strongly correlated systems at the border between metallic and insulating behaviour
was gained. Single crystalline CeRuySng turned out to be a potential candidate for improving
the understanding of the anisotropic hybridization gap formation in Kondo insulators.
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Appendix A

Contributions to other projects

Apart from the investigations on CeRusSng, physical property measurements on other com-
pounds were performed which are briefly discussed below.

A.l CE3_X Lax szoSiﬁ

Ce3Pd;0Sig is a cubic heavy-fermion compound which exhibits a field-induced quantum criti-
cal point at about 1T. In zero magnetic field, two phase transitions at about 7; =0.31 K and
T, =0.5K were observed [111]. Within the author’s master thesis, the effect of substituting
the Ce ions by La and Lu ions was investigated [49]. These substitutions yield a positive (Lu)
or negative (La) chemical pressure. The Ce atoms occupy two different crystallographic sites,
namely 4a and 8c with a ratio of 1 to 2. Therefore, a preferential site occupation of the La
or Lu atoms was additionally investigated (formation of a sublattice of Lu or La ions) which
would lead to the possibility of a site-selective determination of physical properties. Indeed, an
indication of a site-selective occupation was found in the electrical resistivity measurements for
CeyLaPdggSig which show the typical —InT behaviour of incoherent Kondo scattering [112].
Within the author’s master thesis, electrical resistivity measurements on Cez_,La,PdygSig sam-
ples (x=0.33, 0.67) at T'> 2 K revealed similar incoherent Kondo scattering behaviour as found
for =0 and x=1 (Fig. A.1) [49].

In parallel to the this PhD thesis, the low temperature behaviour (7'<2K) of the
Ces_,La,PdsSig samples (x=0.33, 0.67) was investigated in collaboration with K.-A. Loren-
zer (Fig.A.1) [113]. The derivative of the electrical resistivity dp(7T")/0T exhibits a maxi-
mum at about 180 mK (190 mK) for £ =0.67 (z=0.33) indicating a magnetic ordering. Due
to these promising results for a site-selective occupation of the 4a and 8c site by Ce atoms,
three additional polycrystalline Ces_,La,PdygSig (z=0.78, 0.89 and 1.5) samples were grown
and characterized within this project. Detailed analysis of the low temperature behaviour
was performed by K.-A. Lorenzer within his PhD thesis [78]. Here, the relative resistivity
p(T)=p(T) / p(300 K) of the Ce;_,La,PdsSis samples measured by the author at 7> 2 K with
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Figure A.1: Relative electrical resistivity p(T") = p(T") / p(300 K) measured on Ce;_,La,Pda,Sig
samples as a function of temperature T" on a semilogarithmic plot.

their low temperature data (7' < 2K) measured by K.-A. Lorenzer are shown on a semiloga-
rithmic plot (Fig. A.1). As already mentioned above, Ces_,La,PdsSis (z <1) revealed similar
behaviour as found in samples with =0 and x=1. These results are in agreement with a
preferential occupation of the 8c site by Ce atoms and suggested a dominance of Kondo physics
in the 8¢ sublattice compared to the 4a sublattice [113]. Therefore, a remarkable change in the
physical properties, which are dominated by the Kondo effect, was expected for x > 1. This
characteristic change of the incoherent Kondo regime was observed for p(7T") with x=1.5. At
T>20K, p(T) of =1 and o =1.5 show similar behaviour with a remarkable lower minimum
in p(7) than the compounds with x <1. For a detailed investigation of the site-selective occu-
pation, heat capacity C), measurements were performed with the horizontal *He heat capacity
set-up in a physical property measurement system (PPMS) from Quantum Design (Fig. A.2,
left panel).

The C}, measurements were analyzed at the lowest temperatures with an s- d Kondo resonance
model by Schotte and Schotte [114]. This procedure is similar to the analysis in the PhD
thesis by K.-A. Lorenzer. Detailed informations about this model in combination with non-
substituted CezPdyoSig can be found in that work [78]. The fit parameters for the investigations
within this thesis were chosen in accordance to the results obtained for CezPdsySig by K.-A.
Lorenzer. The site-selective occupation is shown in Fig. A.2 (right panel). For compounds with
x <1, a value of 2 for the 8¢ site occupation with Ce (z-axis) is expected if a strongly preferred
8¢ occupation exists. At least an attendance in the yellow area in Fig. A.2 (right panel) of the
relations is expected for a preferential occupation of the 8c site. Agreement with a strongly
enhanced 8c occupation is only found for =0.33. By contrast, no site-selective occupation
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Figure A.2: Left: Heat capacity C, measured on Ces_,La,PdsySis samples as a function of
temperature 7. Right: Site occupation of the Ce atoms in Cez_,La,PdsySig samples
derived by analyzing the C, data with a theoretical model by Schotte and Schotte
[114]. This analysis is described in detailed by K.-A. Lorenzer in his PhD thesis [78].

was observed within this analysis for x > 0.67.

A.2 Physical properties measurements on type-l clathrates
including La and Ce

Thermoelectric materials are promising candidates to enhance the efficiency of prospective en-
ergy systems which is of great interest due to the worldwide increasing energy consumption. The
wasted thermal energy could be used by converting a temperature gradient into an electrical cur-
rent via thermoelectric elements. Beside the technical and economical requirements (long-term
stability, costs of production, usage of non-toxic elements, etc.), a high electrical conductivity
and thermopower in combination with a low thermal conductivity are needed for high efficiency.
The type-I clathrates are promising candidates for thermoelectric applications due to their ex-
traordinarily low lattice thermal conductivities [115]. Within our project, an enhancement of
the thermopower of the type-I clathrate BagAugSiyy due to the Kondo effect was realized by in-
cluding the rare-earth element Ce [116]. So, Bagg1+0.17Ce1.06:+0.12AU5 56:0.255140.47+0.43 (BCAS),
Bag.gg+0.171:a1 230,12 AU5.9140.259130 874043 (BLAS, reference compound) and BagAugSig were
grown and characterized by collaborators. Magnetic susceptibility x(7') at 7'> 300K (BCAS,
BLAS), heat capacity C,(T) at T'>2K (BAS) and electrical resistivity p(7") at 7" >300K
(BCAS, BLAS) was measured by the author within this project. Figure A.3 shows p(T") (top)
and x(7T') (bottom) at 7'>300K. Further measurements and analysis revealed an enhance-
ment of the thermopower at high temperatures. We suggest that a rattling-enhanced Kondo
interaction [117] causes this enhancement.
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Figure A.3: Electrical resistivity p (top) and magnetic susceptibility y (bottom) measured on
type-I clathrate BagAugSiyy substituted with La (BLAS) and Ce (BCAS) as a
function of temperature 7" on a semilogarithmic plot.
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