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Introduction

For more than 30 years the investigation of heavy-fermion (HF') metals has been one
of the most fascinating and interesting fields in condensed-matter physics both exper-
imentally and theoretically. The HF phenomenon is observed in compounds based on
elements such as, e.g., Ce or Yb and manifests itself in the existence of quasiparticles
with very large effective mass, m*, at low temperatures. The ground state of these
systems is considered to result from a competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. On one hand, the RKKY mech-
anism accounts for the indirect interaction between neighboring magnetic moments via
the conduction electrons favoring magnetic order. On the other hand, the Kondo ef-
fect screens the f moment by spin polarizing the conduction electrons. The balance of
these interactions is set by the local exchange interaction, J, between the f shell and
conduction electrons. Thus, depending on the strength of J, the ground state of a HF
compound can be either paramagnetic (PM) or magnetically ordered. Even interplay
between magnetism and superconductivity is observed in some systems. The anomalous
properties for which the competition between Kondo effect and RKKY interaction plays
an important role are still far from being fully understood. High-pressure experiments
are of particular interest because for a given system J can be tuned by external pressure
(p). For Ce-based Kondo-lattice compounds, increasing pressure is known to increase
J and, thereby, favoring a non-ordered ground state, while for Yb-based Kondo-lattice
systems J is expected to decrease with increasing p and, thus, to favor long-range
magnetic order.

The Landau Fermi-liquid (LFL) theory has been outstandingly successful in describ-
ing the low-temperature properties of normal and HF metals. However, since the 1990’s
an increasing number of HF systems has been reported to show strong deviations from
the LFL theory; the so called non-Fermi-liquid (NFL) behavior. Up to now, a theoretical
model which yields an universal description of NFL behavior is not available. However,
different mechanisms have been proposed to describe the NFL properties, i.e., the prox-
imity to a quantum critical point (QCP) at which the magnetic-transition temperature
is continuously tuned to zero. The properties in the vicinity of this second-order zero-
temperature quantum phase transition (QPT) are determined by quantum fluctuations
rather than thermal fluctuations, leading to anomalous temperature dependencies of
the thermodynamic and transport properties even at finite temperatures.

In this work, we focuss on the study of the putative pressure-induced magnetic
QCPs in YblrySis and CeRuPO. In recent years YbRhySi, has attracted considerable
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attention as being the first ordered Yb-based HF metal situated in the vicinity to
a QCP exhibiting pronounced NFL behavior (e.g., Trovarelli 2000a, Trovarelli 2000b,
Gegenwart 2002, Custers 2003). The close vicinity to a QCP is evidenced by a magnetic
transition at Ty = 70 mK, which can be suppressed either by the application of a small
magnetic field (Gegenwart 2002) or a small negative chemical pressure (Mederle 2002).
Thus, a drawback of YbRhySis is that the QCP can only be reached by applying an
external magnetic field or by chemical substitution. Both are known to affect the
behavior in the quantum critical regime; the first one by breaking the time-reversal
symmetry and the latter one by introducing additional disorder. The ambient-pressure
thermodynamic and transport properties of YbIr,Sis indicate that this system is placed
on the PM side of a QCP, in contrast to its Rh-homolog which is just on the magnetic
side (Hossain 2005). Since the magnetic trivalent Yb ion is smaller than the non-
magnetic divalent one, pressure favors the magnetic state in Yb compounds. Application
of pressure on Yblr,Sis is expected to tune the system through a QCP, providing a
unique opportunity to investigate the physical properties at and around a magnetic
QCP in a clean stoichiometric Yb system. Previous measurements on Yblr,Sis under
pressure suggest that a ferromagnetic (FM) QPT might exist in this system under
sufficiently high pressures (Yuan 2006). Therefore, we performed a detailed study on
the effect of pressure on YblrySiy by means of electrical resistivity and X-ray powder-
diffraction measurements.

The heavy-fermion compound CeRuPO is a rare example of a FM Kondo-lattice
system with an ordering temperature of about T = 14 K at ambient pressure and a
Kondo temperature on the order of T ~ 10 K (Krellner 2007). So far, the behavior at a
FM QCP in a Kondo-lattice system is not settled. Therefore, we investigated the effect
of pressure on the FM order in CeRuPO, where pressure is expected to suppress the FM
ordering temperature. Furthermore, CeRuPO crystallizes in the same type of structure
as the compound series RTPnO (R: rare earth, T: transition metal, Pn: P or As) which
has started to attract considerable attention because of the discovery of superconduc-
tivity with a transition temperature exceeding 50 K (e.g., Chen 2008, Kamihara 2008).
Starting from these premises, pressure studies on CeRuPO are important and are ex-
pected to shed new light on quantum critical phenomena.

This thesis is divided into five chapters. After this introduction, Chapter 1 sum-
marizes the theoretical concepts related to the different physical phenomena observed
in the studied materials and which are important for the understanding of the ex-
perimental results. Chapter 2 describes the experimental techniques employed in this
work. In Chapter 3 the effect of pressure on YblrySi, studied by electrical resistivity
and X-ray powder-diffraction measurements is discussed. Results of electrical-resistivity
measurements on Yb(Rhg g4lrg 06)2Sis under pressure are also included in this chapter.
High-pressure investigations on CeRuPO by means of electrical resistivity and a.c. sus-
ceptibility are presented in Chapter 4. At the end, Chapter 5 summarizes and concludes
this thesis.



1  Theoretical concepts

1.1 Heavy-fermion systems

Heavy-fermion (HF) systems are intermetallic compounds containing rare-earth or
actinide elements with partially filled 4f- and 5f-electron shells, respectively. The
name of this class of materials is connected to the high effective mass, m*, of their
conduction electrons. This heavy mass manifests itself, for example, in a large elec-
tronic specific heat or Pauli susceptibility at low temperatures. An interesting aspect
of the HF systems is that a variety of unusual low-temperature properties can occur
as a result of different ground states. In this chapter, the presentation of the complex
properties of this class of materials is restricted to those that are important for the
understanding of the materials studied in this work. For a more detailed discussion on
HF compounds the reader is referred to review articles, e.g., Stewart 1984, Fulde 1988,
Grewe and Steglich 1991, and Stewart 2001.

At elevated temperatures, HF metals exhibit properties resembling those of con-
ventional metals with weakly interacting magnetic moments immersed in a sea of con-
duction electrons. The electronic transport properties are dominated by incoherent
scattering of the conduction electrons off the local moments. As the temperature is
reduced below a characteristic temperature, a crossover to a coherent scattering at low
temperatures is observed. The low-temperature properties of HF metals display sim-
ilarities to those of normal metals. Thus, the thermodynamic properties of the HF

systems may be described in terms of the Landau Fermi-liquid (LFL) theory.

1.1.1 Single-impurity Kondo effect

In the early 1930’s a minimum of the electrical resistivity, p(T"), followed by an
increase toward lower temperatures, was observed in simple metals such as gold or
copper with small amount of magnetic impurities (e.g., Fe). This phenomenon was

theoretically not understood before Kondo’s work in 1964 (Kondo 1964). His theory
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explains the upturn of the resistivity at low temperatures by considering the scattering
of the conduction electrons off a single magnetic ion in an otherwise non-magnetic sea of
conduction electrons. In general, the single-impurity Kondo effect is observed in diluted
alloys with a small amount of 3d or 4 f impurities, in which the magnetic moments do not
interact, directly or indirectly, due to the large distance in between them. The important
aspect of this scattering mechanism is that the resistance increases logarithmically upon
lowering the temperature. The above-mentioned resistance minimum is caused by an
interplay between the T°-dependent resistivity, due to the electron-phonon interaction
dominating the resistance at high temperatures, and the logarithmically increasing spin-
dependent scattering at low temperatures. It turns out that the theoretical estimations
made by Kondo are valid only above a characteristic temperature, which is known
as the Kondo temperature, Tx. Below it, Kondo’s prediction leads to an unphysical
result, namely the resistance diverges as 7' — 0. Known as the “Kondo problem”, the
behavior of p(T') at low temperatures was solved by Wilson using the renormalization-
group technique (Wilson 1975). Within this framework, the exact solution at 7' = 0
consists in a non-magnetic spin-singlet state formed by an antiparallel coupling between

the impurity spin and the conduction electron spins. In the simplest model, the s — d

model (Wilson 1975), a single impurity spin S = % is coupled by an exchange interaction
J to the conduction electrons of the host metal. This model is also valid for systems
containing a 4f impurity embedded in a non-magnetic metallic host. The classical

exchange Hamiltonian can be written as
H=-Js-5, (1.1)

where s is the conduction electron spin. The exchange-coupling constant, J, depends
on the hybridization strength or matrix element between the impurity spin and the
conduction electron, V,_;, and the binding energy of the 4f level, €4, as J = —%.
The temperature dependence of the thermodynamic properties in the single Kondo
impurity case was derived applying the Bethe-Ansatz on the classical exchange Hamil-
tonian (Desgranges 1982, Andrei 1983). The Cogblin-Schrieffer model generalizes the
s — d model for effective impurity spins larger than 1/2 (Coqgblin 1969). Later, the
spin-orbit coupling and crystalline electric field (CEF) effects were included in these
models leading to a good agreement between the experiments and the theoretical esti-
mations (Rajan 1983, Desgranges 1985, Desgranges 1986). Today, there exists a variety
of theoretical models describing the single-impurity Kondo problem at different levels
or complexity and a number of theoretical approaches have been used to solve these
models (Hewson 1997).

The physical properties of diluted Kondo systems may be classified with respect to
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the Kondo temperature. Tk determines the characteristic energy scale of the interaction

between the magnetic impurity and the conduction electrons. It is defined as

1 1
ko sy () 0

where kp is the Boltzmann constant and N(Er) represents the electronic density of
states (DOS) at the Fermi level, Ep.

e At T' > Ty the temperature dependencies of the resistivity and specific heat
resemble those of normal metals. The impurity spin behaves as free magnetic
moment giving rise to a magnetic susceptibility, x(7"), displaying a Curie-Weiss-
type behavior. As T' — Tk the resistivity follows Ap(T) = (p(T) — pp) x —In T,

where pq is the residual resistivity.

e At very low temperatures, T" < Tk, the transport properties are well described
within the Landau Fermi-liquid formalism which is addressed in Section 1.2.
As soon as the magnetic moments are completely compensated, x(7') shows a

temperature-independent Pauli susceptibility.

e At T = 0, the properties are characteristic of a non-magnetic spin-singlet state.
The magnetic susceptibility and the electronic specific-heat coefficient are en-
hanced compared with those in a normal metallic behavior, while p(7") saturates
at a constant value py. Moreover, the hybridization between the 4f and the con-
duction electrons gives rise to two peaks in the DOS: one broad peak centered at
the position of the 4f level, below Er, and a narrow peak located at the Fermi
level which has the width of the order of kT and is known as the Abrikosov-Suhl

or Kondo resonance peak.

1.1.2 Kondo-lattice systems and RKKY interaction

The single-impurity Kondo effect is caused by the antiferromagnetic (AFM) ex-
change interaction between a small amount of non-interacting magnetic impurities and
conduction electrons. The situation changes, if the localized magnetic moments form
a dense periodic array. Thus, the so-called Kondo-lattice systems can be viewed as a
lattice of f electrons, each with a magnetic moment, embedded in a metallic host. At
high temperatures the physical properties of these dense f-electron materials are similar
to those of the single-impurity Kondo systems, but marked differences are observed at
low temperatures. An alteration in physical properties can be clearly distinguished in

the low-T resistivity, where due to the periodicity of the arrangement of the f electrons
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Figure 1.1: Temperature dependence of the electrical resistivity in the case of a single-
impurity Kondo system and a Kondo-lattice system. p;(0) is the zero-temperature
resistivity per ion in the dilute limit. The same plot but on a semi-logarithmic scale is

displayed in the inset. Figure taken from Ref. Cox and Grewe 1988.

coherence effects appear. Figure 1.1 illustrates p(T") of a single-impurity Kondo system
and of a Kondo-lattice system (Cox and Grewe 1988). With decreasing temperature,
the resistance shows a — InT" dependence, in both systems. A remarkable difference can
be observed when the coherent scattering in the Kondo-lattice system sets in. Unlike in
the single-impurity case, the resistivity of a Kondo-lattice system exhibits a pronounced

maximum followed by a sharp decrease on lowering the temperature.

A consequence of the dense periodic array of the Kondo ions is that the distance
between the neighboring magnetic moments is small compared to dilute Kondo sys-
tems. Although, the direct interactions between the 4f moments are still negligible,
they interact via the conduction electrons. This indirect exchange interaction, the so-
called Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, favors magnetic ordering
at low temperatures (Ruderman and Kittel 1954, Kasuya 1956, Yosida 1957). Depend-
ing on the distance between the 4f moments, the order may be AFM or ferromag-
netic (FM). The energy scale associated with this type of interaction is proportional
to JN(EF) cos(2kpr)/r® for sufficiently large distances, r, between the moments. The

strength of the interaction can be expressed by the characteristic temperature:

k:BTRKKY X JQN(EF) (13)
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Figure 1.2: Doniach phase diagram; Ty and Tryky are the characteristic temper-
atures of the Kondo and RKKY interaction, respectively. The solid line represents
the magnetic-ordering temperature T. The dash-dotted line depicts the temperature
below which LFL behavior is found.

Considering the energy scales defined by Tk and Trxky, Doniach proposed that
the ground state of a Kondo-lattice system is a direct consequence of the competition
between the Kondo effect and the RKKY interaction (Doniach 1977). For the case
of AFM inter-site interaction of the Kondo ions, the competition of the two effects
as function of |JN(EFr)| is qualitatively illustrated in the phase diagram displayed in
Figure 1.2. HF metals are in general located close to the magnetic instability where the
magnetism is suppressed to zero temperature. Here, the interplay between the RKKY
interaction, which tends to mediate magnetic ordering between the rare-earth atoms and
the Kondo effect, which, on the contrary, tends to suppress the individual magnetic
moment of the rare-earth ions, is most important. For small |JN(EF)|, the RKKY
interaction dominates and, as a result, the system orders magnetically. Upon increasing
the hybridization strength the Kondo effect overwhelms the RKKY interaction and the
system becomes non-magnetic due to the Kondo screening of the magnetic moments of
the rare-earth ions. The ordering temperature, Ty, increases initially with increasing
|JN(EF)|, then passes through a maximum and is then suppressed to zero at the critical
value |JN(EFp)|.. In the paramagnetic (PM) regime, |JN(EFp)| > |[JN(EF)|., the low-
temperature properties can be described within the Landau Fermi-liquid theory. The

basic concepts of this theory will be summarized in the following section.
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1.2 Landau Fermi-liquid behavior

In 1956 Landau introduced a phenomenological theory to describe the properties of
an interacting normal fermion system at low temperatures, the so-called Landau Fermi-
liquid theory (Landau 1956). Landau proved that at sufficiently low temperatures an
interacting sea of Fermi particles such as electrons or *He atoms behaves as if it is
composed of weakly interacting free fermions (Fermi gas). Thus, it is assumed that
there is a one to one correspondence between the non-interacting fermion states to
the strongly interacting fermion states. The central concept of the LFL theory is the
quasiparticle, which is an elementary excitation of the interacting system that can be
viewed as an electron “dressed” by a cloud of other excitations, i.e., lattice distortions or
spin fluctuations. The dynamical properties of these quasiparticles, such as the effective
mass, are renormalized from those of the bare particles by the accompanying motion of

the surrounding particle cloud. The renormalization factor can be derived as

m* F?
nl:1+§3 (1.4)

where F} is a symmetric Landau parameter. In simple metals, m™* is on the order of the
bare-electron mass, m,, whereas in HF systems m* can attain values as large as 103 m,.
The thermodynamic and transport properties of a LFL system are directly related to
the effective mass m*.

The density of states at the Fermi energy is given by:
m'kp
w2h2’

N(Ep) = (L5)

where kr = (372p.)'/? is the Fermi wave-vector (p. is the number of electrons per unit
volume).
The temperature-independent Pauli susceptibility has the form:

_ popEm ke 1

1.6
wh? 14 F¢ (1.6)

with F§ an antisymmetric Landau parameter. x is enhanced with respect to the Pauli
susceptibility of the non-interacting system by a factor m*/[m.(1 + F{)].
The electronic specific heat follows:

T 77 T3

- (1.7)

Therefore, the electronic specific-heat coefficient provides direct information on the

effective mass m*.
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The Wilson ratio Ry is defined as

k% X 1

YV Bud ey 1+ F

(1.8)

While Ry = 1 in the case of a non-interacting system, it takes values between 2 and 5
for HF systems due to the negative Landau parameter F§ (Bauer 2003).

The electrical resistivity varies as
p(T) = po + AT?, (1.9)

where pg is the residual resistivity due to impurities and defects. The prefactor A
reflects the quasiparticle-quasiparticle scattering cross-section (A o< v* oc N(Er)?). In
HF systems, A takes values of four to six orders of magnitude greater than for electron-
electron scattering in a normal metal (Fisk 1988). Experimentally, it was found that for
the most HF compounds A is related to v by the empirical Kadowaki-Woods relation:
A/7?* 2~ 107° pQem(molK/mJ)~? (Kadowaki and Woods 1986).

1.3 Routes to non-Fermi-liquid behavior

In recent years, deviations from LFL behavior have been observed in thermodynamic
and transport properties in a growing number of strongly correlated electron systems
(for a review see, e.g., Stewart 2001 and Varma 2002). Such systems are usually called
non-Fermi-liquid (NFL) systems. Several different theories have been proposed to ex-
plain the unusual physical properties of the NFL systems. The most important models

will be briefly mentioned:

e multichannel Kondo-model, where one assumes that a single spin 1/2 impu-
rity interacts antiferromagnetically with different channels of conduction electrons
which do not otherwise interact (Nozieres 1980). As a result, the low-temperature
properties follow the T dependencies: C'/T o InT, x o InT, and the resistivity
has a /T correction.

e models based on disorder that can, for example, induce a distribution of Kondo
temperatures (Miranda 1996). A relatively weak disorder in a Kondo system
yields a fraction of the impurity spins with extremely low Kondo temperatures.
This implies that the local magnetic moments remain unquenched and strongly
scatter the conduction electrons at low temperatures. In this scenario, C'(T")/T
diverges logarithmically with temperature and the resistivity shows a Ap(T') o< T
dependence (Miranda 1996).
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e another possible consequence of disorder in a Kondo system is the formation
of a Griffiths phase (Griffiths 1969): coexistence of a metallic paramagnetic
phase and a granular magnetic phase. The specific-heat coefficient and the static
susceptibility diverge as T-1** with A < 1 (Castro Neto 1998).

e models based on the nearness to a magnetic instability at zero temperature. The
different scenarios developed to explain the origin of NFL behavior in the proxim-
ity of a so-called quantum critical point (QCP) will be addressed in the section

below.

Reviews on the theoretical models developed to explain deviations from LFL be-
havior at low temperatures are given, e.g., in Refs. Schofield 1999, Stewart 2001, and
Lohneysen 2007. For the purpose of this thesis, we will focus on a general overview of

the concepts related to the quantum critical phenomena.

1.3.1 Quantum critical phenomena

We start this section with briefly introducing the basic concepts of continuous phase
transitions (for a more detailed discussion see, e.g., Ref. Sachdev 1999, Vojta 2000, and
Vojta 2003). Later on, we will focus on two main models which have been proposed to
describe the quantum critical behavior in HF systems.

Classical phase transitions occur at finite temperatures; here, the ordered state
is destroyed by thermal fluctuations. The transition point of a continuous phase tran-
sition is called the critical point. In general, a continuous phase transition can be
characterized by an order parameter which is a thermodynamic quantity that is zero in
the disordered phase and non-zero and non-unique in the ordered phase. If the critical
point is approached, the spatial correlations of the order-parameter fluctuations become
long-ranged. Close to the critical point, their typical length scale, the correlation length,
&, diverges as

& o |t (1.10)

where v is the critical exponent of the correlation length and ¢ is a dimensionless measure
of the distance from the critical point. Additionally, as the critical point is approached

the correlation time, 7., diverges as
Te o< & o [t| 777, (1.11)

where z is the dynamic critical exponent. At the critical point, correlation length and
time are infinite, fluctuations occur on all length and time scales, and the system is said

to be scale-invariant. Upon approaching a phase transition quantities as, e.g., specific
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heat or susceptibility are determined by the critical exponents. These exponents fall
into universality classes, i.e., they are the same for entire classes of phase transitions.
These universality classes are determined only by the symmetries of the order parameter

and by the spatial dimensionality of the system.

Contrary to finite temperature phase transitions, quantum phase transitions
(QPT) occur at zero temperature and the ordered state is destroyed solely by quantum
fluctuations. The transition point of a continuous QPT is known as a quantum critical
point (QCP). Similar to the case of a finite-temperature phase transition, the QPT is
characterized by a divergent correlation length, &, and correlation time, 7. In contrast
to a classical phase transition where only the spatial correlations are relevant, at a
QPT the dynamic and static behavior are coupled together. Several classes of materi-
als offer the possibility to study quantum phase transitions, e.g., rare-earth magnetic
insulators (Bitko 1996), heavy-fermion metals (e.g., Lohneysen 1994, Coleman 1999),
or high-temperature superconductors (Maple 1998, Sachdev 2000). All experiments are
carried out at finite temperatures, thus, the identification of the underlying QCP in the
phase diagram relies on the effects on finite-temperature properties. Thus, the fluctu-
ations can have predominantly thermal or quantum character depending whether their
thermal energy kg7 is larger or smaller than the quantum energy scale Aw,.. The role of
the quantum fluctuations is significant as long as hw, is larger than kgT'; on contrary,
for hw. < kgT' a purely classical description can be applied to the order-parameter
fluctuations. The interplay of classical and quantum fluctuations in the vicinity of a
QCP is illustrated in the T'— ¢ phase diagram (Figure 1.3) for a system which orders
magnetically at 7' > 0. Upon varying a non-thermal parameter § such as pressure,
magnetic field, or chemical substitution, the ordering temperature is suppressed to zero
at 0 = J.. Classical fluctuations dominate in the vicinity of the finite-T" phase bound-
ary, but this region becomes narrower with decreasing temperature. In the thermally
disordered region the long-range order is destroyed by thermal fluctuations of the order
parameter. At low temperatures in the quantum disordered region, o > é., the ground
state of a system is determined by quantum fluctuations of the order parameter. The
so-called quantum critical region is situated between the thermally and quantum dis-
ordered regimes. Its boundaries are crossover lines and not phase transitions, being
determined by the condition kT ~ hw, o |6 — d.|"%. In this region the system “looks
critical” with respect to the tuning parameter ¢, but is driven away from criticality by
thermal fluctuations. Thus, the properties of a system in the quantum critical region are
controlled by the thermal excitations of the quantum critical ground state, whose main

characteristic is the absence of conventional quasiparticle-like excitations. This causes
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Figure 1.3: Schematic phase diagram of a system with magnetic order at’l' > 0 in the
vicinity of a QCP (Vojta 2003). The system is tuned through the QCP by the control
parameter 0. The dashed lines indicate the crossover between predominantly quantum
or classical character of the fluctuations. The solid line marks the finite-temperature
boundary between the ordered and disordered phases. The classical critical region is

indicated by dark gray.

unusual physical properties at finite temperatures in the quantum critical region, such
as unconventional power laws, non-Fermi-liquid behavior, etc. In the following we will
briefly introduce two main theoretical models used to describe the physical properties

observed in the quantum critical region.

Spin-density-wave scenario

The spin-density-wave (SDW) scenario, which is also known as the itinerant scenario
(Hertz 1976, Millis 1993, Moriya and Takimoto 1995, Lonzarich 1997), assumes the for-
mation of the magnetic order due to a spin-density-wave instability. The electrons which
form the Fermi surface on the PM side, namely the LFL side in Figure 1.2, retain their
integrity when entering the magnetically ordered phase. Several different techniques
have been used in order to described the physical properties of NFL behavior due to
the proximity of a magnetic QCP. By using renormalization-group (RG) techniques,
Hertz (Hertz 1976) and Millis (Millis 1993) investigated the quantum critical phenom-
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ena in itinerant-fermion systems. In the RG theory, a d-dimensional quantum system at
T = 0 can be viewed as a d + z dimensional classical system (Hertz 1976, Millis 1993).
Here, z is the dynamic critical exponent. z takes a value of 2 for an antiferromagnet
and 3 for a clean ferromagnet. As a result, d + z > 4 and a T" = 0 phase transition
is above its upper critical dimension. The corresponding fixed point is Gaussian and
the physical properties are expected to have a mean-field behavior, e.g., the dynamical
spin susceptibility is expected to dependent linearly on the frequency. The predictions
for the temperature dependencies of the transport and thermodynamic properties are

summarized in Table 1.1.

Table 1.1: Temperature dependencies for C', x, and p in the low-temperature limit
obtained from the SDW models of (a) Hertz and Millis (Hertz 1976, Millis 1993), (b)
Moriya and Takimoto (Moriya and Takimoto 1995) and (c) Lonzarich (Lonzarich 1997)

(for a review see Stewart 2001).

theory | physical | AFM, z =2 | AFM, 2=2 | FM, z=3 | FM, 2 =3

quantity d=3 d=2 d=3 d=2
C(T)/T | no—al"? | log(To/T) | log(To/T) | T7'/?

(a) | Ax(T) T3/ Xo — dT - -
Ap(T) T3/ T T -
C(T)/T | vo—al"? | log(Ty/T) | log(To/T) | T7'°

(b) Ax(T) T-3/2 (=logT)/T | T3 | —=1/TlogT
Ap(T) T3/2 T T5/3 T4/3
C(T)/T | ~o+ T2 - log(Ty/T) | T7/3

(c) Ax(T) T-3/2 - T-4/3 Tt
Ap(T) T3/2 _ T5/3 T4/3

Another approach within the SWD scenario, the phenomenological self-consistent
renormalization (SCR) model by Moriya and Takimoto (Moriya and Takimoto 1995)
takes into account the coupling among different modes of spin fluctuations in a self-
consistent way. The strength of this mode-mode coupling depends strongly on tem-
perature and vanishes at the lowest temperatures. This results in the fact that the
predicted NFL temperature dependencies for the specific heat and resistivity are the
same with those of Hertz and Millis. In addition to the above mentioned models,
Lonzarich has developed a phenomenological theory of spin fluctuations near a QCP

(Lonzarich 1997). The temperature dependencies for C, y, and p derived by this ap-
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proach are also included in Table 1.1 and are generally in agreement with those of Hertz
and Millis, Moriya and Takimoto. Although the SCR theory was originally developed
for d-electron materials, the behavior of many HF systems was successfully described
within this theory; e.g., CeCusySiy (Steglich 1996), CePdsSis (Grosche 1996), CeNiyGesy
(Gegenwart 1999).

Local quantum critical moment scenario

HF systems as CeCug_,Au, (Lohneysen 1994, Schroder 1998) and YbRhySis (e.g.,
Gegenwart 2002, Kiichler 2003, Friedemann 2009) exhibit unusual properties around
their QCP, i.e., an w/T scaling and a divergence of the effective mass stronger than
logarithmically, which cannot be explained within the itinerant scenario. In order to
understand these “unconventional” properties, Q. Si et al. (Si 2001, Si 2003) and Cole-
man et al. (Coleman 1999, Coleman 2001) proposed a scenario based on the extended
dynamical mean-field theory analysis of the Kondo-lattice model, which has provided
the basis for “local quantum criticality”. In this model, the additional critical modes
have been described in terms of the destruction of the Kondo singlets at the magnetic
QCP. The Kondo effect is critically destroyed because the local moments are coupled
not only to the conduction electrons but also to the fluctuations of the other local mo-
ments. Fluctuations of the magnetic order parameter are the softest at the magnetic
QCP. These slow fluctuations act as a source of dissipation and decohere the Kondo
screening. A local QCP has a number of characteristics. Electronically, the f elec-
trons turn from being itinerant to being localized across the QCP. This implies, on one
hand, that the Fermi surface undergoes a sudden reconstruction at the QCP and, on
the other hand, that the effective mass diverges more than logarithmically as the QCP
is approached from both, the PM and magnetic side. On the AFM side, the static
Kondo singlets do not form, but dynamical singlet correlations do exist (Si 2006). This
is the effect that enhances both the thermodynamic mass (as measured in, e.g., the
electronic specific-heat coefficient) and the electronic mass (as measured in, e.g., dHVA
experiments). A second feature of the local QCP arises in the magnetic dynamics. In
contrast to the Gaussian fixed point of the 7" = 0 SDW transition, where w/T scaling is
violated (Sachdev 1999), the interacting nature of the local QCP produces an w/T scal-
ing (Sachdev 1999, Si 2001). Moreover, in CeCug_,Au, a frequency and temperature
dependence of the dynamical spin susceptibility with an anomalous exponent, o = 0.75,
was observed (Schroder 1998).

The central findings of the local quantum critical scenario are illustrated in the phase

diagrams in Figure 1.4 (Si 2001, Gegenwart 2008). The tuning parameter, 4, is the ratio
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Figure 1.4: Schematic phase diagrams illustrating a spin-density-wave (a) and locally
critical (b) quantum phase transition (Si 2001, Gegenwart 2008). Ty is the Néel tem-
perature and Ty r;, represents the upper limit of the LFL regime. Below Ty the Kondo

screening sets in. The line associated with the energy scale E . separates the region

loc

with small Fermi surface from the one with large Fermi surface.

of the Kondo scale with respect to RKKY interaction. At sufficiently high temperatures,
a Kondo-lattice system behaves as a collection of individual moments weakly coupled
to the conduction electrons. A Curie-Weiss behavior of the magnetic susceptibility
is expected. For temperatures 7' < Ty the Kondo screening sets in. The crossover
temperature Tj is defined as twice the temperature at which the entropy is 0.4RIn 2
per local moment (Gegenwart 2008). Depending on the competition between the Kondo
effect and RKKY interaction, the magnetic moments can be fully or partially screened.

The energy scale Ej . is the separation between these two regimes. On increasing ¢

loc
at fixed 7', the line associated with the energy scale Ej . defines the crossover from
the large Fermi-surface regime to the small Fermi-surface one. To the right of the E}
line, the volume of the large Fermi surface encloses both local moments and conduction
electrons. In this region at low temperatures, ' < Ty rr, the properties of the system can
be analyzed within the LFL theory. To the left of the £ _line, the local moments remain
unscreened down to 7" — 0 and they do not take part in the formation of the Fermi
surface. Here, the system orders magnetically below Ty; at the lowest temperatures
inside the AFM phase, the system will show also LFL behavior. The local energy scale
Ej;. vanishes at a value of the tuning parameter d;,., while at d. the magnetic order is
completely suppressed. Depending on the position of §;,. with respect to d., two types

of QCPs could be distinguished (Si 2001). In the first case, 0. < d. which means that
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the magnetism is suppressed after the Kondo screening has already set in (Figure 1.4a).
This implies that E}  remains finite through the QCP, and the Fermi surface remains
large on the AFM side. A finite value of E} . suggests that parts of the Fermi surface
are “cold” and are not involved in the critical process. This type of QCP corresponds
to a Gaussian picture and the transition can be interpreted as a SDW instability of the
quasipaticles near the Fermi surface. It was found to occur when the spin fluctuations
are three dimensional in character. In contrast, Figure 1.4b displays the case of two-
dimensional spin fluctuations. Here, d;,. = J., the system has its ordering transition

precisely at the point where the local problem becomes critical. The vanishing of the

*

. at the QCP implies that two kinds of quantum critical fluctuations

energy scale F
coexist: fluctuations of the magnetic order parameter and those associated with the
destruction of the Kondo effect. By contrast to the SDW transition, the Fermi surface
is small on the AFM side of the QCP, i.e., its volume and topology are such that the

single-electron excitations come entirely from the conduction electrons.

1.4 Pressure response of the Ce- and Yb-atoms

The ground-state properties of Kondo-lattice and HF compounds can be modified by
application of hydrostatic pressure. This follows from the effect of pressure on quantities
like the electronic density of state, coupling constant, bandwidths, or magnetic moment.
Thus, characteristic temperature scales such as the magnetic-ordering temperature, the
superconducting-transition temperature, the Kondo-interaction strength, or crystal field
splitting will change.

The electronic configuration of the rare-earth materials is [Xe]4 f"5d"6s%, with n inte-
ger from 0 to 14. Cerium metal is trivalent at normal conditions, with the configuration
[Xe] 4f15d'6s%. By contrast, ytterbium is characterized by a divalent state correspond-
ing to the 4f* configuration at normal pressure. Beside changing the distance between
the f-electrons, pressure increases the valence of the rare-earth ions. A simple, intuitive
way to understand the effect of pressure on a rare-earth-based intermetallic compound
is to look at the pressure induced change of the volume of the rare-earth ion. Figure 1.5
illustrates the response of the Ce and Yb ions to pressure. In case of Ce, the magnetic
41 configuration corresponds to a large volume. Pressure applied on the Ce3* ion will,
therefore, reduce the ionic volume by squeezing out the 4f! electron, and in this way
the small volume 4f° configuration is attained. In other words, pressure leads to a
destabilization of the magnetic state: Ce?*(4f') —Ce?(4°). This implies that in case

of Ce-based HF compounds a transition from a magnetic to a non-magnetic state can



1.4 Pressure response of the Ce- and Yb-atoms 15

(a) . . (b) . .
Cerium-ion Ytterbium-ion
pressure pressure
—> | 4f-state 4f'4-state —>
.magnetic” ~,non-magnetic* »,nhon-magnetic* ~magnetic”
Meft = 2.54 Mg Mefr = 0 Meft = 0 Mefr = 4.54 Mg
Ce?* Ce** Yb?* Yb3+

Figure 1.5: Schematic drawing of the pressure response of Ce and Yb ions.

be expected on application of pressure. An opposite behavior is expected in the case of
Yb, where the electronic configuration with the larger volume is the non-magnetic 4 f14
state. Applying pressure on the Yb*™(4f!4) ion will reduce the volume by squeezing
out an f electron, which corresponds to the creation of a hole in the f shell, leading
to the small-volume Yb*" (4 %) magnetic state. Therefore, in HF compounds based on
Yb, pressure strengthens the magnetic state and thus, a non-magnetic Yb system can

be driven toward a magnetic state.






2 Experimental methods

Hydrostatic pressure applied to metallic and non-metallic compounds can produce
structural, electronic, or other types of phase transitions via a change of the interatomic
distances. The physical properties of the different systems studied in this work were
investigated by means of electrical-resistivity, p(7T'), and a.c. magnetic-susceptibility,
Xa.c.(T), measurements. The investigations were performed under hydrostatic pressure,
p, as function of temperature, T, and magnetic field, B. The following chapter gives
a brief introduction to the experimental details. Hydrostatic pressure was generated
using a Bridgman-type and a piston-cylinder-type pressure cell. The experiments were
carried out in a *He/*He dilution refrigerator (Kelvinox 100) from Oxford Instruments

and in a Physical Property Measurement System (PPMS) from Quantum Design.

2.1 High-pressure techniques

Research in condensed-matter physics involves the use of several experimental pa-
rameters such as temperature, pressure, chemical substitution, or magnetic field. Com-
pared to other control parameters which present disadvantages of introducing additional
disorder in the case of doping, or breaking the time-reversal symmetry in the case of
magnetic field, pressure offers the opportunity to tune a system through phase transi-
tions by reducing its unit-cell volume, in a controllable and reversible way. The existing
pressure cells design for measurements of low-temperature transport properties can be
classified in two main types: the clamped piston-cylinder cell and the opposed-anvil
pressure cell (Eremets 1996). The latter usually can achieve a much higher pressure
than the first one. The limited amount of space in anvil pressure cells can be an in-
convenience. Piston-cylinder-type pressure cells, which can be used at low pressures

p ~ (3 +4) GPa, offer a larger sample space.
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2.1.1 Pressure cells

The pressure experiments in this study were carried out using two types of pressure
cells: the double-wall piston-cylinder-type pressure cell and the Bridgman-type pressure

cell.

The double-wall piston-cylinder-type pressure cell with a liquid as pressure-
transmitting medium was used in our investigations for measurements in the pressure
range up to 3 GPa. A cross-sectional view of the cell is sketched in Figure 2.1a where all
components are indicated. Many of the piston-cylinder-type pressure cells for cryogenic
applications described in literature (e.g., Eremets 1996) employ a cell-body made out
of non-magnetic copper-beryllium (Cu:Be). In our case the outer wall of the cell-body
is made out of Cu:Be, while the inner wall is a Ni-Cr-Al cylinder (Uwatoko 2002). The
double-wall design allows to reach pressures of typically 3 GPa compared with only
about 1.6 GPa for the single layer Ce:Be cell. Having a relative large experimental
space available, the piston-cylinder-type pressure cell allows measurements on multiple
samples at the same time. In our experiment, three samples were mounted on a board.
A strip of lead (Pb), as pressure gauge, was placed on the back side along the whole
board. A schematic drawing of the electrical wiring for a resistivity measurement is
given in Figure 2.1b. The samples were encapsulated in a teflon cap filled with silicon
oil, which served as pressure-transmitting medium. The electrical connection to the
high-pressure region was realized by copper wires sealed in the bore of a feedthrough
using a commercial epoxy (Stycast 2850 FT with Catalyst 9 from Emerson & Cuming).
The feedthrough is one of the most vulnerable parts of the pressure cell; therefore, in
building it up, special precaution was taken. To prepare the feedthrough the vacuum-

impregnation technique was used as described in Ref. Walker 1999.

To achieve pressures beyond the limit of the piston-cylinder-type pressure cell we
used Bridgman-type pressure cells with non-magnetic tungsten carbide (WC) anvils.
These pressure cells can achieve pressures up to 10 GPa using a solid pressure-transmitting
medium. Figure 2.2 shows a Bridgman-type pressure cell with all its components in-
dicated in the figure. The cell-body is made out of Cu:Be. The cell was loaded at
room temperature with a hydraulic press (from the top in Figure 2.2). The force was
transmitted to the experimental space via a WC pushing rod. With the help of the
locking nut, the state of stress could be locked and kept inside the pressure chamber.

The components of the pressure cell have a different thermal expansion on lowering
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Figure 2.1: (a) Cross-sectional view of the piston-cylinder-type pressure cell and (b)
schematic drawing of the feedthrough and the arrangement of the sample board with

three different samples and Pb. The red dotted lines indicate the electrical wiring.

the temperature, thus a compensation cylinder was used in order to maintain a nearly

constant pressure inside the cell upon reducing the temperature.

In our setup, the experimental space was enclosed by a ring of pyrophyllite - gasket,
situated between the two anvils. The gasket had an inner diameter of 2mm and was
0.24 mm in thickness. Two samples and a piece of Pb, as pressure gauge, could be mea-
sured simultaneously using this type of pressure cell. The samples were placed inside
the gasket between two steatite discs which served as pressure-transmitting medium.
One steatite disc had typically h = 90 pm thickness. Inside the gasket the samples were
connected in series with the pressure gauge, each in a four-point configuration. Fig-
ure 2.3a shows a photography of the arrangement of the samples inside the pyrophyllite
ring. A picture of the gasket after releasing the pressure from the cell is shown in Fig-
ure 2.3b. The electrical circuit inside the pressure chamber was built by placing gold
wires of 25 um diameter on the top of the samples. The connections between the inner
gold wiring and the outer copper wiring were made using platinum (Pt) wires (50 ym

diameter), which were introduced into the pressure chamber through deep grooves cut
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Figure 2.2: Bridgman-type pressure cell used for the high-pressure measurements.

into the gasket. Before closing the cell, the grooves were filled with pyrophyllite powder.
The electrical contact between the samples and the gold leads was made only through
surface contact, therefore, a minimal pressure (p ~ 0.5 GPa) was required in order to

establish a good electrical connection.

2.1.2 Determination of pressure

In our experiments we used lead (Pb) placed inside the cell next to the samples as
pressure sensor. At low temperatures, Pb undergoes a superconducting (SC) transition
at T, = 72K at p = 0. The pressure inside the cell can be inferred from the p
dependence of T, known from literature (Eiling 1981). We determined the SC transition

temperature of Pb either resistively or inductively depending on the experiment. The



2.1 High-pressure techniques 21

steatite sample Pb

pressure chamber with the sample configuration, before the experiment. (b) Pressure

chamber after releasing the pressure.

resistive transition was taken as the temperature where the resistance was reduced by
50% compared with the value in the normal state. The 10% and 90% values were used

as a measure of the pressure gradient inside the pressure cell.

As we have already mentioned, two different kinds of pressure cells with liquid
(silicon oil) and solid (steatite) pressure-transmitting medium were used. It is important
to know the hydrostatic limit (solidification pressure) of the liquid pressure-transmitting
medium in order to make a correct interpretation of the experimental results. The
shear stress that develops when the liquid solidifies may influence the properties of
the sample immersed in it. At room temperature, a stress due to the solidification of
the silicon oil at about 9 GPa was observed (Arletti 2003). The hydrostatic conditions
inside the pressure cell can be also altered by the cooling process. Therefore, we used
a cooling rate smaller than 1.5 K/min. The hydrostaticity of silicon oil is considered
satisfactory for our investigated pressure range (p < 3GPa) as it is indicated by the
good hydrostatic pressure conditions. The width of the SC transition of Pb was rather
narrow in the whole pressure range, indicating only a very small pressure gradient in
the piston-cylinder-type pressure cell (see upper panel in Figure 2.4). The situation is
different in the case of the Bridgman-type pressure cell where a large pressure gradient
develops due to the solid pressure medium. The non-hydrostatic compressive stress
inside the cell causes a relatively broad SC transition. As can be seen in Figure 2.4b,
the width of the SC transition of Pb at p = 2.1 GPa was found to be less then 100 mK,

which corresponds to a pressure gradient of about Ap = 0.2 GPa. As pressure increases,
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Figure 2.4: Temperature-dependent resistance of Pb measured in a piston-cylinder-

type (a) and a Bridgman-type pressure cell (b). The different resistance curves display

the SC phase transitions recorded at low and high pressures applied in the respective

pressure cells.

the non-hydrostaticity increases, evidenced by a broader SC transition temperature of
Pb. The obtained AT, ~ 0.4 K corresponds to a pressure gradient of about 0.8 GPa at

p = 8.1 GPa.
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2.1.3 Electrical-resistivity measurements

A standard four-point a.c. technique was applied to measure the electrical resistance.
Figure 2.1b displays the placement of the samples inside the pressure chamber and
the way they were connected electrically. Depending on the cryostat in which the
measurements were performed, the applied current was 30 A in the case of the 3He/*He
dilution refrigerator and 0.3 mA in the case of the PPMS. Frequencies of 113 Hz and
87Hz were used, respectively. In all experiments, the electrical current was applied
along the basal plane of the crystal. The electrical contacts between the sample and Pt
wires (diameter of 25 um) were made with silver paste, in the case of the piston-cylinder-
type pressure cell, whereas for the Bridgman-type pressure cell the Au leads (diameter
of 25 um) were pressed on the sample by the applied pressure (see also section 2.1.1 for
details).

The experimental space in the Bridgman-type pressure cell is small, thus the samples
had to be prepared in advance by reducing their dimensions to the size of the pressure
chamber. In order to obtain bar shaped samples a diamond-wheel saw was used. The
sample thickness, h, was reduced to h &~ 20 um by abrasion with polishing paper. The
piston-cylinder-type pressure cell has a larger experimental volume available allowing
the use of larger samples. In the whole preparation process it was taken care of the

crystallographic orientation of the samples.

Additionally to the experiments carried out in Dresden, electrical-resistance and
X-ray-diffraction measurements on YblrySis at pressures up to 15.5 GPa and 26 GPa,
respectively, have been performed by Dr. Kausik Sengupta in the group of Prof. Dr. M.
Abd-Elmeguid at the Institute of Physics II, University of Cologne. Using a diamond
anvil cell (DAC) technique, as described in Ref. Drescher and Abd-Elmeguid 1995, con-
ventional four-terminal electrical-resistance measurements were performed on powdered
single-crystalline samples between 1.5 K and 300 K. The pressure-dependent variation
of the lattice constants at room temperature was measured at the energy-dispersive
X-ray-diffraction station for high-pressure experiments at the European Synchrotron
Radiation Facility (ESRF), Grenoble.

2.1.4 A.c. magnetic-susceptibility measurements

A.c. susceptibility experiments were conducted in a piston-cylinder-type pressure
cell, with a miniaturized compensated-coil system. A standard measurement technique
was employed by using an LR-700 mutual-inductance bridge. A frequency of v = 16 Hz
and a modulation field, B, ., in the range 1.3 Oe + 20 Oe were used. The coil system
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consists of one primary coil and two compensated secondary coils, situated inside the
pressure cell. The sample was placed in the center of one of the secondary coils. The
same coil system was used to determine the pressure in the cell by measuring the
p-induced shift of the SC transition temperature of Pb placed next to the sample.
Temperatures down to 1.8 K and magnetic fields up to 9T could be reached in a PPMS.

2.2 Measurement instruments

The pressure cells used for this work were designed to fit in a PPMS as well as in a
dilution refrigerator available in the high-pressure group of the MPI-CPfS. Electrical-
resistivity measurements at ambient pressure were conducted using the *He option of
PPMS. Using this cryogenic system, electrical-resistivity measurements under pressure
were performed in the temperature range 1.8 K+ 300K and in magnetic fields up to
9T. The measurements at temperatures down to 0.05 K were performed in a 3He/*He
dilution refrigerator equipped with a SC magnet providing magnetic fields up to B =
8 T. For a better temperature control, the dilution refrigerator was equipped with a
“decoupling stage” providing an adjustable link between the mixing chamber and the
experimental setup. The pressure cell was connected to the “decoupling stage” in a way
that the samples were located exactly in the center of the magnet. For ambient-pressure
measurements in zero field the samples were mounted on a Cu plate placed directly on
the decoupling stage. For the temperature range 50mK < T <2Kand 1K <T <5K,
we used a Germanium and a Cernox thermometer, respectively. The thermometers
and a heater were mounted on the decoupling stage in the field-compensated region
of the magnet. The thermal equilibrium between the thermometers and the pressure
cell was realized by a very slow temperature sweep rate of 0.5 mK/min. Measurements
conducted in warming-up and cooling-down cycles indicated the absence of a measurable
thermal hysteresis. All data at low temperatures presented in this thesis were recorded

in the warming-up process using a Test-Point program.



3  Transport studies of the HF metal
YblroSis under high pressure

The nonuniversal behavior of heavy-fermion compounds continue to be a major
topic in current solid-state research. In particular, there is a noticeable interest in
the class of HF systems which are located at or close to a magnetic quantum crit-
ical point. This is due to the fact that in the vicinity of QCPs such systems de-
velop anomalous low-temperature thermodynamic, transport, and magnetic properties
that cannot be described according to the LFL model. They are often referred to
as NFL systems [e.g., CePt(Si;_,Ge,) (Steglich 1994), CeCug_,Au, (Lohneysen 1994),
CeNipGey (Steglich 1996)]. Moreover, in several cases, the suppression of the mag-
netic order is connected with the appearance of unconventional SC. Well-known ex-
amples are CeCuySiy (Steglich 1979), CePdySis (Grosche 1996), Celng (Mathur 1998),
and CeRhlIns (Hegger 2000). While Ce-based compounds have been intensively inves-
tigated, the Yb counterparts are less studied, mainly due to difficulties in the sample
preparation. In this context, YbRhySis has challenged experimental and theoretical
physicists as being the first ordered Yb-based compound situated in close vicinity to
a QCP exhibiting pronounced NFL behavior over a wide range in temperature (e.g.,
Trovarelli 2000a, Trovarelli 2000b, Gegenwart 2002, Custers 2003). The proximity to a
magnetic QCP at atmospheric pressure is suggested by an AFM transition temperature
of only T = 70 mK (Trovarelli 2000b). This temperature is one of the lowest reported
for the onset of magnetism among the strongly correlated f-electron compounds. By
applying a small magnetic field of about B} = 60mT perpendicular to the crystallo-
graphic c-axis of the tetragonal crystal structure (B(U = 660mT for B || ¢) the transi-
tion temperature can be continuously suppressed to zero, driving the system to a QCP
(Gegenwart 2002). The evolution of the magnetic order with external pressure reveals
a complex phase diagram (Mederle 2002, Plessel 2003, Dionicio 2005, Knebel 2006).

The extrapolation of Ty — 0 yields a hypothetical small negative critical pressure
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pe = —0.3GPa (Mederle 2002), suggesting that YbRhySiy can be tuned to the PM
side of the pressure (volume) controlled QCP by increasing the unit-cell volume. This
can be achieved only by chemical substitution. Replacing a nominal concentration of
5 at.% Si by Ge in YbRh,Si, leads to a shift of Ty from 70mK in the pure com-
pound to Ty ~ 20mK in YbRhySig95Ge s (Custers 2003). A similar result has been
reported for a small La substitution (Ferstl 2005). Expanding the crystal lattice of
YbRh,Siy by substituting Rh with the isovalent Ir, allows to tune the system through
the QCP without significantly affecting the electronic properties. Measurements of the
magnetic susceptibility of Yb(Rh;_,Ir;)2Sis demonstrate that for low Ir concentrations,
x < 0.025, the system orders magnetically, while in the crystals with 17 at.% Ir sub-
stitution, no magnetic transition can be observed anymore (Westerkamp 2008). Recent
results obtained as part of this thesis provide evidence that Yb(Rhg.g4lrg6)2Sis is situ-
ated in the immediate proximity to the QCP, but still slightly on the magnetic side of
the temperature-volume phase diagram (Macovei 2008). These experimental findings

will be discussed in detail in Section 3.3.

Application of magnetic field or chemical substitution implies destroying the time
reversal symmetry or introducing disorder, respectively. Both are expected to influence
the physical properties around a QCP. Therefore, for a better understanding of the
nature of the quantum critical phenomena it is favorable to investigate stoichiomet-
ric compounds with low residual resistivity values, where the influence of disorder is
negligible. To cross the QCP with pressure requires, in the case of Yb-based systems,
the material to be located on the non-ordered side of the QCP at ambient pressure.
Atmospheric-pressure investigations show that Yblr,Sis is a HF metal with a PM LFL
ground state (Hossain 2005). Thus, YblrsSis and its Rh-homolog are situated on dif-
ferent sides of a QCP, namely the PM and the AFM order, respectively. Therefore,
YblrySis is the ideal material to study the physical properties in the vicinity of the pu-
tative QCP by tuning the system toward a magnetic ground state. The expected effect
of pressure on the ground-state properties of Yb(Rh,Ir),Siy is schematically presented

in Figure 3.1.

This chapter is organized according to the following structure; first, in Section 3.1,
the structural properties are presented followed by a brief summary of the main results
obtained on YbRhySis. In Section 3.3, our studies on Yb(Rhgg4lrges)25i2 by means
of electrical-resistivity measurements as a function of both hydrostatic pressure and
magnetic field are presented. After a brief summary of the ambient-pressure properties
of YblrySiy the results of our studies are stated in Section 3.6. This part contains the

experimental results obtained from electrical-resistivity measurements under pressure
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YbRh,Si, is situated on the AFM side of the QCP, while YblrySiy is located on the
PM side. Yb(Rhgo4lrg06)2Siz is supposed to be close to the QCP, presumably on the

magnetic side.

and in magnetic field, and from X-ray-diffraction experiments under pressure. The
implications of our results will be discussed in Section 3.7 before the whole chapter will

be summarized in Section 3.8.

3.1 Crystal structure

Ternary BaAly-type derivative structures are frequently found [more than 400 com-
pounds crystallize in this prototype (Zheng 1985)] with rare-earth transition-metal sili-
cides or germanides with the rare-earth atoms occupying the Ba sites and the two
other kinds of atoms distributed in an ordered way on the Al sites (Parthé 1983).
The tetragonal BaAl, structure was originally determined by Andress and Alberti
(Andress and Alberti 1935). Thirty years later the first ternary derivative structure was
reported for ThCrySi, by Ban and Sikirica (Ban and Sikirica 1965). In the course of
crystallographic studies on rare-earth transition-metal silicides and related compounds,
the existence of the different BaAls-type structures were discovered over the years. The
CaBeyGe,y type of structure was determined in the seventies of the last century by

Eisenmann et al. (Eisenmann 1972).
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Figure 3.2: ThCrySis-type structure. Th atoms are located in the body-centered

tetragonal positions.

The single crystals of Yb(Rhg.g4lrg6)2Siz used for the pressure experiments were
prepared in the group of PD Dr. C. Geibel at the MPI-CPfS by Dr. C. Krellner us-
ing an In-flux technique according to a procedure described elsewhere (Krellner 2009).
X-ray powder diffraction confirmed that Yb(Rhgg4Irgo)2Sia crystallizes in the tetrag-
onal ThCrySiy structure. Additionally, the sample stoichiometry has been verified by
energy-dispersive X-ray analysis (Krellner 2009). The lattice parameters are included
in Table 3.1. The substitution of 6 at.% Rh by Ir leads to a lattice expansion of only
about 0.03%.

The single-crystalline samples of YblrySis used in this study were grown in the
group of PD Dr. C. Geibel at the MPI-CP1S by Dr. C. Krellner from In-flux in a closed
Ta crucible (Krellner 2009). Depending on the synthesis conditions, YblrySis has a
high-temperature form crystallizing in the primitive tetragonal CaBeyGes(P4/nmm)-
P-type (not shown here) and a low-temperature form crystallizing in the body-centered
tetragonal ThCrySiy(14/mmm)-I-type (see Figure 3.2). The polymorphism of YblIrsSis
is not surprising because the two allotropic varieties are a characteristic of the ternary
silicides RIrySis (R: rare-earth element) (Braun 1983, Buffat 1986). A slight excess of
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Table 3.1: Lattice parameters of YblrySis (I- and P-type), Yb(Rhg o410 06 )2Siz, and of
the stoichiometric compound YbRhySiy (after Krellner 2009).

compound a(A) c(A) c/a V(A®)

YblIrsSis (I-type) | 4.0345(15) | 9.828(2) | 2.4360(14) | 159.97(15)

YblrySis (P-type) | 4.0370(20) | 9.898(5) | 2.4518(25) | 161.31(24)

Yb(Rh.g4Iro.06)2Sis | 4.0120(10) | 9.859(2) | 2.4574(11) | 158.69(11)

YbRh,Si, 4.0109(5) | 9.861(1) | 2.4586(6) | 158.64(6)

10% Yb content in the starting composition favors the formation of the primitive struc-
ture, while a stoichiometric starting composition produces the body-centered structure
(Hossain 2005). The difference of these two types of structures in YblrySis is evidenced
in an interchange of one Ir and one Si layer leading to a change of the local symmetry
at the Yb site. As illustrated in Table 3.1 the lattice parameters of the two allotropic
structures are almost identical. The latest reported values of the lattice parameters of

YbRhsSi, are also indicated in this table.

3.2 Short overview of the physical properties of the
HF metal YbRh,Si,

In the last years, YbRhySi; has attracted considerable attention being a hallmark
for a HF metal located, already at ambient pressure and zero magnetic field, very close
to a magnetic QCP (Trovarelli 2000b). In a large temperature range above Ty, the
thermodynamic, magnetic, and transport properties of YbRhySis strongly deviate from
the predictions of the LFL theory. In this section we briefly summarize the physical
properties of YbRhySis.



30 3 Transport studies of the HF metal YblrySi, under high pressure

10 | IIIIIII| 1 T T irri 5

12

() 1owp) p/° D

2 1 IIIIIIII ] 11 1 1111 0
0.01 0.1 1

T (K)

Figure 3.3: AFM phase transition of YbRhySiy at Ty (indicated by the arrow) as
observed in the electronic specific heat, C(T)/T (Custers 2003), and a.c. magnetic
susceptibility, xac(T) (Trovarelli 2000b).

YbRh,Sis orders antiferromagnetically below Ty = 70 mK with a very small ordered
magnetic moment gy &~ 1073up (Trovarelli 2000b). Figure 3.3 displays the magnetic
susceptibility, xq.., as well as the electronic specific heat, C;, as function of temperature
for B = 0. The sharp anomaly around 70 mK marks the onset of the long-range
AFM order (Trovarelli 2000b, Custers 2003). The electronic specific-heat coefficient
v = Cy(T)/T|r—o yields to v = 1.7J/molK? (Custers 2003). This enhanced value is
an indication that the weakly ordered ground state is a heavy LFL. In the temperature
range 0.3 K < T < 10K, NFL behavior was observed, marked by a divergence of the
electronic contribution to the specific heat as Cg/T o< —InT" (Trovarelli 2000b). The
application of small magnetic fields leads to a shift of the phase-transition anomaly to
lower temperatures (Custers 2003). The magnetic susceptibility measured along the
major crystallographic directions a and ¢ shows a strong anisotropy (Trovarelli 2000a).
At high temperatures, 7' > 200K, x,...(T") follows a Curie-Weiss law with an effective
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Figure 3.4: Temperature dependence of the electrical resistivity of YbRhySis at am-
bient pressure (Trovarelli 2000a). The maximum of p(T') is denoted as Tpq. (dotted
arrow). The inset evidences the quasi-linear T" dependence of the resistivity. In the
upper corner of the inset, the temperature exponent n(T) = dln(p(T) — py)/0InT is
plotted as function of T' (Trovarelli 2000b).

magnetic moment close to the value of the free Yb*" ion, namely pog = 4.5u5. The
strong anisotropic response is also evidenced in a marked difference in the value for
the Weiss temperatures 6% = —9K and 6, = —180K (Trovarelli 2000a). The single-
ion Kondo temperature of YbRhySis was estimated from the magnetic entropy [Tk ~
2T(S = 0.5R1In2)] to be Tk ~ 25K (Gegenwart 2006).

At intermediate temperatures (10K < T < 300K), the properties of YbRhsSiy
are determined by a competition of CEF and Kondo effect. Inelastic-neutron-scattering
measurements revealed that the excited CEF states are well separated from the ground-
state doublet with the following level scheme 0 - 200 - 290 - 500 K (Stockert 2006). p(7T')
measured with current applied along the crystallographic ab-plane is depicted in Fig-
ure 3.4 (Trovarelli 2000a). At ambient pressure, p(7") exhibits a single broad maximum

at Tae = 120K (Trovarelli 2000a), which is attributed to combined scattering pro-
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cesses on the ground state and on the thermally populated CEF levels (Dionicio 2005).
At lower temperatures (Ty < T < 10K), p(T') exhibits a quasi-linear 7' dependence
(inset Figure 3.4). The temperature exponent n(T) = dln(p(T) — py)/0InT remains
within the value of 1 4+ 0.05 in a large range of temperature, up to almost 10K (see
the upper corner of the inset of Figure 3.4). We note that in the first generation of
samples with a residual resistivity of the order of py ~ 2uf2cm and a residual re-
sistivity ration RRR ~ 35, no signature of the AFM ordering was observed in p(T")
(Trovarelli 2000b). An explanation for this absence is that in those samples the anomaly
in p(T) corresponding to the magnetic ordering was smeared out by disorder effects.
Low-T electrical-resistivity experiments carried out on samples with a higher RRR ~ 65
reveal a clear kink around 70 mK (Gegenwart 2002). The p(7T") anomaly is consistent
with x..(T") and C(7T) results and marks the onset of the AFM order. The resistivity
measurements for current applied perpendicular and parallel to the crystallographic
c-direction are shown in Figure 3.5. For B = 0, p(T) follows a quasi-linear tem-
perature dependence, as previously shown and discussed (Trovarelli 2000b). This T'
dependence holds down to 80 mK where a sharp decrease is observed. In the ordered
state, the resistivity can be described by Ap(T) = AT? with the temperature coeffi-
cient A = 22uQem/K?, for 20mK < T < 60mK (Gegenwart 2002). Upon applying
small magnetic fields, Ty shifts to lower temperatures and vanishes at a critical field
Bt =0.06T and Bﬂ = 0.66 T for field perpendicular and parallel to the crystallographic
c-axis, respectively (Gegenwart 2002). At the critical field, the resistivity shows a linear
T dependence down to the lowest accessible temperature (20 mK) (Gegenwart 2002). At
low temperatures, for B > B,, the resistivity follows Ap(T) = AT? as illustrated by the
solid line in Figure 3.5 up to the temperatures marked by downward arrows. The upper
limit of the 72 behavior increases upon increasing magnetic field (Gegenwart 2002). The
temperature coefficient, A(B), strongly increases as B — B. suggesting a divergence of
the heavy quasiparticle mass at the critical field (Custers 2003). The occurrence of the
linear temperature dependence of the resistivity at B. and the gradual recovery of the

LFL state upon increasing magnetic field provide evidence for a field-tuned QCP.

An important question concerning the nature of quantum critical behavior in the
HF metal YbRhySis puzzled the community in the last years. The observed divergence
of both the quasiparticle mass and the Griineisen ratio (Custers 2003, Kiichler 2003)
together with the strong deviation from the LFL properties are incompatible with the
predictions of the standard Hertz and Millis theory for AFM QCPs in itinerant systems.
A local quantum critical scenario was proposed (Coleman 2001, Si 2001) to explain

the experimental observations in YbRhySis. In this scenario the heavy quasiparticles
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Figure 3.5: Low-temperature electrical resistivity of YbRhySiy at various magnetic
fields applied along the ab-plan (a) and the c-axis (b). The upward arrows indicate
Ty and the upper limit of the T? dependence is denoted by the downward arrows
(Gegenwart 2002).

decompose due to the destruction of Kondo screening and localized f electrons that do
not contribute to the Fermi surface order magnetically (Coleman 2001). At the critical
point, a reconstruction of the Fermi surface is expected from a small (not including the
f electrons) to a large Fermi surface (including the f electrons) in the LFL state. This
change of the Fermi surface is expected to influence the Hall effect (Coleman 2001).
Detailed studies of the low-temperature Hall effect showed a drastic change of the Hall
coefficient upon tuning the system through the QCP, suggesting a sudden change of the
Fermi surface at the QCP (Paschen 2004), thus supporting the local quantum critical
scenario. Furthermore, evidence for an additional energy scale, T*(B), vanishing at the
QCP were inferred from various experimental probes (Paschen 2004, Gegenwart 2007).
This energy scale is distinct from the Néel temperature and from the upper boundary
of the LFL region and may be associated to the Kondo-breakdown (Gegenwart 2007).

Hydrostatic pressure applied on YbRhySi, stabilizes the magnetic state, as expected
in the case of Yb-based HF metals (e.g., Goltsev 2005). Extrapolating T (p) — 0 yields
a hypothetical small negative critical pressure of p. ~ —0.3 GPa (Mederle 2002). The
T —p phase diagram of YbRh,Si, is depicted in Figure 3.6 (Mederle 2002, Knebel 2006).
At p = 1.5 GPa, the magnetic transition is observed at Ty g = 0.5 K. Additionally, at
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Figure 3.6: T'—p phase diagram of YbRhySis. The ordering temperature was obtained
from resistivity (squares) and specific-heat measurements (circles) (Knebel 2006). The
grey symbols represent the results reported by Mederle et al. (Mederle 2002). The lines

are guides to the eye.

lower temperatures, a second anomaly occurs at T = 0.2 K (Mederle 2001). It has
been suggested that the magnetic structure may change on lowering the temperature
and T marks the transition into a FM ordered state (Knebel 2006). As shown in
Figure 3.6, the magnetic-transition temperatures, T g and Tl 1, initially show a pos-
itive pressure dependence. With further increasing pressure T gy (p) and Ty (p) pass
through a maximum at about 4 — 6 GPa followed by a decrease up to about 8 GPa.
Around 10 GPa only one transition at Ty is found. Ty(p) increases initially almost lin-
early with p and becomes constant for p > 15 GPa (Plessel 2003, Knebel 2006). High-
pressure Mossbauer experiments indicate that at p = 10 GPa the system undergoes a
first-order magnetic phase transition from a weak AFM moment state to a magnetically

ordered state with a large moment of iy, &~ 1.9up (Plessel 2003).
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3.3  Yb(Rhg.g4lrg.06)2Si>: external pressure vs. chemical

substitution

The unconventional QCP observed in YbRh,Si, attracted great interest in this ma-
terial. Hall-effect (Paschen 2004) and thermodynamic measurements (Gegenwart 2007)
have found evidence for an additional low-temperature energy scale T* which vanishes
at the field-tuned QCP. The nature of T™ is still under debate. For this purpose, a
systematic investigation of the unit-cell volume dependence of the T' — B phase dia-
gram of YbRhySis is the subject of ongoing research (Friedemann 2009, Nicklas 2010).
A negative pressure effect, i.e., a volume expansion can be obtained by substitution of
Rh with the larger Ir. The following section focuses on the effect of external hydrostatic

pressure and chemical substitution on the ground-state properties of YbRhySis.

Electrical-resistivity measurements on Yb(Rhgg4Ir¢06)2512 at p > 0 were performed
at temperatures 50 mK < 7' < 300 K and in magnetic fields up to B = 8 T. In the low-
pressure region a piston-cylinder-type pressure cell capable of pressures up to p = 3 GPa
and a Bridgman-type pressure cell for pressures p < 10 GPa, were employed (for details
see Chapter 2). The sample used in the Bridgman-type cell had the following dimensions
A = (254 x 30) pm? and [ = 500 pym.

The temperature dependence of the electrical resistivity of Yb(Rhgg4lrgos)2Sia at
ambient pressure is displayed in Figure 3.7. p(T") follows the typical behavior expected
for a Kondo-lattice system. Below 300K, the resistivity increases slightly with de-
creasing temperature, then exhibits a broad maximum around 7,,,, = 135K. Upon
further cooling, p(T') strongly decreases due to the onset of coherent Kondo scattering.
A similar T" dependence was reported in YbRhySis, furthermore, the resistivity max-
imum is situated at about the same temperature (Trovarelli 2000a). Upon applying
pressure on Yb(Rhgg4lrgo6)2Sia the overall T dependence of the resistivity does not
change significantly showing a single broad maximum up to about 4 GPa (Figure 3.8).
Upon increasing pressure, T, (p) shifts to lower temperatures with an initial rate of
about 07T,,4.(p)/0plp—0 = —H0K/GPa. This value is similar with the one found in
YbRhySis (Mederle 2002). The pressure dependence of T,,,, suggests a decrease of the
hybridization between the Yb 4f and the conduction electrons. For pressures larger
than p = 4GPa, a shoulder in p(7T) is developing above the maximum of the resis-
tivity. At p = 4.5 GPa, the maximum of the resistivity is observed at T!°® = 45K

max

and the shoulder at 79" = 95K. The pressure responses of the maximum and the

shoulder are different: T'% (p) shifts to lower temperatures upon increasing pressure,

while T"9"(p) is nearly pressure independent. In stoichiometric YbRhySiy a similar



36 3 Transport studies of the HF metal YblrySi, under high pressure

160 d T d T d T d T d T d T
- ..0"‘ ’.’.-._.-.-.-.-.-."°'°'°‘0-0~o-.~o~o~o o-0-0 -
-0-0-0-0-90-0
140 + o TT -
’. max
.’. .
120 | Yb(Rh, I ) S A
100 - .
T T T
— S
g I
(o)}
2 5
Q z i
>
5
0 0.5 1.0 1.5 .
I'(K)
O 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300
T'(K)

Figure 3.7: Temperature dependence of the electrical resistivity of Yb(Rhg.4Iro 06 )2Siz
at atmospheric pressure measured with current perpendicular to the crystallographic
c-axis. Inset: resistivity (left axis) and temperature exponent n(T) = 0ln(p(T) —

po)/0InT (right axis) as function of temperature.

behavior was found. For p < 4.1 GPa, the resistivity shows a broad maximum which
can be explained by a combination of the Kondo scattering off the ground-state doublet
and off the excited CEF levels (Dionicio 2005). With further increasing pressure in
YbRh,Sis, the p(T") maximum splits in two distinct features. The Kondo scattering off
the ground-state doublet leads to the low-7T" maximum, while the Kondo scattering off
the thermally populated excited CEF levels gives rise to a second maximum at elevated
temperatures (Dionicio 2005). The very similar pressure evolution of the high-7" resis-
tivity features in YbRhsSis and Yb(Rhg g4lrg 06)2512 indicates that the effect of pressure
on the CEF levels is comparable in both materials. However, in Yb(Rhg g4Irg 06)2Sis
the maximum of the resistivity is situated at slightly higher temperatures compared

with YbRhySis. The isothermal pressure dependence of the resistivity at 7' = 1.8 K,
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Figure 3.8: Temperature dependence of the electrical resistivity for

Yb(Rhgg41ro.06 )2 Sy at different pressures in the temperature range 1.8 K < T < 300 K.

An arrow indicates Tya, for p = 4 GPa. For p = 5.6 GPa, a maximum at T'°* and a

shoulder at T"9" are clearly distinguishable, both indicated by arrows.

p1sk(p), shows a weak pressure dependence before it strongly increases by a factor
of more than 3 above p = 4GPa (Figure 3.9a). At the same time the resistivity ra-
tio RR1sx(p) = psook(p)/prsk(p) decreases monotonically. Therefore, the increase of
p1sk(p) above p = 4 GPa is not caused by additional incoherent scattering due to de-
fects caused by the pressure conditions inside the pressure cell. The residual resistivity,
po, obtained by extrapolating p(T') to zero temperature, shows a similar pressure de-
pendence as p;gk(p) (inset Figure 3.9a). po(p) increases from 14.1 u2cm at p = 0 to
32.2uf2cm at p = 5.6 GPa. A pressure-induced increase of py was previously found
in different Yb- and Ce-based compounds, such as YblrsSis (Yuan 2006), YbCusSiy
(Alami-Yadri 1998), or CeCuy(Si;—,Ge,)2 (Yuan 2003). Different mechanisms based

on magnetic or valence fluctuations can lead to a strongly enhanced py. It was found
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resistivity, po(p) (inset) as function of pressure. Lower panel: pressure dependence of

the resistivity ratio psoox (p)/p1r.sx(p). The lines are guides to the eye.

theoretically that in quantum-critical systems impurity scattering can be strongly en-
hanced by quantum-critical spin-fluctuations (Rosch 1998, Miyake 2002a). From the
present data it is not possible to decide which mechanism leads to the enhanced py(p)
in Yb(Rhg 94Ir¢ 06)2Sis-

At atmospheric pressure, the low-temperature resistivity of Yb(Rhg.g4Ir¢.06)2512 shows
no anomaly pointing at the existence of a magnetic phase transition in the temperature
range down to 7' = 50 mK (inset Figure 3.7). A magnetic transition was still observed in
Yb(Rhg g751r0.025)2512 in magnetic-susceptibility data at T ~ 40 mK, while for a sam-
ple with 6 at.% Ir no magnetic transition anomaly could be resolved at temperatures
down to 20 mK (Westerkamp 2008). However, a strong increase of the magnetic suscep-

tibility suggests that Yb(Rhg.g4Irg.06)2512 orders just below 20 mK (Westerkamp 2008).
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Figure 3.10: Low-temperature electrical resistivity of Yb(Rhgg4lroos)2Six at p =
0.46 GPa (a) and p = 4.2 GPa (b). The transition temperatures were determined from
the temperature derivative of p(T") as shown in the inset of (a) and (b) for p = 0.46 GPa
and 4.2 GPa, respectively. The arrows indicate the magnetic transitions at T g and

Tn,1, respectively.

Finally, Yb(Rhgg3lrg 17)2Sis is paramagnetic (Westerkamp 2008). Applying pressure of
only p = 0.46 GPa on Yb(Rhg.g41r¢ 06)2Siz is sufficient to shift the AFM transition up to
Ty~ 0.18K. T g is clearly resolved as a kink in p(T") (see Figure 3.10a). A similar
feature in p(7") at the AFM transition has been observed in YbRhySis (Gegenwart 2002).
In Yb(Rhg 94lrg06)25i2 with increasing pressure, T g (p) shifts to higher temperatures,
as expected for an Yb-based HF compound, but the signature of the transition in p(7')
becomes less pronounced (Figure 3.10b). At p = 4.2 GPa, a second more pronounced
anomaly appears below Ty g ~ 1.3 K at T, >~ 1 K (both temperatures are indicated by
arrows in Figure 3.10b). Two successive magnetic transitions on lowering the tempera-
ture have been also reported in YbRhySis under pressure (Mederle 2002, Knebel 2006).

At ambient pressure the low-temperature resistivity follows a quasi-linear temper-
ature dependence. As displayed in the inset of Figure 3.7, the temperature exponent

n = 0ln(p(T) — po)/0InT, remains nearly constant below 7" = 1.5 K with a value of
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n ~ 1.05+0.1. A recovery of a Ap(T') o< T? behavior is not observed down to the lowest
accessible temperature of our experiment (7" = 50 mK). Upon applying pressure, the
resistivity above Ty i exhibits a quasi-linear temperature dependence characteristic of
NFL behavior for all investigated pressures, similar to the observations in YbRhySis.
This suggests that disorder introduced by the substitution of Ir for Rh does not affect
the quantum critical behavior strongly for this small Ir concentration. However, below
the transition temperature T, Ap(T) cannot be described by a T? dependence as in
YbRhsSis (Knebel 2006).

3.4 Effect of the magnetic field on Yb(Rhg g41rg 06)2Si2

under pressure

The HF system YbRhySiy exhibits a field-tuned QCP related to the continuous
suppression of the weak AFM order (T = 70mK) at a critical field of B = 60mT
(Gegenwart 2002). A small expansion of the unit-cell volume, induced by a partial
substitution of Rh with the isoelectronic but larger Ir atoms, suppresses the mag-
netic order below 20mK in Yb(Rhgg4Irg06)25is. Correspondingly, the latter system
has a smaller critical field estimated to be about B. ~ 15mT (Friedemann 2009).
On the other hand, in Yb-based compounds, pressure stabilizes the magnetism (e.g.,
Goltsev 2005). Motivated by these facts, we studied the field-tuned quantum critical
behavior in Yb(Rhg g4lrg o6)25i2 under external pressure. As discussed in Section 2.1.1,
the resistivity measurements in the pressure regime p < 3 GPa were carried out in
a piston-cylinder-type pressure cell, while for higher pressures, up to p < 10GPa a
Bridgman-type pressure cell was employed. The magnetic field had a different orienta-
tion with respect to the crystallographic c-axis of the sample for the measurements in
the different pressure cells, due to the sample positioning in the pressure chamber. In
the piston-cylinder-type pressure cell B is perpendicular to the crystallographic c-axis,
while for the Bridgman-type pressure cell B is parallel to c-axis.

Our analysis focuses on two representative pressures: p = 0.46 GPa, which is the
first pressure where the AFM transition was resolved in p(7T") and p = 5.6 GPa which
is representative for the high-pressure regime where two magnetic transitions could
be observed in the resistivity. It is worthwhile to point out that in YbRhySi, and
Yb(Rhgg4lrg06)251i2 at about 5GPa, the magnetic-transition temperatures Ty g and
TN 1, show a maximum.

Figure 3.11a displays p(T') of Yb(Rhg.94Ir¢.06)2512 at p = 0.46 GPa for different mag-
netic fields applied perpendicular to the crystallographic c-axis. At zero field, the onset



3.4 Effect of the magnetic field on Yb(Rhgg4Irg o6 )2Si; under pressure 41

Yb(Rh0.94Ir0.06)ZSi2
p=0.46 GPa

| | (@)
0 0.2 0.4 0.6
T (K)
10.5 . - ' ' 20
(b) (©)
10.0 1 BY"" 1”
«— o (B- C)
R N
g i 1105
= 9.5 b Yb(Rho.94Iro.06)2Si2 %
< ‘ p = 0.46 GPa %
< Yb(Rho,94Ir0406)2812 - Blec 15
90] p=046GPa |
Blc
o 2 4 6o
B(T) B(T)

Figure 3.11: (a) p(T') of Yb(Rhgo4lr06)2Si> at p = 0.46 GPa for different magnetic
fields applied perpendicular to the crystallographic c-axis. The arrow at B = 0 marks
Tn . The crossover temperature, Trryr, to the Ap(T') T? behavior is indicated by
the dashed arrows. The field dependence of Ty (B) is displayed in the inset. The
line is a guide to the eye. The field dependence of the residual resistivity po(B) (b)
and the coefficient A(B) (c) is plotted. The solid line in (c¢) corresponds to a fit of
A(B) o< (B — BA)~¢ to the data (B# = 0.02T, e = 0.78).
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of AFM ordering is marked by a drop in p(T") at Ty g = 0.18 K (see Figure 3.10a). Upon
applying a small magnetic field, B = 50mT, the ordering temperature is suppressed
below 50 mK. Thus, the critical field was estimated to be B. < 50mT. For magnetic
fields above 50 mT, the low-T resistivity can be described by p(T) = py + AT? for
temperatures below Ty pp. The crossover temperature, Tz, which marks the upper
limit of the T2 dependence in the resistivity, is marked in Figure 3.11a by the dashed
arrows. Tppp is taken as the temperature where p(T') deviates more than 0.5% from
the quadratic temperature dependence. As the magnetic field increases, the LFL re-
gion becomes larger. The inset of Figure 3.11a shows T7r(B). The evolution of the
residual resistivity po and temperature coefficient A with magnetic field are plotted in
Figure 3.11b and 3.11c respectively. po(B) shows a non-monotonic field dependence.
Initially, po(B) decreases from 9.2 uf2 cm at zero field to 8.87uf2 cm at B = 0.1 T followed
by an increase up to 10.25 ufdcm at B = 5T. The A coefficient, which is proportional
to the effective quasiparticle-quasiparticle scattering cross-section, shows a divergence
as B approaches the critical field B.. A fit of A(B) with (B — BA)~ (solid line in
Figure 3.11c) yields a critical field of B4 = 0.02T and an exponent of € = 0.78. The
field dependence at p = 0.46 GPa is weaker than that at ambient pressure where the
temperature coefficient A(B) was found to diverge as (B — BZ2)~! with a critical field
B4 =30mT (Friedemann 2009).

Figure 3.12a shows the electrical resistivity as function of the magnetic field at var-
ious temperatures. The data were obtained from the p(7") measurements shown in
Figure 3.11a. At all temperatures, p(B) exhibits a similar step-like crossover behavior.
A similar behavior of p(B) was observed at p = 0 in YbRh,Siy (Gegenwart 2007) and
Yb(Rhg g41rg.06)25i2 (Friedemann 2009). In these compounds, the inflection points of the
p(B) curves agree well with the T* crossover-line observed in, e.g., magnetization, a.c.
susceptibility, or Hall effect (Paschen 2004, Gegenwart 2007, Friedemann 2009). There-
fore, we take the inflection point in the p(B) curves in Yb(Rhgg4lrgps)2Sia (marked
with the arrows in Figure 3.12a) to define the T™* line at p = 0.46 GPa. The resulting
T — B phase diagram of Yb(Rhg g4lr6)2Si2 at p = 0.46 GPa is shown in Figure 3.12b.
Within the limit of the error bars there is a good agreement between the 7™ line and
the Tppr, line at atmospheric pressure with the corresponding lines at p = 0.46 GPa.
Therefore, the T'— B phase diagram of Yb(Rhgg4lrgo)25i2 at p = 0.46 GPa is rem-
iniscent of the phase diagram at p = 0. Our findings suggest that the breakdown
of the Kondo effect takes place also in Yb(Rhgg4lrgos)2Siz under pressure. It is im-
portant to note that in Yb(Rhgg4lrgps)2Sis at ambient pressure the existence of a
finite field range of NFL behavior between the AFM critical field and the Kondo
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breakdown critical field was reported (Friedemann 2009). This NFL region was dis-
cussed in terms of a spin — liquid-type ground state which was previously observed
in MnSi (Doiron-Leyraud 2003), 5-YbAIB, (Nakatsuji 2008, Nevidomskyy 2009), and
recently in YbRhy(Sige5Gegos)2 (Custers 2010). From our experimental results we
cannot resolve the existence of this spin-liquid ground state in Yb(Rhg 4lr6)2Si2 at
p = 0.46 GPa. It is likely that due to the stabilization of the magnetic state the finite
range where the spin-liquid state exists at p = 0 is reduced to zero at p = 0.46 GPa.

In the following we focus on the effect of the magnetic field on Yb(Rhg 9411 06)2Sis at
p = 5.6 GPa. The magnetic field was applied parallel to the crystallographic c-axis. In
zero field, two phase transitions exist at T g = 1.6 K and T, = 0.9 K. In an applied
magnetic field of B = 2T only a tiny feature in p(7") can be observed at about 1.3 K,
whereas above B = 4T no indication of any anomaly is visible, implying that magnetic
order is suppressed at this field. A detailed analysis of the magnetic-field dependence
of the transition temperature could, therefore, not be performed due to the broadening
of the p(T") anomaly in field. Nevertheless, the evolution of the magnetic transitions
with magnetic field in Yb(Rhgg4lrg06)2512 at p = 5.6 GPa resembles the experimental
observations of the effect of the magnetic field on the ordered state of YbRh,Si; under
pressure. In YbRh,ySis, specific-heat measurements at p = 5 GPa revealed two magnetic
transitions at Ty gy = 1.1 K and T, = 0.86 K (Knebel 2006). The application of a small
magnetic field (B L ¢) leads to an increase of T 1 and at B = 0.19T both anomalies
merge (Knebel 2006). Upon further increasing the field, the position of this anomaly
increases and the transition becomes broadened. The same behavior was observed in

electrical-resistivity measurements for B || ¢ (Knebel 2006).

Figure 3.13a displays the low-T" resistivity of Yb(Rhgg4lrgps)2Sie for 77 < 0.8K at
different magnetic fields at p = 5.6 GPa. The electrical resistivity in the magnetically
ordered state follows a smaller than quadratic 7" dependence. Above 4T, the resistivity
in the PM state shows a T2 dependence at low temperatures. The crossover temperature
from LFL at low T" to NFL behavior at higher T is marked by Ty rr. To analyze the
effect of the magnetic field on Yb(Rhg 9411 06)2Si2, the p(T') data were fitted with p(T') =
po+ AT? (solid lines in Figure 3.13a). The field dependencies of py and A are shown in
Figure 3.13b. Initially, po(B) decreases for low fields (B < 0.1T) followed by a step-like
increase at B = 0.3'T. Upon further increasing field, py(B) decreases monotonically and
tends to saturate at large fields (B = (6 <+ 8)T). Such a field dependence is different
from the po(B) behavior observed at p = 0.46 GPa. In py(B) no feature is observed in
the region where the magnetic order is suppressed. The only difference between the low
temperature AFM and PM state is that the LFL ground state is observed only in the
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Figure 3.13: (a) Temperature dependence of the resistivity at p = 5.6 GPa at different
magnetic fields applied parallel to the crystallographic c-axis. The lines correspond to a
p(T) = po+ AT? fit to the data. The upper limit of the LFL behavior Ty ry, is marked by
arrows. (b) Magnetic-field dependence of the residual resistivity, py, and temperature
coefficient, A. The lines are guides to the eye. (c¢) Temperature dependence of the
exponent n(T) = dIn(p(T) — po)/OInT at selected fields.
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PM region. The temperature coefficient A(B) decreases smoothly from 15.7 uf2cm at
B=4T to A="78ucm at 8 T. Figure 3.13c displays the evolution of the resistivity
exponent with temperature calculated as n(7) = Jln(p(T) — po)/0InT at selected
fields. Below 1K, as the temperature is lowered n(7') is continuously increasing and
tends to saturate at low temperatures. In small magnetic fields B < 2T, n saturates
below 0.2 K at values significantly smaller than 2. With increasing magnetic field, the
low-temperature value of dln(p(T) — py)/OInT increases, reaching values close to 2
for B > 4T, as it is expected for a LFL. The Ap(T) oc T? region becomes wider in
temperature with increasing field (T pp = 0.7K at B = 8T) as can be also seen in
Figure 3.13a where, for large magnetic fields, the p(T") curves are well described within
the LFL theory. In a simple Kondo picture, 17 r;, is inverse proportional to the specific-
heat coefficient v which provides direct information on the effective mass m*. Thus, the
decrease of A and the increase of T, indicate the decrease of m* of the quasiparticles

with increasing magnetic field.

3.5 Discussion: T' — p phase diagram of
Yb(Rh0.94|l’0.06)25i2

The T — p phase diagram shown in Figure 3.14 summarizes the pressure stud-
ies on Yb(Rhgg4lrgo6)25i2. Data for YbRhsSiy (Trovarelli 2000b, Knebel 2006) and
YbRhy(Sigo5Gegos)2 (Mederle 2002, Custers 2003) are included for comparison. The
pressure axis has been shifted uniformly by Ap = —0.06 GPa for Yb(Rhg.g4lrg o6)25i2
and in the case of YbRhs(Sipo5Gegs)2 by Ap = —0.2GPa to accommodate for the
chemical pressure introduced by Ir and Ge substitution, respectively. As a result, the
data for Ty g (p) and Ty 1 (p) for the different compounds collapse on a single curve. The
values of Ap agree well with the values obtained by calculating the equivalent chemical
pressure induced by the lattice expansion due to the substitution. The equivalent pres-
sure was calculated by using the lattice parameters obtained by X-ray diffraction and the
bulk modulus of YbRhySis, B = 187 GPa (Plessel 2003). The expansion of the unit-cell
volume of Yb(Rhg o411 06)25i2 by 0.03% compared with YbRhySis can be translated in
Yb(Rhg.g41rg.06)2512 being under an effective negative pressure of Ap = —0.06 GPa with
respect to YbRhySis. The good agreement between the pressure studies on YbRhySis
and on Ir- or Ge-substituted samples indicates that Ge and Ir substitution has mainly
the effect of acting as chemical pressure. Additionally, it suggests that disorder ef-
fects play only a secondary role in these compounds. For La substitution on the Yb

site a similar behavior has been observed (Nicklas 2006). The AFM ordering tempera-
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Figure 3.14: T — p phase diagram of Yb(Rhgg4Irg os)2Si> (solid symbols). Data of
YbRhySis (open symbols, Ref. Trovarelli 2000b, Knebel 2006) and YbRhs (Si .95 Geg o5 )2
(crosses, Ref. Custers 2003, Mederle 2002) have been included.  The data for
Yb(Rhg 941006 )2Siz and YbRhy (Sig.o5Gego5)2 have been shifted by a fixed pressure of
p = —0.06 GPa and p = —0.2 GPa with respect to YbRhsSiy, respectively. The lines

are guides to the eye.

ture, Ty g (p), of Yb(Rhgo4lrg06)2512 extrapolates to about Ty g ~ 20 mK at ambient
pressure consistent with magnetic-susceptibility experiments in the temperature range
T > 20mK (Westerkamp 2008). An extrapolation of Ty g (p) to zero temperature leads
to a critical pressure p. = (—0.25 £ 0.05) GPa.

At ambient pressure, a combined scattering process on the ground state and on
the excited CEF levels leads to the formation of a maximum in p(7") at high temper-
atures. Upon applying pressure, T),..(p) shifts to lower temperatures, as expected for
an Yb-based compound due to a reduction of the Kondo temperature with increasing
p. For p > 4 GPa the reduced Kondo scale with respect to the CEF energy allows the

observation of two separate maxima in p(7"). These maxima are related to the Kondo
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scattering off the ground-state doublet, at 71% and off the excited CEF levels, at 79",
Thus, the evolution of Tk (p) with pressure is reflected in the behavior of T),..(p) at
p < 4GPa and T'°“ (p) at higher pressures.

The phase diagram presented in Figure 3.14 clearly illustrates that neither the shape
of Ty (p) nor that of T 1(p) changes upon alloying. Thus, our experimental findings
on Yb(Rhg g4Irg 06)25i2 together with the results on YbRha(Sig.o5Geq.os)2 (Mederle 2002)
demonstrate that the low-moment magnetic phase is a common feature for small Ge or

Ir substitutions.

3.6 Effect of pressure on the heavy-fermion system
Ybll‘zSiz

YbRhySis has been established as a model system to study the physics at a local
QCP (Custers 2003). In this HF compound, the AFM order sets in at a very low tem-
perature, Ty = 70 mK (Trovarelli 2000b), and can be suppressed by a small magnetic
field of B = 60mT (Gegenwart 2002). A short overview of the physical properties was
presented in Section 3.2. The thermodynamic and transport properties of YbRh,Si,
reveal the existence of an energy scale T™ associated with the breakdown of the Kondo
effect (Paschen 2004, Gegenwart 2007). This energy scale is distinct from both T at
B < Bj and Tprp, the crossover temperature to the LFL regime at B > Bcl. In the
T — 0 limit, the lines defined by these three energy scales merge at the same point, the
field-induced QCP. In order to better understand the physics around the local QCP,
YblrySis, as paramagnetic complement to YbRhySis, was investigated. YblrySis is a
paramagnetic HF' compound at p = 0 and is expected to order magnetically under
applied pressure, like it is generally observed in Yb-based HF systems. Therefore,
YblrySis is considered to be the ideal stoichiometric complement to YbRhySis in order
to study the pressure-tuned QCP in a clean system. The previous study on YblIrySiy
under pressure reported different properties as compared to YbRhySip (Yuan 2006). At
low pressures, YblrySis shows no evidence for the existence of a magnetically ordered
state. At high pressures, p > 8 GPa, an anomaly in p(T") was observed which was
attributed to a magnetic transition, which was further suggested to be FM in nature
(Yuan 2006). These findings motivated us to study in more detail the evolution of the
ground-state properties of YblrySis with pressure and to establish a 7" — p phase di-
agram of this system. Furthermore, investigations in magnetic field aimed to provide
additional information concerning the ground-state properties have been carried out.

The ambient-pressure properties of YblIrySis are summarized in Section 3.6.1, fol-



3.6 Effect of pressure on the heavy-fermion system YblrySiy 49

lowed by our experimental results on high-quality single crystals of I-type YblIrySis ob-
tained under external pressure by means of electrical-resistivity and X-ray-diffraction
measurements. The results are discussed and compared with Yb(Rh;_,M,)2Sis (M = Ir,
Co) substitution experiments in Section 3.7. A summary of this investigation presented

in Section 3.8 concludes our study.

3.6.1 Physical properties of Yblr,Si; at ambient pressure

Ambient-pressure low-temperature thermodynamic, magnetic, and transport mea-
surements revealed that YblrySiy is a paramagnetic HF compound with a LFL ground
state (Hossain 2005). The specific heat plotted as C*/(T)/T vs. T on a logarithmic
temperature scale in zero and different magnetic fields is displayed in Figure 3.15a
and 3.15b, respectively. The contribution of the 4f electrons to the specific heat was
obtained after subtracting C'(T") of LulrySis and the nuclear contribution of Yb, C,,, be-
low 200mK. As it can be seen in Figure 3.15a, C*/(T)/T increases logarithmically
with decreasing temperature in a wide temperature range, 0.6 K < T < 20K. In
this temperature region the data can be described by C*(T)/T = ~oIn(Ty/T) with
7 = 0.082J/mol K? and the characteristic spin-fluctuation temperature Ty = 44K
(Hossain 2005). The NFL behavior evidenced by AC*(T) o InT above 0.5K signals
that YblrySis might be close to a QCP. This T dependence of the specific heat is sim-
ilar to that of YbRhySis, although vy takes a value more than twice as large as in the
Ir-based compound (v = 0.17 J/mol K?) and a much lower characteristic temperature
(To = 24K) (Gegenwart 2002). At low temperatures (7' < 400mK), the electronic
specific heat of YblrySiy saturates, as expected for a system with a LFL ground state,
with a Sommerfeld coefficient of v = 0.370 J/molK?. The application of a magnetic
field leads to an expansion of the LFL regime to higher temperatures (Figure 3.15b).
The single-ion Kondo temperature, Tx = 40K, was estimated from the magnetic en-
tropy as Tx = 27(S = 0.5R In2). It is approximately twice the value deduced for
YbRhySis (T = 25K). The lower inset of Figure 3.15a shows the temperature depen-
dence of the magnetization measured in a field of 1T on a logarithmic temperature
scale. Xq. = M/B increases down to 400 mK before it saturates, a further evidence of
a LFL ground state. At high temperatures, the susceptibility exhibits a Curie-Weiss-
like behavior with an effective moment of p.g = 4.5up, which is close to the expected
value for the free Yb*™ ion (peg = 4.54up) (Hossain 2005). Specific-heat or magnetic-
susceptibility data do not show any evidence for magnetic ordering and, moreover, the
crossover from the logarithmic increase of C*/ (T')/T to the LFL state at low T suggests
that YblrySiy is a HF system situated on the paramagnetic side of a QCP.
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Figure 3.15: (a) Temperature dependence of the contribution of the 4f electrons to
the specific heat of I-type YbIrySiy, C*(T)/T. The dashed line is a fit of C*(T)/T =
v In(Ty/T') to the data. The entropy and the low-T' magnetic susceptibility are depicted
in the upper and the lower inset, respectively. (b) C*(T)/T at different magnetic fields
applied parallel to the c-axis. After Hossain 2005.
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Figure 3.16: Temperature dependence of the resistivity of Yblr,Sis at ambient pres-
sure for current applied perpendicular to the crystallographic c-axis. The position of the
maximum of the resistivity is indicated by an arrow at T,,,,. The inset shows the low-
temperature resistivity where LFL behavior is evidenced (data below 1 K taken from

Weickert 2006). The lines represent different power-law dependencies as indicated.

The in-plane electrical resistivity of YblrySis at ambient pressure is depicted in
Figure 3.16. Below 300 K, p(7') increases logarithmically with lowering the temperature,
as expected for incoherent Kondo scattering of the conduction electrons off the localized
Yb-4f moments. On further lowering the temperature, p(7') passes through a broad
maximum at around 7},,, = 170 K, before decreasing strongly for 7" < 100 K, indicating
the onset of the coherent Kondo scattering. The overall high-T" behavior of the resistivity
of YblrySiy is very similar to that of its isostructural Rh homolog (see Figure 3.4),
although, in the former compound the position of the maximum of the resistivity is

situated at slightly higher temperature compared with the latter one.

A fit of the resistivity data with p(T") = pg + A, T™ revealed a quadratic tempera-

ture dependence below 150 mK - characteristic for a system with a LFL ground state.
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Whereas at higher temperatures the properties of the system strongly deviate from the
predictions of the LFL theory. The observation of LFL behavior in p(7T') at low temper-
atures is in accordance with the constant behavior observed in C4(T') /T for T < 0.5 K.
In the inset of Figure 3.16 (data for 7" < 1K taken from Weickert 2006), the low-T
electrical resistivity illustrates the continuous crossover from the LFL (n = 2) to the
NFL behavior (n =~ 1.3). No evidence for magnetic order could be resolved in resistivity
down to 20 mK despite the high quality of the single crystals with pg = 0.5 €2 cm which
corresponds to a RRR = 350.

3.6.2 Evolution of the high-temperature physical properties of

YblrySis with pressure

The focus of this subsection lies on the results of resistivity experiments on YblrsSiy
at elevated temperatures, where the Kondo and the CEF effects determine the behavior
of the electrical resistivity.

The high-pressure experiments were conducted employing two different kinds of
pressure cells. In the first type of experiment, the electrical resistivity of YblrySis was
measured in a Bridgman-type pressure cell for p < 9 GPa (for details see Section 2.1.1).
The sample employed in this setup was a small piece cut from the single-crystalline sam-
ple used in the ambient-pressure electrical-resistivity measurement. The dimensions of
the sample were A = (224 x 29) pm? and [ = 413 ym. The electrical current was applied
along the basal plane of the single crystal, while the magnetic field was applied along the
crystallographic c-axis. In the second type of experiment, the pressure dependence of the
electrical resistance up to 16 GPa was measured on powdered single-crystalline samples,
using a diamond anvil cell (DAC) technique (Drescher and Abd-Elmeguid 1995). These
experiments have been performed by Dr. K. Sengupta in the group of Prof. Dr. M. Abd-
Elmeguid at Institute of Physics II, University of Cologne.

Figure 3.17a shows the electrical resistivity of YblrySis normalized to the value at
300K in the temperature range 1.8 K < T < 300K for pressures between 0 < p <
8.7 GPa. The resistivity curves resemble the typical behavior of a Kondo-lattice com-
pound characterized by a logarithmic increase of p(T') for T < 300K, followed by a
maximum and a pronounced decrease toward lower temperatures corresponding to the
onset of coherent Kondo scattering. The position of the maximum is indicated by an
arrow at 1,4, in Figure 3.17a. With increasing pressure T, shifts to lower temper-
atures and, furthermore, the negative logarithmic slope at high temperatures becomes
more pronounced. A detailed discussion of the evolution of T},.,(p) with pressure will

be presented later in this section. In contrast to YbRhySiy, where a decomposition of
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Figure 3.17: (a) Temperature dependence of the normalized electrical resistivity of

Yblr,Siy at different pressures for current applied perpendicular to the crystallographic

c-axis.

The broad maximum in p(T) shifts to lower temperatures upon increasing

pressure. The solid arrow indicates the direction of increasing pressure. The data were

obtained using a Bridgman-type pressure cell. (b) and (c) pressure dependence of py gk

and psook, respectively. The lines are guides to the eye.
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the maximum of the resistivity occurs around p = 4 GPa (Dionicio 2005), in YblIrySi,
the resistivity shows only one maximum in the pressure range up to p = 8.7 GPa. Above
100 K, the resistivity decreases monotonically upon increasing pressure as it is indicated
by the evolution of pspk(p) with pressure (Figure 3.17¢). pspox(p) is reduced by the
application of pressure. At the same time, the resistivity at low temperatures increases,
as illustrated by the increase of p;sk(p) (Figure 3.17b). p1sk(p) shows a weak increase
up to about 4 GPa followed by a strong increase by a factor of three from p = 3.4 GPa
to p = 8.7GPa. This increase is not caused by development of microcracks in the
sample as the room-temperature resistivity decreases. Furthermore, no discontinuity in

p300k (p) hinting at the appearance of microcracks is observed on increasing pressure.

Figure 3.18 displays the temperature dependence of the electrical resistance, R(T),

normalized to its room-temperature value for selected pressures 7.5 GPa < p < 15.4 GPa
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in the temperature range 1.5 K < T < 300 K. The data were obtained using a DAC.
There is a good agreement between the data acquired using the Bridgman-type cell and
the DAC in the pressure region where measurements in the both pressure cells overlap.
The single broad maximum of the resistance observed at T,,,, = 60K for p = 7.5 GPa
evolves into two weak maxima at p = 8.8 GPa, which become well defined upon further
increasing pressure (Figure 3.18). The low-7" maximum of the resistance, denoted as
Tlow shifts to lower temperatures and becomes more pronounced with increasing pres-
sure. In many HF compounds (e.g., Thompson 1994), the low-7T" maximum scales with
the Kondo temperature, whereas the high-7" maximum, denoted as 79" is usually
attributed to population effects of the excited CEF states (Cornut and Coqgblin 1972).
The variation of the resistance maxima with pressure is depicted in Figure 3.19. Here,
one first observes a rapid decrease of T},4.(p) from about 170 K at ambient pressure to
102K at p = 3.5 GPa with an initial slope of 07T,,4,/0p|,—0 = —18 K/GPa, followed by
an almost linear decrease for pressures up to p = 7.2 GPa with a much smaller slope of
0T mae/0p = —TK/GPa. For p > 7.2 GPa, T,,,,, has only a weak variation with pressure
0T mae/Op ~ —1 K/GPa, exhibiting a tendency of saturation. At p = 8.8 GPa, it is pos-
sible to resolve two distinct maxima in the resistivity, both showing different pressure
dependencies on increasing pressure: T'°% (p) shifts to lower temperatures upon increas-
ing pressure, whereas 179" (p) shifts to higher values. The resistivity at p = 8.7 GPa
measured in the Bridgman-type pressure cell (Figure 3.17) shows only one maximum
at Ty,ex = 66 K, while at p = 8.8 GPa the resistance obtained using the DAC shows
already two distinct maxima (Figure 3.18). These results show that the maximum in
the resistivity is splitting into two maxima right at the pressure region around 8.8 GPa
and already a small difference in the pressure conditions inside the pressure cells and
the different samples used, a single crystal and powdered single crystals, lead to the
observation of a single or two separate maxima in the data.

The dominant feature of the resistance curves in Figure 3.17 is the shift of the
maximum in the resistance at T},,, to lower temperatures. This evolution of T},,, with
pressure (Figure 3.19) fits qualitatively well within the picture of the Doniach model
(Doniach 1977), if one assumes that the temperature 7}, is proportional to the Kondo

temperature Ty which is, in a first approach, generally assumed (Cox and Grewe 1988).

Tk can be expressed as

Ty o exp (=1/]IN(Er))), (3.1)

where N(EF) is the density of states at the Fermi level and J the exchange-coupling

constant between conduction electrons and the local moment of the Yb. This assump-
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YbIrySi,. The full and open symbols correspond to the results obtained by employ-

Pressure dependence of the maxima in the electrical resistivity of

ing a Bridgman-type cell and a DAC, respectively. The lines are guides to the eye.

tion works rather well as long as T is much smaller than the CEF energies. The strong
decrease of T4, (p), respectively Tk (p), implies that JN(Er) decreases upon increas-
ing pressure. Previously, it has been shown for Yb compounds that, while J decreases
with pressure, N(Ep) increases. The latter fact was concluded from the pressure-driven
increase of the Sommerfeld coefficient, v, observed in, e.g., YbCuAl (Bleckwedel 1981)
or YbyCug (Amato 1990). The fact that N(Er) was found to increase with pressure
implies that J has to decrease much stronger in order to compensate that increase, so
that the product JN(EF) decreases. Such a pressure response is typical for Yb-based
compounds and is in contrast with the case of Ce-based compounds. The observed shift
of Trnaz(p), for p < 8 GPa, toward lower temperatures was reported also in other HF Yb
intermetallic compounds, e.g., YbCuy s (Link 1994) and YbCu,Siy (Alami-Yadri 1998).
In the latter compound magnetic ordering sets in at about the same pressure where

Tinaz(p) exhibits a minimum. The connection of the observation of a minimum in
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Tonax(p) and the appearance or suppression of the magnetic order is found not only in
several Yb-based compounds, but also in Ce-based HF intermetallic compounds, e.g.,
CeAusSiy (Link 1997) and CeCusy (Vargaz 1997). This leads us to speculate that in
the pressure region where 7,,,, shows a tendency to saturation magnetic order might
develop in YblrySis. Indeed, a possible signature of magnetic order in YblrySi, was ob-
served in the electrical resistivity around p = 8.3 GPa (Yuan 2006). From the decrease
of Tk with increasing pressure one can infer that the interplay between the RKKY
interaction and the Kondo effect changes with increasing pressure: the RKKY interac-
tion starts to dominate the Kondo effect and leads to a magnetically ordered ground
state at p = 8.3 GPa. According to Hanzawa et al. (Hanzawa 1985) the position of the
maximum in the resistivity depends not only on Tk, but also on the CEF splitting.
Thus, the tendency to saturation of T},..(p) around 8 GPa can be taken as an indica-
tion of the growing importance of the effect of CEF on p(T") and/or that the RKKY
type of interaction dominates the Kondo effect. Lowering the Kondo temperature by
increasing pressure a double-peak structure is expected to occur in the resistivity when
the Kondo and CEF energy scales are well separated. A clear splitting of the broad
peak in p(T') of YblrsSi, was observed at p = 8.8 GPa. This result suggests an analogy
to the behavior found in YbRhySiy (Dionicio 2005). Comparing the YbT5X, (with X
= Si, Ge and T = Co, Rh, Ir, Ni, Cu) series, one notes that the evolution of the maxi-
mum in the resistivity with pressure is not the same for all compounds. On one hand,
a single peak in p(7T") was reported up to the highest pressure applied in YbCuySiy
(p = 25GPa) (Alami-Yadri 1998) and YbCosGey (p = 3GPa) (Trovarelli 1999). On
the other hand, a splitting of the maximum in the resistivity was observed in YbRh,Sis
at p = 4GPa (Dionicio 2005), in YbNiyGey at p = 3.6 GPa (Knebel 2001), and at
p = 8.8 GPa in Yblr,Sis, which indicates a change in the pressure dependence of the
CEF level scheme. A detailed discussion on the evolution of Tk and the CEF level

scheme with pressure will be presented in Section 3.7.

The temperature dependence of the resistivity of YblrySiy at temperatures above
Tinaz can be described by a formula of the type Ap(T) = aT —cInT (e.g., Bauer 1991),
where the logarithmic slope is proportional to the Kondo-interaction strength. The first
term expresses the electron-phonon interaction where a is a constant. Figure 3.20 shows
a fit of this formula to the high-T" p(T") data. The reasonably good agreement provides
additional evidence for the importance of the Kondo interaction in this compound. In
the inset of Figure 3.20, the evolution of the coefficient ¢ with pressure is plotted. ¢
increases strongly with increasing pressure, from ¢ = 6 at ambient pressure to about

¢ =57 at p = 8.7GPa. At low pressures (p < 0.7 GPa) the maximum of the resistivity
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Figure 3.20: p(T) of YbIrySiy at selected pressures. The solid lines are fitting curves
according to Ap(T) = aT — c¢InT. The inset depicts the pressure evolution of the
coefficient ¢. The dashed line is guide to the eye. See text for details.

is situated at relatively high 7', thus the range of temperatures where the p(7") data can
be fitted is narrow for reliable results. Likewise, for p > 8.8 GPa the high-T" maximum is
shifted to high temperatures, preventing reliable analysis, too. In the Kondo formalism,
c o< JPN?(Ep)\?, where X is the ground-state degeneracy (Cornut and Cogblin 1972)
and Tx o 1/|JN(Er)|. A decrease of Tk(p) with increasing pressure, as indicated
by the decrease of T),..(p), cannot explain the enhancement of ¢ with pressure. This
implies that the maximum of the resistivity is not linked only to Tk but also to the
CEF splitting. Therefore, we conclude that the effect of the CEF has to be taken into

account to explain the evolution of the maxima in the resistivity with pressure.

3.6.3 Effect of pressure on the crystal lattice in YblrySis

The pressure dependence of the lattice parameters at room temperature was studied

on powdered single crystals by X-ray diffraction up to p = 26.3 GPa by Dr. K. Sengupta
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Figure 3.21: Pressure dependence of the unit-cell volume, V(p), of YbIrySiy as ob-
tained from high-pressure X-ray-diffraction measurements at 300 K. The inset shows
the relative change of the lattice parameters, a and ¢, with pressure. The values of bulk
modulus (By) and its derivative (B()) were obtained from a fit of the Birch-Murnaghan
equation of state (EOS) to the data (solid line).

in the group of Prof. Dr. M. Abd-Elmeguid from the Institute of Physics II, University
of Cologne. The experiments were conducted using a diamond anvil cell at the ESRF,
Grenoble (for details see Section 2.1.3). The effect of pressure on the unit-cell volume
(V) and on the relative changes of the lattice parameters, a and ¢, are shown in Fig-
ure 3.21. The evolution of the unit-cell volume with pressure can be described by the

Birch-Murnaghan equation of state (EOS) (Murnaghan 1944):

()" -], 2

A fit according to this equation yields the volume at ambient pressure Vy = 159.8(4) AS,
a bulk modulus By = 188(20) GPa and its derivative B, = 4(1). There is a smooth

BO
V)= —
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Figure 3.22: Room-temperature lattice parameters, a and c, of YblrySiy as function
of pressure. The lines are linear fits to the data. The inset shows the ratio c¢(p)/a(p)

calculated from the linear fits.

pressure-induced decrease of the unit-cell volume of YblrySiy. Figure 3.22 displays the
change of the lattice parameters, a and ¢, with pressure. a(p) and ¢(p) decrease linearly

with increasing pressure. The solid lines represent linear fits to the data, which yield:

apit(p) = 4.0249 (A) — 0.0054 (%) -, (3.3)
cri(p) = 9.8120 (A) — 0.0135 (%) . (3.4)

The evolution of the ratio ¢(p)/a(p) obtained using the results of the linear fits apit(p)
and cpi(p) with pressure is plotted in the inset of Figure 3.22. ¢(p)/a(p) shows only a
weak variation with pressure. There is no indication for a structural phase transition

in the pressure dependencies of the lattice parameters.



3.6 Effect of pressure on the heavy-fermion system YblrySiy 61

3.6.4 Pressure dependence of the physical properties of Yblr;Sis

at low temperatures

Application of pressure on Yb-based HF metals weakens the hybridization between
the conduction electrons and the 4 f electrons of Yb and, therefore, stabilizes magnetic
order (Doniach 1977). YblIrySis is a HF compound with a paramagnetic ground state
at ambient pressure (see Section 3.6.1). Therefore, the application of pressure is ex-
pected to induce a magnetic state in YblIrySis by eventually crossing a QCP. In the
following, we focus on the effect of pressure on the electrical resistivity of YblIrySis at

low temperatures.

T
YbIr2812
I1lc
10 +
—
g
5
G
=
N
Q
» 31 GPa
o 4.2 GPa
o 5.6GPa
1 P | ) ) ) ) ) P ST | ) )
0.1 1 4

T'(K)

Figure 3.23: Temperature dependence of the electrical resistivity of YblrySiy for se-
lected pressures in the temperature range 50 mK < T < 4 K.

p(T) data taken in a Bridgman-type pressure cell for pressures up to p = 5.6 GPa
and temperatures b)0mK < 7" < 4K are shown in Figure 3.23. The data recorded on
powdered single crystals of YblrsSis in a DAC for pressures up to 15.4 GPa and tem-
peratures 1.5 K < T < 10K are presented in Figure 3.24a. The electrical resistance of
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Figure 3.24: (a) Electrical-resistance, R(T), measurements on powdered single crys-
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YblrySis continuously decreases with lowering the temperature. No signature of any
magnetic transition is visible in the data up to p = 5.6 GPa and down to 50 mK. A de-
tailed discussion on the p(T') results for pressures up to 5.6 GPa will be presented later
in this section. For p > 8.8 GPa a weak kink, which becomes more pronounced with
increasing pressure, is visible in the resistance data. The corresponding data are shown
in Figure 3.24a. A similar feature in the resistivity was found in other Yb-based com-
pounds (Alami-Yadri 1998, Trovarelli 2000b, Plessel 2003, Knebel 2005) and there was
attributed to an onset of magnetic order. Therefore, we are also taking the kink observed
in the resistance as the onset of magnetic order. We determined the magnetic-ordering
temperature as the temperature where 9?R(T)/9T? exhibits a minimum. 9*R(T')/0T>
curves for different pressures, p > 8.8 GPa, are depicted in Figure 3.24b. The magnetic-
transition temperatures are indicated by arrows. In Figure 3.25, the derived values for
T,, are plotted as function of pressure. Also included in this figure are the results of

the previous study performed by Yuan et al. (Yuan 2006) where the magnetic tran-
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Figure 3.25: Pressure dependence of the transition temperature, T},, of YbIrsSi,. The
solid triangles are obtained from electrical-resistivity measurements on powder single-
crystalline samples. Open circles represent T,, obtained from a previous study on single

crystals reported by Yuan et al. (Yuan 2006). The line is a guide to the eye.
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Figure 3.26: Low-temperature electrical resistivity of YblrySiy for selected pressures.
At low temperatures, the data are well described according to p(T) = po + A, T™ (solid

lines) below the temperature T" or Ty, respectively.

sition was first observed at about p = 8.3 GPa. For consistency, we determined 7,
from the raw data measured by Yuan et al. in the same way as described above. The
ordering temperature increases from 1.4 K at p = 8.3 GPa to 1.79K at p = 10 GPa and
than stays nearly constant in the range up to p = 13.5 GPa. Upon further increasing
pressure, T,,(p) starts to decrease slightly to T,,, = 1.62K at p = 15.4 GPa.

The low-temperature resistivity of YblrySis in the paramagnetic state can be ana-

lyzed by fitting the power law
p(T) = po + A,T" (3.5)

to the data. Figure 3.26 shows the temperature dependence of the electrical resistivity of
YbIrySi, for p < 5.6 GPa. Below a certain temperature T gy, respectively, T, the p(T)
data can be described by a power law with a single temperature exponent as indicated
in Figure 3.26. At p = 0.7GPa, p(T) follows a T? dependence below Trr; = 0.13K,
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Figure 3.27: Temperature dependence of O In(p(T)—py)/0InT of YbIr,Siy at different
pressures. T" and Ty py, mark the temperature up to where 0ln(p(T) — py)/0InT stay

constant within the scattering of the data.

which is a characteristic behavior of a system with a LFL ground state. For p > 3.6 GPa,
the electrical resistivity at low temperatures, T < T”, shows a Ap(T) o< T" dependence
with n < 2 characteristic of NFL behavior. The temperature below which the p(7") data
can be described by a power law with a single exponent becomes larger upon increasing

pressure. As function of temperature, the exponent n can be expressed as

) = 21T = )
olnT ’

(3.6)

where the parameter pg is obtained from the fit of Equation 3.5 to the resistivity data.
n(T) for T < 1K at different pressures is plotted in Figure 3.27. For p < 4.6 GPa,
OIn(p(T) — po)/OInT increases with lowering 7" and tends to saturate below a tem-
perature denoted as T”, respectively, Ty rr,. At p = 0.7 GPa, the temperature expo-

nent saturates around n ~ 2 below Tz, = 0.13K. Upon further increasing pressure,
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OIn(p(T) — po)/0InT shows a tendency to saturate at n < 2, a characteristic behavior
of a system with NFL ground state. At p = 4.6 GPa, n increases upon cooling down to
T' = 0.17K, below which n ~ 1.57 is almost temperature independent. At p = 5.6 GPa,
the temperature exponent stays nearly constant at n ~ 1.2 over a large range of tem-
peratures up to 7" = 1.2 K. The values of n inferred from this analysis are consistent
with the results obtained from the fit of Equation 3.5 to the low-T resistivity. There
is a good agrement between T}y, respectively, T’ determined from the analysis using
OIn(p(T) — po)/OInT and p(T) = py + A, T".

Figure 3.28 displays the pressure dependence of pg, the coefficient A,, and the
temperature exponent n, obtained in three separate series of measurements carried out
on different samples. Due to a slightly different sample quality, the residual resistivity at
ambient pressure is different for separate pressure runs. Nonetheless, for each pressure
run, po(p) shows a tendency to increase as pressure increases. Because of the different
initial values of the residual resistivity, we are not able to analyze the evolution of pg
with pressure. For further discussion, we use the pressure dependence of the resistivity
at T'= 1.8 K. p1sk(p) presented in Section 3.6.2, Figure 3.17, is a good measure of the
pressure dependence of the residual resistivity pg. These results were obtained in one
pressure run. In the pressure regime p < 4 GPa, p;sk(p) shows only a weak pressure
dependence followed by an increase upon further increasing p. Our findings are in
agreement with the pressure dependence of po(p) reported by Yuan et al. (Yuan 2006).
Nevertheless, the qualitative agreement between these results indicates that the pressure
dependence of pg, in particular the increase of pg(p) for p > 4 GPa, is intrinsic to the
material. A similar increase in pg(p) was reported in YbCuySis, where the strong
increase was observed upon approaching a magnetic instability (Alami-Yadri 1998).
The prefactor A, and the temperature exponent n are not affected by analyzing the
results of different pressure runs. Figure 3.28b shows the evolution of the temperature
coefficient, A,, with pressure. A, (p) stays nearly constant up to about 4 GPa before
increasing drastically at higher pressures. The variation of n as function of p is shown
in Figure 3.28c. Additionally, for p < 2GPa, data from Ref. Yuan 2006 is included.
At p < pEFE ~ 3GPa, YblrySiy shows a LFL ground state with Ap(T) oc T? below
Trrr. With further increasing pressure, the resistivity deviates from LFL behavior,
following Ap(T) o< T™ with n < 2. The temperature exponent decreases continuously

upon increasing pressure, reaching a value of n = 1.2 at p = 5.6 GPa. n = 2 observed

LFL

Zf%) is in good agreement with the previous findings

in the low-pressure range (p < p
(Yuan 2006), whereas n < 2 found at higher pressures contradicts Yuan’s assumption

according to which YblrySiy shows a LFL ground state in the whole investigated pressure
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Figure 3.28: Pressure dependencies of py, A,, and n corresponding to p(T) = po +
A, T" of YbIrySis for p < 5.6 GPa. The closed and semiclosed symbols represent our
results obtained from separate series of measurements, while the open symbols represent
the results obtained by Yuan et al. (Yuan 2006). The dashed lines are guides to the

eye.



68 3 Transport studies of the HF metal YblrySi, under high pressure

range (p < 10 GPa). We note that the previous studies for p < 6 GPa were performed
only down to 250 mK (Yuan 2006) while the lowest temperature of our measurements
is 50mK. We mention that Ap o T™ with a single exponent is only observed below
200mK, except for p = 5.6 GPa.

3.6.5 Effect of magnetic field on Yblr;Siy under pressure

In the following we present the effect of the magnetic field on the temperature
dependence of the electrical resistivity of Yblr,Sis at different pressures. Our discussion
focusses on the results obtained in the region where the system has a PM ground state.

We start with our findings at p = 0.7 GPa, which is exemplary for the region where a

LFL

ZI). Afterwards, we describe the results on the

LFL ground state was observed (p < p
electrical resistivity in the pressure region where NFL behavior is observed down to the
lowest temperatures.

In Figure 3.29a, the electrical resistivity at p = 0.7 GPa is plotted as function of 77 in
different magnetic fields applied parallel to the crystallographic c-axis. Ap(T') exhibits
a T? dependence at low temperatures. Upon increasing magnetic field the temperature
range, where Ap(T) o< T? is observed, extends. A quadratic temperature dependence
of the resistivity is indicative of LFL behavior. Therefore, for further analysis of the
data, the power law p(T) = po + AT? was fit to the data. The evolution of the fitting
parameters, po(B) and A(B) with magnetic field is depicted in Figure 3.29b and 3.29¢,
respectively. The residual resistivity continuously increases from 2.06 puf2cm at zero
magnetic field to 3.41 uQ2cm at 8T, while the temperature coefficient is reduced by a
factor of 8 from 0 to 8 T. Figure 3.29d depicts the change of T, with magnetic field.
At B =0, p(T') shows LFL behavior up to Trr;, = 0.13 K. With increasing magnetic
field the T2 regime extends progressively to higher temperatures, Trrp;, = 0.22K at
B = 8T, indicating that the LFL state is stabilized by the application of magnetic
field. Upon increasing pressure above 3 GPa the low-T" resistivity at zero field starts to
show deviations from the T2 dependence, but LFL behavior is recovered in magnetic
field. This behavior is shown in Figure 3.30. The low-T resistivity at p = 3.1 GPa
is plotted in the upper panel. At B = 0, Ap(T) o T™ with an exponent of about
n = 1.86 revealing NFL behavior down to the lowest temperatures investigated. Upon
applying magnetic field, B > 1T, LFL behavior is recovered at low temperatures as
indicated by the lines in Figure 3.30a corresponding to fits of p(T) = py + AT? to the
data. The crossover temperature to the LFL regime shifts to higher temperatures upon
increasing the magnetic field, from Ty p;, = 0.14K at B = 1T to 0.24K at 8T. The
variation of py and A with magnetic field is similar as observed at p = 0.7 GPa; po(B)
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Figure 3.29: (a) Electrical resistivity of YbIrySi, at p = 0.7 GPa as function of T?

for magnetic fields applied parallel to the crystallographic c-axis. The straight dashed

lines corresponds to a fit of p(T) = po + AT? to the data for T < Tppp. The fitting

parameters py (b) and A (c), together with Tpry, (d) are plotted as function of the
magnetic field.

increases, while A(B) decreases with increasing magnetic field (inset of Figure 3.30a).
The electrical resistivity at p = 4.5 GPa in different magnetic fields is displayed in
Figure 3.30b. In low fields Ap(7T) oc T™ with an exponent of about n = 1.56 at B =0
and n = 1.52 at 1'T. LFL behavior is not recovered by applying magnetic field of 1T,
unlike observed at p = 3.1 GPa. A quadratic temperature dependence of the resistivity
is first observed at B = 4T below Trrr, = 0.16K. At B = 8T, LFL behavior is
observed up to Tppr, = 0.5 K. The temperature dependence of 01n(p(7') — po)/0InT is
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Figure 3.30: Resistivity as function of temperature of YbIr,Siy at p = 3.1 GPa (a)
and p = 4.5 GPa (b) in different magnetic fields (B || ¢). The solid lines represent fits
of p(T) = po + AT? to the data. The arrows mark Tyrr, the upper T limit of the LFL
behavior. The inset in (a) illustrates the evolution of py and A with magnetic field at
p = 3.1GPa. For clarity in (b), the p(T') curve at B = 1 T was shifted by 0.1 2 cm.
The inset in (b) displays 0In(p(T) — po)/0InT at 8 T for p = 4.5 GPa.
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displayed in the inset of Figure 3.30b. d1In(p(T") — pp)/0InT increases upon reducing

the temperature below 1 K and saturates around 2 below 0.5 K.

In the following, we present the results of our resistivity studies on YblIr,Siy in
magnetic field at p = 5.6 GPa (Figure 3.31a). In zero magnetic field, p(7T") shows a
temperature dependence lower than quadratic. Up to the highest investigated field,
B = 8T, the temperature variation of p(7’) is smaller than quadratic in temperature.
For a quantitative discussion we analyzed the data at low temperatures using a fit
p(T) = po+ A, T". The field dependence of py is shown in the inset of Figure 3.31a. For
B < 0.5T, the residual resistivity shows a non-monotonous field dependence: po(B)
initially increases with applying field and passes through a maximum at B = 0.05T
before it starts to decrease. With further increasing field, po(B) reaches a minimum
at B = 0.3T and then increases monotonously up to 8 T. Figure 3.31b shows the de-
velopment of the resistivity exponent, n(B), as function of the applied magnetic field.
At small fields, n(B) increases strongly from 1.2 at B = 0 ton = 1.8 at B = 2T.
Above B = 2T, n(B) saturates at a value of 1.8. Whereas, at the pressures previously
discussed LFL behavior (n = 2) was stabilized in high magnetic fields, at p = 5.6 GPa
a T? dependence of the resistivity is not recovered up to B = 8T and down to the
lowest accessible temperature (7" = 50mK). The NFL behavior is also highlighted in
Figure 3.31c where the temperature dependence of the exponent n, corresponding to the
logarithmic temperature derivative of Ap(T"), is plotted at different applied magnetic
fields. We stress that n(T) = 0ln(p(T) — po)/0In T is almost temperature independent
at B =0 for T' < 1.2K. At finite magnetic fields a rapid increase of n(T) is observed
upon decreasing the temperature from 1.2 K to 0.05 K. Figure 3.32 shows the resistivity
of YblIr,Sis at p = 5.6 GPa as function of the magnetic field at selected temperatures.
The data were extracted from the temperature-dependent measurements shown in Fig-
ure 3.31a. For T < 0.2 K, p(B) exhibits a rather similar behavior: it increases in small
fields then passes through a maximum around 0.05T and starts to decrease upon fur-
ther increasing the field. A positive magnetoresistance is observed at larger magnetic
fields. For T' > 0.3 K, the behavior of p(B) at small magnetic fields (B < 1T) resem-
bles the one observed at lower temperatures. Upon further increasing the field po sk (B)
and pp4k(B) show only a weak increase, while at higher temperatures p(B) decreases
monotonously (inset Figure 3.32). At ambient pressure in YbRhySis (Gegenwart 2007)
and Yb(Rhgg4Irg o6)25i2 (Friedemann 2009), the inflection points of the magnetoresis-
tance taken at different temperatures fall on the 7™ line determined from magnetization,
a.c. susceptibility, and Hall effect, which is related to a breakdown of the Kondo effect.

The existence of the T* crossover line in Yb(Rhg g41r¢ 06)2Si2 at p = 0.46 GPa was shown
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Figure 3.31: (a) Electrical resistivity of YblrySiy vs. T at p = 5.6 GPa at different
magnetic fields (B || ¢). The field dependence of py is displayed in the inset. (b)
The variation of the exponent n with magnetic field. (c) Temperature dependence of
Iln(p(T) — po)/0InT at different magnetic fields. See text for details. The solid lines
in the inset in (a) and (b) are guides to the eye.
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Figure 3.32: Electrical resistivity of YbIrsSi; at p = 5.6 GPa as function of the
magnetic field at selected temperatures. The inset displays the variation of p;k with

the magnetic field. See text for details. The lines serve as guides to the eye.

and discussed in Section 3.4. From our experimental findings on YblrySis at p = 5.6 GPa
it is not possible to extract an inflection point of the p(B) curves in order to look for the
existence of the T* energy scale in YblrySi;. We mention that in YblrySis the magnetic
field was applied parallel to the crystallographic c-axis, while the 7™ energy scale was
observed in YbRhySis and Yb(Rhg g4lrg 06)2Sis for different orientation of the magnetic
field, B L ¢ (Gegenwart 2007, Friedemann 2009).

3.7 Discussion

In this section we discuss the response of the Kondo-lattice system YblrySis to pres-
sure. In the first part the high-T resistivity results are analyzed in terms of the model

of Hanzawa et al. (Hanzawa 1985) and the compressible Kondo model (Lavagna 1983).
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Further, we establish the T'— p phase diagram of Yblr,Sis; and discuss the analogy with
the isostructural YbRhySis. At last, we compare the effect of external pressure and

chemical substitution (pressure) on the ground-state properties of YbRhySis.

Evolution of the Kondo temperature with pressure

In a Kondo-lattice system a broad maximum in resistivity denotes the crossover
from the high-T" incoherent to the low-T" coherent scattering regime. The presence of
CEF splitting affects the electrical resistivity because the occupation probability of the
excited CEF levels changes with temperature. Higher CEF levels become populated
with increasing temperature leading to more states which contribute to scattering pro-
cesses. Thus, if the Kondo temperature and the CEF splitting are comparable a single
maximum is observed in p(7"). This maximum is attributed to the Kondo scattering on
the ground state and on the excited CEF levels. Theoretically, it has been shown that
in the case of Ce-based compounds (J = 5/2) the maximum in resistivity is related to

the Kondo temperature (Hanzawa 1985):

Th = /TrA 1Ay, (3.7)

where A; and A, are the energies of the excited CEF levels and Tk is the Kondo
temperature. In the tetragonal YblrySis system, the J = 7/2 multiplet splits into four
Kramers doublets due to the CEF effect. Extending Equation 3.7 for Yb systems with

three excited levels the position of the maximum in resistivity, 7%, can be estimated:

Tf}é - \4/ TKAIAQAg. (38)

Taking into account Tx = 40 K, determined from the magnetic entropy (Hossain 2005)
and the CEF level scheme A; = 209K, Ay = 290K, and Az = 417K obtained from
inelastic-neutron-scattering measurements (Hiess 2006), we obtain a value of Th =
178 K. The estimated value T% is in good agreement with the experimental value T}, =
170 K at ambient pressure. Therefore, we attribute the maximum of the resistivity at
p = 0 to a combined scattering on the ground-state doublet and on the excited CEF
levels. Thus, in the following, based on our experimental results, we estimate the
pressure dependence of the Kondo temperature using the approach of Hanzawa et al.
(Hanzawa 1985). This model can be applied as long as the Kondo and the CEF energy
scales have the same order of magnitude. Assuming a p-independent CEF level scheme
in the pressure region where p(7) has only one maximum (p < 8.7GPa), Tk can be

calculated taking into account the pressure dependence of T,
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Figure 3.33: Pressure dependence of the Kondo temperature, Tk, of YblrySiy deter-
mined according to Equation 3.9. The line is an exponential fit to the data. See text

for details.

4

Tu(p) = et (39
Ty (p) is displayed in Figure 3.33. The Kondo temperature shows an exponential de-
crease upon applying pressure, as it is expected in the case of Yb-based Kondo-lattice
systems according to the Doniach model. The pressure dependence of Ty can be fitted
with a function of the form Tk (p) = a1 - explas/(p — a3)] (solid line in Figure 3.33)
where ay, ay, and ag are fitting parameters. Therefore, the maximum in p(7') is related

to Tk and is further connected to the product JN(Ep):

1
T T —— |- 1
R ) 10
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The decrease of Ty,q:(p), respectively, Tk (p) upon applying pressure points to a reduc-
tion of the product JN(EF). In the following we assume that the value of the parameter
JN(EFr) depends only on the unit-cell volume, V. In this case, the compressible Kondo
model (Lavagna 1983) can be applied and JN(Er) can be expressed as follows:

V-V
|/N(Er)| = |JN(EFr)|oexp (—q 7 0) , (3.11)
0
where |JN(Er)|o and Vj are the corresponding values at ambient pressure. The pressure
dependence of the unit-cell volume has been calculated using the data presented in

Section 3.6.3. The unit-less parameter ¢ can be defined as a Griineisen parameter of

~ 9ln|JN(Ep)|

'V (3.12)

V=V

It is notable that the parameter ¢ takes negative values for Yb-based compounds and
positive for Ce systems. It is usually taken to be between 6 and 8 (Lavagna 1983). The

Griineisen parameter for the Kondo temperature follows from Equation 3.10 and 3.12:

0ln'Tyk q
- = (3.13)
OlnV |,_,.  [IN(EF)l
Considering Equation 3.10 and 3.11, we obtain a relation between Tk and V:
TK<V):| 4q Vo=V
In|l—=%| =— . 3.14
[TK(VO) |[JN(Er)lo Vo (3.14)
Figure 3.34 shows In | <) %=V e linear dependence of In | <0
igure 3.34 shows In | ———| vs. ————. The linear dependence of In
8 T (Vo) Vo P (Vo)
Vo—-V

on indicates that Equation 3.14 holds in the whole pressure region (p < 8.7 GPa).
A leasto—squares fit to our data yields ¢/|JN(Ep)lo = —96.2. If we assume ¢ = —6,
as suggested by Lavagna et al. (Lavagna 1983), we obtain |JN(Er)|p = 0.06. This
value is similar compared with those reported for the Ce-based HF compounds CeCug
(|lJN(EFr)|o = 0.091) and CelnCus (|JN(EFr)|o = 0.081) (Kagayama 1993), but four
times smaller than the reported value for YbCuyAg (Bauer 1993) (|JN(EF)|o = 0.32).
We note that in the analysis performed on these HF systems the effect of the CEF split-
ting was not taken into account and, therefore, the value of |JN(Er)|op was obtained

by considering Tk (p) < Tnaz(p).
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Figure 3.34: Volume dependence of In[Tx(V')/Tk(Vy)] for YbIrySiy. The line is a
linear fit to the data.

Our analysis underlines the strong interplay between Kondo effect and CEF exci-
tations at elevated temperatures. Upon applying pressure Tk (p) decreases, while the
CEF level scheme is not affected significantly for p < 8.7 GPa. These conclusions are
supported by a scaling of the resistivity data. In Figure 3.35, p(T")/p(Tynaz) is plotted
as function of T'/T,,... The scaled resistivity curves for all pressures up to p = 8.7 GPa
fall reasonably well onto a universal curve for the entire investigated range of temper-
ature. This reflects the dominating influence of the Kondo-scattering processes on the
behavior of the resistivity at high temperatures in this pressure range. One single broad
maximum in the resistivity is observed when Kondo and CEF energy scales have the
same order of magnitude. A further decrease of Tk (p) on increasing p can, therefore,
lead to a splitting of the single maximum. Indeed, in YblrsSiy at p = 8.8 GPa, two
separat maxima are observed in p(7"). One related to Kondo scattering on the ground-

state doublet at low 7', denoted T!°” . and a second maximum at elevated temperatures,

max?
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Figure 3.35: Electrical resistivity of YblrySis normalized to its value at T),,, as func-

tion of reduced temperature T /T ,q. at selected pressures.

denoted T9" related to the Kondo scattering on the excited CEF levels (for details see

max

Section 3.6.2, Figure 3.18). With further increasing pressure, T'°% (p) shifts to lower

max

temperatures continuing the trend of T},...(p), whereas T"9"(p) increases (Figure 3.19),
hinting at a p-dependent CEF level scheme. The changes of the CEF level scheme
upon applying pressure p > 8.8 GPa lead to a breakdown of the scaling behavior of the

resistivity.

Temperature-pressure phase diagram of Yblr,Si-

In the following, we summarize the results of our pressure studies on YblrySis. The
T—p phase diagram (Figure 3.36) illustrates the behavior of the high-7" energy scales and
the evolution of the ground-state properties with pressure. In the low-pressure region
(p S pEF'E = 3GPa) YblrySiy shows LFL behavior at low temperatures, characterized

by Ap(T) o T? whereas at p = 3.1 GPa the resistivity deviates from the quadratic
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Figure 3.36: T — p phase diagram of YbIrySiy. Tpae, T9" and T'°“ correspond
to the maxima in the resistivity. At low temperatures, Ty ry indicates the crossover
temperature to LFL behavior, while NFL marks the region where deviations from the

LFL theory are observed down to the lowest temperatures. T), denotes the magnetic-

LFL

~*% and p. represent the critical pressures for the suppression

transition temperature. p
of Ty, and T,,. The open symbols are taken from Ref. Yuan 2006. The lines are guides

to the eye.
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temperature dependence. Upon further increasing pressure, a broad region (p
p S 8GPa) of NFL behavior is observed down to the lowest temperature accessible in
our setup (50mK). Magnetic order was first observed in YblrsSiy at p = 8.3 GPa at
T,, = 1.4K (see Figure 3.25). The magnetic transition appears to develop suddenly,
hinting at a first-order phase transition at a critical pressure. We define the critical
pressure p. ~ 8 GPa. A sudden appearance of the magnetic transition was found in other
Yb-based HF compounds, such as YbCusySiy (Alami-Yadri 1998). However, we cannot
exclude the possibility that the weak magnetic transition is not resolvable in p(T") below

8 GPa due to the enhancement of the residual resistivity in this region. The magnetic-
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ordering temperature shifts to higher temperatures upon increasing pressure and passes
through a weak maximum at about 10 — 12 GPa. A similar pressure dependence of the
transition temperature was observed in YbRhySis at 4 —5 GPa (Knebel 2006). We note
that the magnetic transition in YblIrySis develops at about the same pressure where the

maximum of the resistivity splits in two separate features (see Figure 3.36).

In the following, we focuss on the NFL behavior observed in YblrySiy at low T
in a wide region of the phase diagram between pZf* < p < p.. Currently, its origin
is not settled. Our measurements show that the magnetic transition develops in a
discontinuous way at p., thus, the existence of a QCP in YbIr,Sis seems to be unlikely.
In this regard, the NFL behavior observed for p < p. cannot originate from the proximity
to a QCP. Nonetheless, we cannot fully exclude the existence of a QCP. If one assumes
that a QCP exists in YblrySiy, the observation of NFL behavior at low temperatures in
an extended pressure region is still difficult to explain, because LFL behavior is expected
to occur once the system is tuned through the QCP (for details see Section 1.3.1).
Nevertheless, the existence of a LFL region at temperatures smaller than 50 mK cannot
be definitely excluded. However, recent experiments on Yb-based HF systems, e.g., 3-
YbAIB, (Nakatsuji 2008, Nevidomskyy 2009), Yb(Rhg.94Ir¢.06)2512 (Friedemann 2009),
and YbRhy(Sigo5Gepps)2 (Custers 2010), reveal the presence of a finite range of NFL
behavior at T' = 0 which was discussed in terms of a spin—liquid-type ground state. The
emergence of the new class of metallic phase pushes the theoretical and experimental

community to look over the HF quantum criticality from a new perspective.

The application of pressure on a material leads to a change of its unit-cell volume.
Here, we compare the effect of pressure on YblrySiy with the results on the isostructural
compound YbRh,Si,. For this comparison pressure was translated into the correspond-
ing unit-cell volume using the data obtained from the X-ray-diffraction measurements on
Yblr,Sis (for details see Section 3.6.3) and YbRhySis (Plessel 2003). Figure 3.37 depicts
the T'— V phase diagram of YblIr,Siy; and YbRhySis. The similarities in the evolution
of the characteristic features determined from resistivity with volume is remarkable. At
p = 0, the resistivity of both compounds exhibits a single broad maximum which is
attributed to the effect of Kondo scattering on the ground state and thermally excited
CEF levels. Moreover, inelastic-neutron-scattering measurements at p = 0 revealed a
similar CEF' level scheme in both compounds (Hiess 2006, Stockert 2006). Upon re-
ducing the unit-cell volume of YbIrySis, Trar (V) mimics the behavior observed in the
Rh-homolog compound. In addition, a splitting of the maximum in the resistivity in
two occurs in both compounds, but at different unit-cell volumes. This is probably

caused by a slightly different evolution of the CEF level scheme with volume in both
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Figure 3.37: T — V phase diagram of YbIrySiy (solid symbols). For comparison the
phase diagram of YbRhsSiy is shown (open symbols) (O, A, V, after Dionicio 2005; o,
after Plessel 2003; +, after Knebel 2005; x, after Mederle 2001). The lines are guides
to the eye.

compounds. The influence of the unit-cell volume on the CEF level scheme seems to
be, however, similar in both compounds. Therefore, our experimental findings suggest
that the unit-cell volume dependence of the energy scales of YblrySis and YbRhsSi, are

similar at elevated temperatures, although they are shifted on the volume axis.

At low temperatures, magnetic order is first observed in YblrySiy at V' = 153.5 A°
at T,, = 1.25 K. As the unit-cell volume decreases, the ordering temperature enters in
a regime with a weak volume dependence, exhibiting a smooth maximum around V =
151 A? for YblrySis, likewise in YbRhySis at V' = 154.5 A® Thus, our results suggest a
similar evolution of the ground-state properties with volume of both Yb-based systems,

although in the case of YblrySiy the response to a change of the volume is shifted
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Figure 3.38: T — V phase diagram of YbIr,Siy (solid symbols) and YbRhySis (open
symbols) (O, A, V, after Dionicio 2005; o, after Plessel 2003; +, after Knebel 2005;
x, after Mederle 2001). The data for YbIrySiy have been shifted by a fixed volume of
V=22 AO3 with respect to YbRhySis. VX'F marks the unit-cell volume where the LFL
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state is suppressed. The lines are guides to the eye.

compared with the isostructural Rh compound. This indicates that the application
of pressure on YblrySi, has additional implications than just a change of the unit-cell
volume. Later in this section we will come back to this topic. In the following, we will
take into account these additional effects by shifting the data of YblrySis on the volume
axis with respect to YbRhsSiy in order to superpose both phase diagrams. We find a
unit-cell volume shift of AV = 2.2 A%, The corresponding T'—V phase diagram is plotted
in Figure 3.38. There is a rather good agreement between the two Yb-based compounds

in both the absolute values of the ordering temperature, Ty,qz, 779" and T'* and also

max ? max
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in their variation with the unit-cell volume. Nonetheless, Figure 3.38 reveals also a
discrepancy in the evolution of the transition temperature with changing the volume;
in YbRhySiy, Ty develops continuously upon reducing the unit-cell volume, whereas in
YblrySis, T}, appears abruptly at a certain volume. Considering that YbRhySi; has
an AFM ground state, it is likely that YblrySiy orders AFM, too. Going further with
this analogy, one would expect a strong increase of the magnetic-transition temperature
and, moreover, a first-order-like transition from a low-moment (LM) ordered state to
a high-momemt (HM) phase to occur in YblrySiy at smaller volumes, like in YbRhySiy
(Plessel 2003). This would correspond to pressures larger than 15.5 GPa. We mention
that this pressure is above our investigated pressure range, p < 15.4GPa. In order
to answer these open questions further investigations on the ground-state properties
of YblIrySiy are desirable. High-pressure neutron-scattering experiments are difficult to
perform due to the reduced size of the available samples. Thus, Mossbauer spectroscopy
on YblrySis under pressure appears to be an essential investigation, aimed to establish

the nature of the magnetic order and also its evolution under high pressure.

A different way to change the unit-cell volume, beside applying external pressure, is
chemical substitution. In YbRhySis, Rh has been substituted by larger Ir or smaller Co
atoms. In order to evaluate the relevance of volume effects on the ground-state prop-
erties of YblrySis, a comparison with the results of chemical-substitution experiments
on YbRhySi, is of interest. The unit-cell volume of Yb(Rh;_,M,)2Siy (M = Ir, Co)
(Krellner 2009) as function of Ir and Co doping are depicted in Figure 3.39. A linear
volume change is observed upon increasing the Ir or Co concentration, respectively. Pos-
itive chemical pressure on YbRhySi, induced by Co substitution stabilizes the AFM or-
dering. The magnetic state of Yb(Rh;_,Co,)2Si, is indicated in Figure 3.39 by the blue-
hatched region. On the other hand, in Yb(Rh;_,Ir,),Sis, the antiferromagnetic state is
suppressed by a small expansion of the unit-cell volume induced by Ir substitution. Sin-
gle crystals with an Ir concentration z < 0.06 show magnetic order at low temperatures
(for details see Section 3.3), while samples with a larger Ir concentration are situated
on the PM side of a concentration-tuned QCP (Westerkamp 2008, Krellner 2009). The
non-ordered ground state of Yb(Rh;_,Ir,)Sip, 2 < 0.17, is represented in Figure 3.39
by the orange-hatched region. There are no studies for samples with Ir concentration
between 0.06 < z < 0.17. As we discussed in Section 3.6, the ground-state properties
of YblrySiy are tuned by pressure from a PM to a magnetically ordered state. The
effect of the application of pressure is similar to the reduction of the unit-cell volume
by substitution, thus our experimental findings on YblIrySis; are shown in Figure 3.39

where different symbols are used to indicate the ground-state properties of the sys-
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Figure 3.39: Unit-cell volume of Yb(Rhy_,M,):Siy (M = Ir, Co) as function of Ir
and Co concentration. The open symbols represent the data for various Ir or Co con-
centrations, after Ref. Krellner 2009. The solid lines are linear fits through the data.
Yb(Rh;_,Ir, );Siy samples with x > 0.17 show a paramagnetic ground state (orange-
hatched region), while in the samples with x = 0.06 and x = 0.025, magnetic order
is observed at low T' (blue-hatched region) (Westerkamp 2008). By substitution of Rh
with Co the AFM order is stabilized. The solid symbols correspond to the unit-cell vol-
ume of YbIrySiy at the indicated pressures. The ground-state properties are indicated
by the different colors of the symbols. The dotted horizontal line denotes the unit-cell
volume where the LFL state was found to be suppressed, VI*'L (Figure 3.38). The

dotted vertical line marks the corresponding critical concentration of Ir.

tem. In YblrySip, LFL behavior is found up to V = 158 A® which corresponds on the
V' — x phase diagram, to a unit-cell volume obtained by small substitution of Rh by Co.
However, the samples along the Yb(Rh;_,Co,)2Siy series show magnetic order at low
temperatures. In this analogy of the effect of substitution and pressure, the broad NFL
region observed in YblrySis is also difficult to understand. Additionally, the comparison

with the V —x phase diagram suggests that magnetic order should appear in YblrySis at
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a unit-cell volume of V = 158.7A” close to the unit-cell volume of Yb(Rhg.g41rg.06)2512,
which was found to order at about Ty = 20mK, but the magnetic order is first ob-
served at much lower unit-cell volumes (V = 153.5 Ag) in YblrySis. Therefore, our
results show, once again, the relevance of additional effects, beside the variation of the
unit-cell volume.

The T — p phase diagram of YblrySiy was presented earlier in this section and is
depicted in Figure 3.36. At p = 0, YblrySis is a PM HF metal with a LFL ground state.
With applying pressure, the ground state changes from LFL to NFL before magnetic
order sets in. In the following we assume that a similar behavior is occurring in the
substitution series Yb(Rh;_,Ir,)2Sis. Thus, using our pressure results on YblrsSiy we
try to estimate the critical concentration of Ir, zf,, at which the LFL behavior would be
expected to develop in the substitution series Yb(Rh;_,Ir,)sSis. As it is illustrated in
Figure 3.38 the data of YblrySis have been shifted on the volume axis by AV = 2.2 A’
to superpose the pressure results on YbRhySi;. This leads, to a shift of the NFL
and LFL regions found in YblrySiy at low temperatures to higher volumes. Thus, the
presumptive volume at which the Tz is suppressed by reducing the unit-cell volume
is identified to be around VCLF L — 159.6A°. Including this value in the V — 2, ¢, phase
diagram (horizontal dotted line) we estimate the corresponding critical concentration of
Ir to be around zf, ~ 0.72. Thus, we would expect that 72 at.% substitution of Rh by
the larger Ir in YbRh,Si, leads to the appearance of LFL behavior at low temperatures
at ambient pressure. Further substitution studies have to be carried out to verify our

estimation.

3.8 Summary

In this chapter, we presented the results of our investigations of Yb(Rhg g4Ir¢.06)2512
and YblrySi; by measurements of the electrical resistivity under hydrostatic pressure
and in magnetic field. The experiments were carried out between 50 mK <7 < 300 K
and in magnetic fields up to 8 T. Additionally, X-ray-diffraction investigations up to
p =~ 26.3 GPa were performed by Dr. K. Sengupta in the group of Prof. Dr. M. Abd-
Elmeguid at the Institute of Physics II, University of Cologne.

Yb(Rhgo4lrg.06)2512 is a HF metal supposed to be situated very close to a QCP
at ambient pressure, with a presumable magnetic-ordering temperature below 20 mK
(Westerkamp 2008). The application of pressure shifts the magnetic transition to higher
temperatures. Moreover, a second magnetic transition appears in the ordered state. At

high temperatures, a single maximum is observed in the resistivity and can be related to
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Kondo scattering on the ground state and on the excited CEF levels. The application
of pressure leads to a reduction of the Kondo temperature. Consequently, a separation
of the effects of Kondo scattering on the ground state and on thermally populated
CEF levels is possible at higher pressures (p > 4 GPa). The T — p phase diagram of
Yb(Rhg.g4Irg.06)2512 and of YbRhySiy can be superposed by shifting the pressure axis
by Ap = —0.06 GPa. This indicates that in Yb(Rhg4lrg 0s)2Sia Ir substitution acts
primarily as negative chemical pressure and disorder effects play only a minor role. Our
results point at the existence of a pressure (volume)-controlled QCP at a hypothetical
negative critical pressure p. ~ —0.25 GPa. This suggests further Ir-substitution studies

to directly access the QCP at atmospheric pressure.

At low pressures (p = 0.46 GPa), Yb(Rhgo4lrges)2Si2 orders magnetically below
Tnp = 0.18K. Upon applying a small magnetic field, B = 50mT, the ordering tem-
perature is suppressed below 50 mK. For B > 50 mT, LFL behavior is observed at low
temperatures. Upon applying magnetic field (B L ¢), the LFL state extends to higher
temperatures. The quasiparticle-quasiparticle scattering cross-section, measured by the
A coefficient, diverges like (B — BA)%™ with a critical field of B4 = 0.02T. An impor-
tant finding of this study is that the T — B phase diagram of Yb(Rhgg4Ir 06)2Sis at
p = 0.46 GPa reveals a similar quantum critical behavior as that of Yb(Rhg g4Irg.06)2512
at ambient pressure. Moreover, indications for the Kondo breakdown have been ob-
served at this pressure. At elevated pressures, i.e., p = 5.63 GPa, two phase transitions
are observed in electrical resistivity at T gy = 1.6 K and T,z = 0.9 K. In magnetic field
of B = 2T, only one feature can be observed, while, at B = 4T, no anomaly in resis-
tivity is visible anymore. In the magnetic state, p(7') has a temperature dependence
smaller than quadratic, while in the PM state LFL behavior is observed at low temper-
atures. With increasing magnetic field, the LFL region becomes larger in temperature.
In the evolution of the residual resistivity with magnetic field, no feature is visible in
the region where the magnetic order is suppressed. The A coefficient is enhanced upon

approaching the critical field, which correspond to an enhancement of m* as B — B..

YblrySis is a HF metal with a PM ground state at ambient pressure situated in
the proximity to a QCP (Hossain 2005). Our analysis of the high-T resistivity indi-
cates a strong interplay between the Kondo effect and CEF excitations at elevated
temperatures. Using the model of Hanzawa et al. (Hanzawa 1985) and the com-
pressible Kondo model (Lavagna 1983) we could determine the evolution of Kondo
and CEF energy scales with pressure. While the CEF splitting is independent of p
for p < 8.7GPa, Tk decreases exponentially in the same pressure range. Due to the

reduced Kondo temperature at p = 8.8 GPa, p(T") shows well separated contributions
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related to the Kondo scattering on the ground state and on the excited CEF lev-
els. With further increasing pressure, the low-7" maximum of the resistivity shifts to
lower temperatures, whereas the high-7" maximum increases, indicating a p-dependent
CEF level scheme. At low temperatures, YblrySis shows a LFL ground state for
p < ptfl ~ 3GPa. With increasing pressure, the resistivity follows Ap(T) oc T
with n < 2. The NFL behavior, observed down to the lowest temperatures, extends
over a broad region of pressure pL¥'t < p < 8 GPa. Our experiments, thus, support the
presence of a new metallic phase in pressure-tuned Yblr,Sis, similar to recent findings
in other HF systems [(Nakatsuji 2008, Nevidomskyy 2009), (Friedemann 2009), and
YbRhy(Sigo5Gepos)2 (Custers 2010)]. The analysis of the low-T" resistivity of YblrySis
in terms of a power law, Ap(T) = A,T", indicates that A,, has a weak variation with
pressure for p < 4 GPa followed by an increase with further applying pressure. The
temperature exponent n decreases continuously upon increasing pressure, reaching a
value of 1.2 at 5.6 GPa. The pressure dependence of p; sk (p), considered as a measure
of po(p), shows only a weak pressure dependence up to about 4 GPa followed by an
strong increase upon further increasing p. At p = 8.3 GPa, magnetic order develops
suddenly above the critical pressure p. ~ 8 GPa hinting at a first-order QPT at p..
At about the same pressure, it was found that the maximum of the resistivity decom-
poses in two features. The magnetic-ordering temperature shifts to higher values upon
increasing pressure and passes through a weak maximum at about 10 — 12GPa. A
similar pressure dependence of the transition temperature was observed in YbRh,Si, at
4 — 5GPa (Knebel 2006). The nature of the transition in YblrySiy is not yet settled.
X-ray-diffraction experiments under pressure show a smooth pressure-induced decrease
of the unit-cell volume. A comparison of the 7" — V phase diagram of YblrySiy with
its Rh homolog, reveals a similar unit-cell volume evolution of the features in p(7),
although in YblrySis, the response of the system to the change of the unit-cell volume
is shifted by AV = 2.2 A compared with YbRhySis. Thus, we can conclude that the
behavior of YblrsSis under pressure is caused by additional effects beyond the volume
reduction. This result is also supported by the analogy of the response of YblrySiy to
pressure with the effect of chemical pressure exerted by alloying YbRh,Sis with the iso-
electronic elements Ir and Co for Rh. The comparison between Yblr,Sis and YbRh,Si,
also suggests that the magnetic order in YblrySiy seems to be AFM in nature. Further-
more, a sudden increase of the magnetic-transition temperature might occur at higher
pressures, as it was found in YbRh,Si, at p = 10 GPa where a first-order-like transition
from a LM state to a magnetically ordered state with a large moment was observed
(Plessel 2003). In YblIrySis, this sudden increase would be expected around 15.5 GPa.
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As we have shown, in the low-pressure regime (p < pZft = 3GPa), Yblr,Sis shows
LFL behavior at B = 0. Upon applying magnetic field (B || ¢) the T? regime extends
progressively to higher temperatures, indicating that the magnetic field stabilizes the
LFL behavior. With further increasing pressure above 3 GPa, the low-T" resistivity
at B = 0 shows deviations from a 72 dependence, but LFL behavior is recovered in
magnetic fields. The magnetic field at which the LFL behavior is recovered increases
with increasing pressure. At p = 5.6 GPa, the temperature dependence of the resistivity
is lower than quadratic over the entire range of the investigated fields (B < 8T). The
temperature exponent at B = 0, n = 1.2, is temperature independent up to 7' < 1.2K
showing NFL over a broad temperature region. The temperature exponent increases
strongly upon raising the magnetic field and, for B > 2T saturates at n = 1.8. This
filed-independent variation of n is rather unexpected and measurements in magnetic
field higher than 8 T would be useful to further study this unusual behavior.

In summary, our investigations have brought important new information for the
understanding of the unusual properties of YblrySis, especially its complex T'— p phase
diagram. However, there are still open questions concerning the evolution of the physical
properties of YblrySiy under pressure. The origin of the broad NFL region is not yet
understood. Moreover, it would be useful to clarify the details of the evolution of the
magnetic-phase transition temperature under high pressure. The nature of the magnetic
ordering and also the size of the magnetic moment are essential missing information.
To elucidate these remarkable properties, further experimental and theoretical efforts

are highly desirable.



4  Pressure studies on the FM
Kondo-lattice system CeRuPO

Quantum phase transitions have attracted great scientific interest in recent years.
In contrast to phase transitions at finite temperatures where thermal fluctuations are
dominant, QPTs, i.e., phase transitions at 7" = 0 are driven by quantum fluctuations.
If the temperature of a phase transition is continuously suppressed to zero temperature
by varying a non-thermal parameter such as pressure, chemical substitution, or mag-
netic field, then a QCP is reached. The theory of magnetic QCPs in itinerant-electron
systems involving the formation of a spin-density-wave has been intensively studied
(Hertz 1976, Millis 1993, Moriya and Takimoto 1995, Lonzarich 1997). In principle,
the physical scenario of a QCP is independent of the type of magnetic order, but the
laws describing the physical properties at low temperatures in the vicinity of a QCP
can be different if the magnetic order is ferromagnetic or antiferromagnetic. The tem-
perature dependencies of several physical properties characteristic for the behavior at a
QCP are summarized in Table 1.1. So far, all experimental studies on FM materials in
the proximity to the region where ferromagnetism is suppressed in their phase diagram
revealed differences from the theoretically expected behavior in the vicinity of a FM
QCP. In systems like MnSi (Pfleiderer 1997) and ZrZn, (Uhlarz 2004), the itinerant-
electron magnetism disappears in a first-order transition on increasing pressure. In fact,
theoretically it was predicted that the quantum ferromagnetic transition in clean itin-
erant ferromagnets is always of first order (Belitz 2005). Among f-electron materials,
most of the theoretical and experimental studies have been focused on AFM QCPs.
This is due to the large number of available AFM systems. Nonetheless, the list of HF
metals which are known to exhibit FM order continues to grow. Systems such as UGe,
(Saxena 2000) and URhGe (Levy 2005) are particularly interesting because they exhibit
a superconducting dome as their FM ordering temperature is tuned toward zero temper-

ature. In comparison with many AFM Ce-based HF compounds, only a small number
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of FM Kondo-lattice systems are presently known. It is anticipated that the Kondo
effect favors AFM order. In FM Kondo-lattice systems, a continuous zero-temperature
QPT from a FM to a PM state has not been observed. For instance, in CeAg and
CePdSb the FM order abruptly disappears at the critical pressure (Cornelius 1997).
In CeRuyGes, the FM phase is completely imbedded in an AFM phase (Siillow 1999),
while the Kondo-lattice system CeAgShs has been shown to switch to AFM order before
becoming a paramagnet (Sidorov 2003). Only in CePt a direct transition from a FM
to a PM state seems to occur, but at a critical pressure of about 12 GPa, where mea-
surements other than electrical resistance are very difficult to perform (Larrea 2004).
Therefore, the existence of a QCP from a ferromagnetically ordered to a PM state in
a Kondo-lattice system appears to be an open question. Moreover, there is no FM
Ce-based system in which superconductivity has been observed. Thus, it is of great
interest to investigate ferromagnetically ordered Ce-based compounds. In this context,
we present a pressure study of CeRuPO, a Kondo-lattice system which orders ferro-
magnetically at 7o = 15K with a Kondo temperature on the order of Tx = 10K
(Krellner 2007). Using pressure as tuning parameter, this material is a candidate to

investigate the physical properties near a FM instability.

The following investigation focuses on the effect of pressure on the ground-state
properties of CeRuPO single crystals. Details about crystal structure and sample prepa-
ration are summarized in Section 4.1. The ambient-pressure properties are presented in
Section 4.2. Here, a brief summary of the ambient-pressure properties of the isostruc-
tural polycrystalline compounds CeTPO (T = Os and Fe) is also included. The evo-
lution of the ground-state properties of CeRuPO under pressure and in magnetic field
studied by means of electrical-resistivity and magnetic-susceptibility measurements is
presented in Section 4.3. An analysis of the low- and high-temperature electrical resis-
tivity of CeRuPO under pressure is presented in Sections 4.4 and 4.5, respectively. The

results are discussed and summarized in a T" — p phase diagram in Section 4.6.

4.1 Sample preparation and crystal structure

CeRuPO single crystals employed in this work were prepared in the group of PD
Dr. C. Geibel at the MPI-CPfS by Dr. C. Krellner and A. Jesche using a Sn-flux
technique (Krellner 2008). The growing procedure was slightly changed compared with
the method described in Ref. Kanatzidis 2005. It consists of two important steps: in
the first step, half of the Sn flux pre-reacts with the phosphorus at 600°C in an Al;O3

crucible which was sealed inside an evacuated quartz tube. In the second step, inside the
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Figure 4.1: The crystal structure of CeRuPO emphasizing the alternating layers of
CeO and RuP. On the right the tetragonal unit cell is evidenced.

Al; O3 crucible, Ce, RuO,, and the other half of Sn were added to the pre-reacted Sn-
P. The crucible was then placed inside a tantalum crucible and heated-up to 1500°C.
After the reaction, the Sn excess was removed in dilute HCl. The crystals have the
form of platelets with metallic lustre. Electron-microprobe and energy-dispersive X-
ray analysis revealed a stoichiometric Ce:Ru:P content and the presence of the oxygen
in the compound. Furthermore, X-ray-diffraction patterns confirmed the formation of
single-phase CeRuPO single crystals (Krellner 2008).

CeRuPO crystallizes in the tetragonal ZrCuSiAs-type of structure with the space
group P4/nmm (Zimmer 1995). The structure is composed of alternating CeO and RuP
layers stacked along the crystallographic c-axis. The crystal structure has 8 atoms in a
tetragonal unit cell and two internal parameters for the position of the Ce and P atoms.
The layered structure together with a schematic drawing of the unit cell are depicted
in Figure 4.1. Electronic-structure calculation revealed a covalent chemical bonding
within the positively (CeO)" and negatively (RuP)~ charged layers, but weak ionic-like
intra-layer bonding (Krellner 2007). The crystal-lattice parameters a = 4.027(3) A and
¢ = 8.256(2) A were determined by X-ray-diffraction measurements on powdered single
crystals (Krellner 2008). The values of the lattice parameters are in good agreement
with those reported for polycrystalline samples (Krellner 2007) and also with those

previously reported for single crystals (Zimmer 1995).
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4.2 Overview of the ambient-pressure properties of
the CeTPO (T = Fe, Ru, Os) family

In heavy-fermion metals, most research on NFL phenomena has focussed on AFM
QCPs; comparatively little is known about FM Kondo-lattice systems. Only studies of
some FM HF compounds exist, e.g., CePdSb (Cornelius 1997), CeRuyGe, (Stillow 1999),
and CeAgSby (Sidorov 2003). Recent theoretical work has shown that a QCP in
a clean itinerant FM is not existing, instead a first-order-like transition is expected
(Belitz 2005). Therefore, investigations of FM systems can bring new information on
the underlying physics around a QCP. Among Ce-based intermetallic compounds, the
CeTPO (T = Fe, Ru, Os) series has triggered a large interest as being Kondo-lattice
systems with a strong tendency to ferromagnetism. In spite of only small differences in
the lattice parameters (see Table 4.1) and electronic configuration, CeRuPO is a ferro-
magnetically ordered Kondo-lattice system, while CeOsPO orders antiferromagnetically
(Krellner 2007). In contrast, CeFePO is a HF metal without long-range magnetic order
but with strong Ce-4f correlation effects and FM fluctuations (Briining 2008). The
reasons which could be responsible for the different ground-state properties of these
systems can be, on one hand, the expansion of the unit-cell volume of CeOsPO and
CeRuPO compared with that of CeFePO. However, it is unlikely that the small changes
in the unit-cell volume can be the main reason for the different nature of the magnetic
order, e.g., the unit-cell volume of CeOsPO is only 0.5% larger than that of CeRuPO.
On the other hand, a common feature of the band structure in the CeTPO family is
the pronounced two-dimensional character. The hybridization between the neighboring

metallic T-P layers is rather weak. The interaction is mediated by the O-2p orbitals

Table 4.1: Lattice parameters of CeTPO (T = Fe, Ru, and Os) and their magnetic
state (Krellner 2009).

CeTPO a(A) c(A) V(A%) | magnetic state

CeFePO | 3.919(2) | 8.330(4) | 127.94(19) -

CeRuPO | 4.028(1) | 8.256(2) | 133.95(10) FM

CeOsPO || 4.031(1) | 8.286(2) | 134.64(10) AFM
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of the non-metallic Ce-O layer. The results of band-structure calculations suggest a
different oxygen hybridization in CeRuPO and CeOsPO, which is believed to be the
reason for the different magnetic ground states (Krellner 2007).

It is worth mentioning that the CeTPO series belongs to the family of RTPnO;_,F,
systems (R: rare earth, T: transition metal, Pn: P or As), which has recently gener-
ated tremendous interest due to the discovery of high-temperature superconductivity
(Kamihara 2008, Chen 2008). Within this class of new SCs the presence of the 3d mag-
netism of the transition metal is thought to be essential for the occurrence of SC. The
interplay between the 3d electrons of the transition metal and the 4f electron of the
rare-earth remains a puzzling issue. In this context, pressure studies on CeRuPO might
also help in the understanding of the physical properties of the CeTPO series. In the

following, we first focus on the ambient-pressure properties of CeRuPO.

4.2.1 Ferromagnetism in the Kondo-lattice system CeRuPO

Ambient-pressure thermodynamic, magnetic, and transport measurements revealed
that CeRuPO is a Kondo-lattice HF metal (Krellner 2008). The magnetization in the
ordered state at T = 2K is shown in Figure 4.2 for magnetic field applied paral-
lel, respectively, perpendicular to the crystallographic c-axis. An anisotropic behavior
with respect to the magnetic-field direction is evident. The magnetization isotherm

for field applied perpendicular to the c-axis increases linearly and then saturates above

ab

@ = 1.2 up. No hysteresis was found. In contrast, for

poH. = 1T with a moment of
field applied parallel to the c-axis a spontaneous magnetization was observed for small
fields with a spontaneous magnetic moment of 0.3 ug. Upon increasing the magnetic
field, the magnetization weakly increases and saturates above H.; with a magnetic mo-
ment of pS,, = 0.43 up. As shown in the inset of Figure 4.2, a hysteresis loop with a
coercive field of pgH,. = 0.1T is observed, suggesting FM order. The magnetization data
indicate that the magnetic moment is aligned ferromagnetically along the c-direction,
while the easy magnetization direction is perpendicular to it. This behavior was inter-
preted as a competition between the CEF anisotropy and the anisotropy of the RKKY
exchange interaction with respect to the z, y, and z components of the magnetic mo-
ment (Krellner 2008). The RKKY interaction which is responsible for the FM ordering
is larger for the z component of the magnetic moment than for the x and y compo-
nents, while the CEF anisotropy leads to a ground state CEF doublet with a larger
saturation moment in the basal plane than along the crystallographic c-axis. Within
this hypothesis, the absence of a hysteresis and the linear increase of the magnetization

for magnetic field applied perpendicular to the c-axis can be explained.
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Figure 4.2: Magnetization of CeRuPO at T' = 2K for magnetic field applied parallel
(circles) and perpendicular (squares) to the crystallographic c-axis. The inset depicts
the hysteresis curve for H || c. After Ref. Krellner 2008.

The presence of FM order and also the magnetic anisotropy in CeRuPO were further
confirmed by magnetic-susceptibility measurements carried out on single crystals along
both crystallographic directions (Krellner 2008). The low-7" d.c. magnetic susceptibility
strongly increases below 14 K and saturates below 5 K, indicating the onset of ferromag-
netic order. As shown in Figure 4.3, x(7') is anisotropic with respect to the direction
of the magnetic field. For H L ¢, the susceptibility increases less pronounced compared
with H || ¢ and shows a small cusp in the ordered state, which is usually found at an
antiferromagnetic phase transition. The complex anisotropic behavior of the system
was suggested as a possible reason for this signature reminiscent of an AFM transition
(Krellner 2008). A similar feature in the susceptibility was also observed in the FM
Kondo system YbNiSn for a magnetic field applied perpendicular to the direction of

the magnetic moment (Kasaya 1991). The temperature dependence of the magnetic
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Figure 4.3: Temperature dependence of the magnetic susceptibility, x(T) = %, of
CeRuPO at yoH = 0.1T for H || ¢ (circles) and H L ¢ (squares). The inset shows the
temperature dependence of 1/x at ygH = 1T for both field directions together with
the Curie-Weiss fits for T > 150 K. After Ref. Krellner 2008.

susceptibility of CeRuPO between 2 K and room temperature is displayed in the inset
of Figure 4.3 as x }(T). The high-temperature susceptibility of CeRuPO follows a
Curie-Weiss law above T' > 150 K for both crystallographic directions. The estimated
effective magnetic moment p.ry = 2.4 pug for both directions is very close to the value
of free Ce®t (pepp = 2.54 up) (Krellner 2008). Due to the strong anisotropy there is a
marked difference in the extrapolated values for the Curie-Weiss temperature for the

different crystallographic directions, 65, ~ —250K and 0% ~ +4.2 K (Krellner 2008).

Specific heat of polycrystalline CeRuPO, plotted as C* vs. T, is displayed in
Figure 4.4. The phonon contribution, determined from LaRuPO, was subtracted to
obtain C*/ (Krellner 2007). A M-type anomaly occurs in C*/ at Tg = 15K indicating
a second-order phase transition to the ferromagnetic state (Krellner 2007). The Som-

merfeld coefficient v = 77 mJ/mol K? was estimated by extrapolating the total specific
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Figure 4.4: Temperature dependence of the magnetic part of the specific heat of
polycrystalline CeRuPQO. The \-type anomaly at T = 15K indicates the transition to
the FM ordered state. The inset shows the specific-heat anomaly for different magnetic
fields. After Ref. Krellner 2007.

heat C(T)/T (T < T¢) to zero temperature. This value is enhanced by a factor of
20 compared with the value observed for LaRuPO (7/* = 3.9mJ/mol K?) evidenc-
ing 4 f-correlation effects. A broad Schottky anomaly in C*/(T) was observed around
T = 30K, which can be explained by excited CEF levels. For Ce?" with J = 5/2 in a
tetragonal environment, one expects a ground-state doublet and two excited doublets
for the CEF level scheme. In CeRuPO, the two excited Kramers doublets were esti-
mated to be at 6 and 30 meV above the doublet ground state (Krellner 2007). The FM
nature of the magnetic transition is also indicated by the shift of the anomaly in spe-
cific heat to higher temperatures with increasing magnetic field (inset Figure 4.4). It is

important to note that the order of magnitude of the Kondo temperature is Tx ~ 10K
(Krellner 2007).
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Figure 4.5: Temperature dependence of the electrical resistivity, p(T'), at ambient
pressure of single crystalline CeRuPO for I | c¢. The shoulder-like feature observed in
p(T) is denoted as T4, (dotted arrow). The transition to the ferromagnetically ordered
state is visible as a kink in p(T) at Tc = 14K (lower inset). The resistivity follows a
power-law dependence, Ap(T) o< T? for T < 4K (upper inset).

We performed electrical-resistivity measurements at ambient pressure for tempera-
tures between 0.35 K < T < 300 K with current flowing perpendicular to the crystal-
lographic c-axis. Measurements with current along the c-axis could not be performed
due to the reduced thickness of the samples. As seen in Figure 4.5, the electrical resis-
tivity has a linear T' dependence from room temperature down to about 150 K. With
further decreasing temperature the resistivity passes through a shoulder-like feature
around T,., = 70 K before it drops indicating the onset of coherent Kondo scattering
due to the hybridization between the localized 4f and the conduction electrons. At
lower temperatures a kink around 14 K is observed (lower inset in Figure 4.5). The
anomaly observed in our electrical-resistivity measurements at 14 K is in good accor-
dance with previous resistivity studies (Krellner 2008) and, furthermore, in agreement

with T obtained from C(7') and x(7") measurements (Krellner 2008). At low temper-
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Figure 4.6: Temperature dependence of dp(T)/0T of CeRuPO for B | ¢ (a) and
B 1 ¢ (b) (Krellner 2008).

atures in the ordered state, p(T") follows a quadratic temperature dependence below
4K, indicating a LFL ground state. In the upper inset of Figure 4.5, the solid line is a
fit according to p(T) = py + AT?. The values of the residual resistivity py = 6 4 cm
and of the temperature coefficient A = 0.12 u2ecm/K? are in good agreement with
the reported values (Krellner 2008). The residual resistivity ratio of CeRuPO single
crystals, psoox/po = 30, is smaller compared to pspok/po = 50 of the polycrystalline
samples previously investigated (Krellner 2008). The magnetic contribution py,q, (1)
to the total resistivity can be obtained by subtracting the phonon contribution p,,(7")
from p(7). Usually, p,n(T") may be estimated from the resistivity of the La reference

compound. Since the room-temperature resistivity of LaRuPO is one order of mag-
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nitude larger than pspox of CeRuPO, the estimation of py,.4(7T") of CeRuPO was not
possible. This high value of the resistivity of LaRuPO is not intrinsic to the material.
It can be ascribed to the granularity of the sample (Krellner 2007).

The resistivity drop at the FM ordering temperature leads to a peak in the tem-
perature dependence of the derivative of the resistivity. dp(7)/0T curves in different
magnetic fields applied parallel and perpendicular to the crystallographic c-axis are
shown in Figure 4.6. The temperature dependencies of dp(T')/0T at zero and in ap-
plied magnetic field resemble those observed in the specific heat (see inset Figure 4.4).
With increasing magnetic field, the peak in the derivative of the resistivity broadens
and shifts to higher temperatures. At B = 0, dp(7T")/0T shows a peak at about 13K
while at B = 7T (B || ¢) the peak is found at 16.4 K. The position of the peak shows a
stronger field dependence for B L ¢ compared with B || ¢. This behavior can be related
to the higher saturation moment in the basal plane, which leads to a larger free-energy

gain in the external magnetic field.

4.3 Evolution of the ground-state properties of

CeRuPO under pressure

In this section, we study the effect of pressure and magnetic field on the mag-
netic transition of single-crystalline CeRuPO by means of electrical-resistivity and a.c.
magnetic-susceptibility measurements. The characterization of the single crystals at
ambient pressure was already described in Section 4.2.1. Electrical resistivity was mea-
sured in two different pressure cells using different crystals from the same batch: a
piston-cylinder-type pressure cell for pressures up to 3 GPa utilizing a liquid pressure-
transmitting medium and a Bridgman-type pressure cell for pressure up to 10 GPa
using a solid pressure-transmitting medium. The electrical-resistivity measurements
were performed in the temperature range 50 mK < 7" < 300 K and in magnetic fields
up to 9T. Details of the experimental setup and of the sample preparation are presented
in Chapter 2. Typical sample dimensions were A = (837 x 32) yum? and [ = 1056 um for
the piston-cylinder-type pressure cell and A = (150 x 25) um? and | = 660 um for the
Bridgman-type pressure cell. Details of the a.c. susceptibility-measurement technique
are briefly summarized in Section 2.1.4. The x,. experiments were carried out with
the help of Dr. E. Lengyel. These measurements were carried out for pressures up to
2.04 GPa, temperatures down to 1.8 K, and magnetic fields up to 9T. The a.c. suscep-
tibility data presented in this chapter are shown in arbitrary units (a.u.). Nevertheless,

the given values of x,... for both real and imaginary parts are estimated in the following



100 4 Pressure studies on the FM Kondo-lattice system CeRuPO

T T T
NM 5 T T T
~—
: |
< CeRuPO
2
~ m 0.5GPa 1 Ilc .
T sl 0 12GPa |
?g‘ v 1.8GPa
} ¥ 4 2.9GPa | .
* 32GPa
-10 | \ | )
5 7(K) 10 15 B rrrr

<R
||||||||||||||||||||||l||l||||||||||||||l|ll T ] PO

f
it
e =
! waea
!
"

0 | 5 | 10 | 15 | 20
T(K)

Figure 4.7: Temperature dependence of the normalized electrical resistivity,
p(T)/psoox, of CeRuPO for 1.8 K < T < 20K at various pressures. The magnetic-
transition temperature is indicated by arrows. Inset: 0*p(T)/0T? at different pressures.

The arrows indicate the magnetic-transition temperature.

way: for each pressure we measured the SC phase transition of a piece of Pb placed
next to the sample and used it as pressure sensor. The height of the jump obtained in
the real part of the susceptibility, Axpp, is then used to normalize the measured signal
of the sample. Thus, despite of the arbitrary units the real and the imaginary parts
of the susceptibility, fully reflect the susceptibility of the sample and are, therefore,
comparable for different pressures. Usually, the data for the real part are shifted on the

vertical axis, therefore, we present the data as Ay, ..

The temperature dependence of the normalized electrical resistivity, p(T")/pso0k, of
CeRuPO for T" < 20K at different pressures is displayed in Figure 4.7. The anomaly

in the resistivity, which corresponds to the magnetic-transition temperature, is indi-
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cated by the arrows. Starting as a small kink in p(7") at T = 14K at atmospheric
pressure, the feature becomes more pronounced upon increasing pressure. The tran-
sition temperature is defined as the temperature where the second derivative of the
resistivity, 9%p(T)/0T?, shows a minimum (inset of Figure 4.7). The ferromagnetic
transition moves toward lower temperatures upon applying pressure, as expected from
the Doniach model in the case of Ce-based intermetallic compounds (Doniach 1977). A
decrease of the ordering temperature with increasing pressure is caused by the strength-
ening of the Kondo interaction with respect to the RKKY interaction. At p = 2.9 GPa,
CeRuPO orders magnetically at 4.3 K. With further increasing pressure (p > 3.2 GPa)
no indication of any anomaly can be observed in p(7T") down to the lowest accessible
temperature (50 mK) anymore. The pressure dependence of the ordering temperature

will be discussed later in this section.

Figure 4.8 depicts the results of the a.c. magnetic-susceptibility measurements on
CeRuPO at different selected pressures. The a.c. field was applied parallel to the crys-
tallographic c-axis, in the supposed direction of the magnetic moment (Krellner 2008).
At p = 0.11 GPa, a rapid increase in x, . (1) with lowering the temperature signals the
transition from a PM to a FM state. The maximum of the sharp peak is taken to define
the ordering temperature. By contrast to the lower pressures, at p = 1.01 GPa the am-
plitude of the Y, . peak is strongly reduced, suggesting that the type of magnetic order
is changed to AFM. As one can see in the x,, . (T') curve recorded at p = 1.01 GPa, an-
other feature is observed above Ty = 10.44 K at about 11.8 K. We denote it as T'x. This
feature is observed in a.c. susceptibility measurements for pressures above 0.71 GPa in
both, the real and the imaginary parts. Furthermore, this anomaly shifts to lower tem-
peratures as pressure increases and is suppressed by applying a small static magnetic
field of B = 0.01T or by increasing the B, . field. Currently, the origin and the nature
of T'x are not known. As we expect in case of Ce-based systems, the magnetic order is
suppressed by pressure, thus at 2.04 GPa the magnetic order is detected in X;.C. (T) at
T =7.55K.

The strong decrease of the amplitude of the anomaly in x, . (T) for p > 1.01 GPa
suggests that the type of the magnetic order changes from FM to AFM by increasing
pressure. Similar to X;_C_(T), the imaginary component of the susceptibility shows a
significant change by application of pressure. For p > 1.01 GPa, no anomaly corre-
sponding to the magnetic transition can be observed in x, , (T'), despite of a very large

peak which we detect at lower pressures. This supports our suggestion of a pressure
induced change from FM to AFM order in CeRuPO.
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Figure 4.8: Temperature dependence of the a.c. susceptibility, AX;,C,, of CeRuPO at
various pressures. The transition temperatures, T and Ty, are indicated by arrows.
The origin of the anomaly at T is unknown. For clarity, the x, . (T) curves at p =
1.5 GPa and 2.04 GPa are enlarged in the inset.

Additional information concerning the nature of the magnetic transition are obtained
from changing the driving field. Since a FM material below T responds to magnetic
field changes by domain wall movement (DWM), an increase in the amplitude of the
a.c. modulation field leads to a change of the position of the maximum and of the
width of the anomaly. At an AFM transition this effect is not present. In CeRuPO at
p = 0.71 GPa, the influence of the a.c. field on both the real and imaginary components
of the a.c. susceptibility is shown in Figures 4.9a and 4.9b, respectively. In the PM
state, all magnetic-susceptibility curves are indistinguishable, whereas in the magnetic
state, the temperature dependencies of both y, . and ¥, . display a nearly symmetric
peak with a maximum at T},,. The magnitude of the y, . peak increases by a factor of

2 when the a.c. field amplitude increases from 0.13mT to 2mT and that of the x| .
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Figure 4.9: Temperature dependence of the real (a) and imaginary (b) parts of the
a.c. susceptibility of CeRuPO at p = 0.71 GPa at different modulation fields B, ... The
evolution of the position of the peak in x,, .(T) and x, , (T) with B,.. is displayed in
the inset of (b).

peak by about 3.5 times. Furthermore, the positions of both peaks shift toward lower
temperatures as the a.c. field increases. As one can see in the inset of Figure 4.9b,
the dependence of T,, on B,. is stronger in the case of y, . as compared to X, ..
The imaginary component of the a.c. susceptibility reflects the energy-loss processes
in a FM material due to its absorption by the domain walls during their excitation.
Thus, the shift of the y, . peak in CeRuPO to lower temperatures with increasing the
a.c. field indicates that B,. = 2mT is strong enough to excite the DWM at 10K,
while an a.c. field of 0.13mT can only excite DWM at higher temperatures of about
~ 11.25 K. Furthermore, the nearly exponential dependence of the Xg.c. peak position
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Figure 4.10: Temperature dependence of the real component of the a.c. susceptibility
of CeRuPO at p = 1.01 GPa as function of the a.c. field. The arrows mark the AFM

ordering temperature Ty and the anomaly at Tx.

on the amplitude of the a.c. field (inset Figure 4.9b) indicates that the excitation of the
domain walls is thermally activated. Figure 4.10 depicts the temperature dependence
of the real part of the a.c. susceptibility of CeRuPO at p = 1.01 GPa at different a.c.
fields. Unlike the findings at p = 0.71 GPa, the x, . peak at Tl is independent of the
driving field, suggesting the AFM nature of the magnetic transition. As we already

mentioned, the anomaly observed at T’y is suppressed by increasing B, ...

The evolution of the magnetic transition with pressure is depicted in Figure 4.11.
There is a good agreement between the results obtained from p(7") measurements using
piston-cylinder- (open symbols) and Bridgman- (closed symbols) type pressure cells
and those from the x,. (7)) experiments. The FM order observed at ambient pressure
at 14 K shifts to lower temperatures upon applying pressure, so that at p = 0.87 GPa
the system orders ferromagnetically at T = 10.16 K. With further increasing pressure

(p > 1.01 GPa), the nature of the magnetic order changes to AFM. Thus, we estimate
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Figure 4.11: Pressure dependence of the magnetic-ordering temperatures, T and Ty,
of CeRuPO. The anomaly observed in x,.. measurements at T'x is indicated by 4. The
open and solid black symbols are the results obtained from p(T) measurements using
piston-cylinder-type and Brigdman-type pressure cells, respectively. The dashed lines
at p* and p. mark a change in ground state of the system from FM to AFM and AFM
to PM, respectively. The lines are guides to the eye.

the pressure at which this change occurs to be p* ~ (0.87 <+ 1.01) GPa. The Néel
temperature is suppressed continuously by increasing pressure to Ty = 4.3K at p =
2.9 GPa. Above this pressure, i.e., at p = 3.2 GPa, no indication of a magnetic transition
can be observed in p(7") down to the lowest accessible temperature of 50 mK, suggesting
that the magnetic order is suppressed first-order like. Therefore, we estimated the
critical pressure to be p. = 3GPa. The similar slope of the ordering temperature
in the FM and AFM state hint at the same energy scale determining the size of the
magnetic-transition temperature.

The effect of the magnetic field on the ground-state properties of CeRuPO was
studied in the different regions of the phase diagram, namely in the FM (p < p*), AFM
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Figure 4.12: Temperature dependence of the real component of the susceptibility,
Xoe, Of CeRuPO at p = 0.71GPa at different applied magnetic fields (B || ¢). At
B = 0, the ordering temperature Ty is marked by an arrow. For B > 0, X;.c. passes

through a maximum which is denoted by T,,. The inset depicts T,, vs. magnetic field.

(p* < p < pe), and PM (p > p.) regions. The three distinct regions are emphasized
in Figure 4.11. We start with the magnetic-field dependence of the physical properties
of CeRuPO in the FM region. Figure 4.12 shows the temperature dependence of the
real component of the susceptibility, X;.c_, at p = 0.71 GPa at different magnetic fields
(B || ¢). At B = 0 and 0.01T, the susceptibility depends on the amplitude of the
a.c. field, while for B > 0.05T such a behavior is not observed anymore. Therefore,
in Figure 4.12 the curves at B = 0 and 0.01 T were measured with B,. = 0.13mT,
while for B > 0.05T, B, .. was increased to 0.4mT allowing a better resolution of the
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measured signal. In B = 0, y, . (T) increases rapidly with decreasing temperature as the
FM transition at T = 11.52 K is approached and then decreases as the temperature is
lowered further. For B > 0, x,, . (T) displays a peak structure similar to that observed
at B = 0. T, is assigned to the position of the maximum of these curves. As the
applied field increases the peak decreases in amplitude, becomes broader and moves
upward in temperature. Such a magnetic-field dependence is a direct manifestation of
critical fluctuations in a system approaching a PM to FM transition. This behavior is
similar with the findings observed at p = 0 (for details see Section 4.2.1). The evolution
of T, with applied field shows a (T, — T¢) < B* dependence (inset Figure 4.12). A
fit of the T,,,(B) data yields A = 0.594. The imaginary component of the susceptibility,
X .. (not shown), has a strong 7" dependence for small magnetic fields (B < 0.01T)
reflecting the energy losses caused by domain-wall movements, whereas a nearly zero
value for X;.c. is detected at B > 0.05T suggesting that the reversible rotation of the

magnetic moments is the only contribution to the a.c. susceptibility.

In the following, we move to the AFM region of the T'— p phase diagram of CeRuPO
(Figure 4.11). The temperature dependence of the electrical resistivity of CeRuPO at
p = 1.8 GPa in various magnetic fields applied parallel to the crystallographic c-axis is
depicted in Figure 4.13a. As the temperature is reduced below 20K, p(T') decreases
smoothly. A weak kink is observed when the system enters the ordered state. The
magnetic-ordering temperature is determined as the minimum of the second derivative
0?p(T)/OT? (inset Figure 4.13a). At B = 0, the transition temperature is found to
be Ty = 7.37K. The application of magnetic field, B || ¢, shifts the anomaly to lower
temperatures, as expected for an AFM phase transition, so that at B = 8 T the ordering
temperature is Ty = 4.37TK. At B = 3T, a second anomaly is visible above Ty =
6.75 K, at about 9.5 K denoted 7,,,. With increasing magnetic field, 7T, shifts to higher
temperatures which indicates a magnetic state which is most probably dominated by
ferromagnetic interactions. Since at ambient-pressure magnetic-susceptibility and p(7')
measurements revealed an anisotropy in CeRuPO (see Section 4.2.1), we also performed
resistivity investigations in magnetic field applied perpendicular to the crystallographic
c-axis (Figure 4.13b). The evolution of Ty and T, with magnetic field for B L ¢
is similar with that obtained for B || ¢. At p = 0, the anomaly in the resistivity
associated with the magnetic transition, 7),, shows a stronger field dependence for
magnetic field applied perpendicular to the crystallographic c-axis than for B || ¢ (see
Figure 4.6, Section 4.2.1). At B = 7T, a difference of about 4 K between T,,, observed
for different orientations of the magnetic field evidences a strong anisotropy in the

electrical transport in the system. Within the limits of the error bars, our measurements



108 4  Pressure studies on the FM Kondo-lattice system CeRuPO

200 : | : | : |
CeRuPO
»=1.8GPa
Blcllc
160 |-
g
3)
G
2
< i
120 b 5
G
3
I
S s
NQ
«Q
-10
80
(a) 1 1 1
0 5 10 15 20
T (K)
CeRuPO
200 | p=183GPa
Blc;Ilc
B (T)
— 0
— 1
160 | S 3
g 2 J{\ 3
G = of [
3 g tr
Q 120— E; m
S0t -
/ N\Q
«Q
80 -40_..|.l.*.TN.|....|_
5 10 15
(b) " 1 " 1 " TI(K) " |
0 5 10 15 20

T (K)

Figure 4.13: Temperature dependence of the electrical resistivity of CeRuPO at p =~
1.8 GPa in different magnetic fields for B || ¢ (a) and B L ¢ (b). The measurements
were performed in Bridgman- and piston-cylinder-type pressure cells, respectively. The

insets show 8?p(T) /OT? for different magnetic fields. The arrows indicate the magnetic-

transition temperatures.
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Figure 4.14: Temperature dependence of the real component of the magnetic suscepti-
bility of CeRuPO at p = 1.77 GPa in different magnetic fields (B || ¢). The arrows mark
the temperatures at which magnetic phase transitions and anomalies are observed, Ty,
T,,, and Tx.

at p = 1.8 GPa show no difference in the values of Ty (B) and T,,(B) for field applied
along different crystallographic directions. This result might suggest that the anisotropy
is reduced at higher pressures.

The magnetic-susceptibility investigations at p = 1.77 GPa evidence a similar be-
havior of CeRuPO in applied magnetic fields (B || ¢) (Figure 4.14) as was found at
p = 1.8GPa in our p(T") measurements. At B = 0, the AFM transition is seen in
Xoo(T) as a peak with the maximum at Ty = 7.58 K. For low magnetic fields, the peak

decreases in amplitude and moves toward lower temperatures as the applied magnetic
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Figure 4.15: T — B phase diagram of CeRuPO at p ~ 1.8 GPa. The solid and
open symbols are the results obtained from p(1") measurements using piston-cylinder-
(B L ¢) and Brigdman- (B || ¢) type pressure cells, respectively. The half-filled symbols
represent the transition temperatures obtained from a.c. susceptibility (B || ¢). The

lines are guides to the eye.

field increases. As we have already observed in our p(7) measurements, at elevated
fields another magnetic transition appears. The x|, . (T) curve at B = 5T shows, ad-
ditional to the AFM phase transition at Ty = 6.9 K, a weak anomaly at 7T,, ~ 7.35 K.
In good agrement with the p(T") results, the position of this anomaly moves to higher
temperatures upon increasing magnetic field. Again, the magnetic-field dependence as
well as the shape of this anomaly in Y, . (7') hints at the presence of FM correlations
(see, e.g., B =9T). Starting from the value of the magnetic field where the anomaly at
T,, is first observed, the peak in x, . (T) related to the AFM transition sharpens, which
might suggest a first-order-like transition from a FM to an AFM state. The evolution of
the ordering temperatures with magnetic field at p ~ 1.8 GPa is illustrated in the T'— B

phase diagram shown in Figure 4.15. There is a good agreement between our results
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Figure 4.16: Temperature dependence of the real (a) and imaginary (b) parts of
Xa.c(T) of CeRuPO in B=1T (B || ¢) at different p. The arrows mark the ordering

temperatures. For clarity, in both figures the data are shifted on the vertical axis.
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obtained from p(7") and x,. (7") measurements. It is worth mentioning that for p > p*,
the magnetic field above which two phase transitions can be observed is increasing upon

increasing pressure.

The pressure dependence of the real and imaginary parts of the a.c. susceptibility of
CeRuPO for B = 1T is presented in Figure 4.16. For p < 0.71 GPa only the anomaly at
T,, corresponding to a ferromagnetically ordered state can be detected in both X;.c. and
X;.c.' For p* < p < 1.3GPa a second anomaly can be observed below T,,, denoted Ty.
This reflects the transition from a FM to an AFM order. In this pressure range, T,,(p)
continues to decrease, while Ty (p) is increasing with increasing pressure. As Ty(p)

and T,,(p) are coming closer to each other with increasing the pressure, the anomaly in
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Figure 4.17: (a) Temperature dependence of the electrical resistivity of CeRuPO at
p = 2.3GPa at different magnetic fields (B || ¢). (b) 8*p(T)/dT?, as function of the
magnetic field. The arrows mark the transition temperature Ty . The inset presents the

magnetic-field dependence of Ty. The line is a guide to the eye.
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X:z.c. at T is sharpening, suggesting that the transition from the FM to the AFM state
becomes first order. This is also reflected in the imaginary part of the susceptibility
(see Figure 4.16b). Here, the anomaly at Ty cannot be observed at p ~ 0.87 GPa but
it becomes evident for p > 1.01 GPa, supporting a first-order nature of the transition
from the FM to the AFM order. Above p ~ 1.3 GPa, only the phase transition at Ty
can be detected in the real part of the susceptibility at B = 1T. No corresponding
anomaly can be resolved in x, . (T'), hinting at a second-order AFM phase transition in

this pressure range.

In the following we focuss on effects of the magnetic field on the electrical resistivity
of CeRuPO at p = 2.3 GPa. The electrical-resistivity curves are depicted in Figure 4.17.
p(T) decreases as the temperature is lowered. At Ty, p(T') exhibits pronounced drops.
Upon applying magnetic field the AFM transition temperature is suppressed as it is
shown in the B — T phase diagram illustrated in the inset of Figure 4.17. Unlike at
p = 1.8 GPa where a second anomaly develops in magnetic field, at this pressure only
one transition is observed up to the highest applied field (B = 9T), suggesting a change
in the ground-state properties of CeRuPO for p > 2GPa. We mention that no y,..
data are available at this pressure. Therefore, to confirm our assumption additional

measurements have to be performed.

Further on, we examine the influence of the magnetic field on the electrical resistivity
of CeRuPO in the PM region of the T'— p phase diagram (Figure 4.11). The p(T)
data at p = 4.6 GPa for temperature 50mK < 7" < 2K and magnetic fields up to
B = 6T are depicted in Figure 4.18a. The magnetic field was applied parallel to the
crystallographic c-axis. At low temperatures, the electrical resistivity shows a quadratic
temperature dependence in the entire investigated magnetic-field range. This behavior
of the resistivity is clearly visible by plotting p(T) vs. T?, as it is shown for B = 0 in
the inset of Figure 4.18a. The deviation of p(T) vs. T? from the straight line above
Trrr, indicates the crossover to NFL behavior. The results of analyzing the p(7") data
according to p(T) = py+ AT? are included in Figure 4.18. The evolution of py with the
magnetic field is shown in Figure 4.18b. po(B) decreases for fields up to 2 T followed by a
weak field dependence. The temperature coefficient A decreases linearly upon increasing
magnetic field (Figure 4.18¢), suggesting a decrease of the heavy quasiparticle mass m*
with increasing field. In Figure 4.18d, the evolution of T, r; with magnetic field is
depicted. As the field increases, the temperature range of the 7% dependence of p(T)

expands indicating a stabilization of the LFL behavior with increasing the magnetic
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field. In the entire PM region of the 7' — p phase diagram of CeRuPO, we find LFL
behavior at low temperatures. A detailed analysis of these data will be presented in
Section 4.4.2.
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Figure 4.18: (a) Low-T electrical resistivity of CeRuPO at p = 4.6 GPa for different
magnetic fields. In the inset, p(T) is plotted against T?. The dashed line describes
Ap(T) o< T?. The magnetic field dependence of the parameters py (b) and A (c) ob-
tained from a fit of p(T) with p(T) = py+ AT?. (d) Evolution of the upper temperature
limit, Tyrr, of the T? dependence of p(T) with magnetic field. The dashed lines are
guides to the eye.
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4.4 Electrical-resistivity studies on CeRuPO at low

temperatures

The low-temperature properties of several HF systems can be described within the
LFL theory (see Section 1.2), e.g., the electrical resistivity follows a quadratic temper-
ature dependence. Provided that CeRuPO orders magnetically at low temperatures,
there is at least one additional scattering mechanism that contributes to the electrical
resistivity, which is associated to electron-magnon interaction. In this section we will
discuss the behavior of the electrical resistivity of CeRuPO at low temperatures. At
the beginning, we focuss on the resistivity of CeRuPO in the ordered state, p < 3 GPa,
followed by a description of the ground-state properties in the PM regime above 3 GPa.

4.4.1 Electrical resistivity in the magnetically ordered state

The interaction between magnons and conduction electrons in a magnetic metal con-
tributes to the electrical resistivity along with the electron-phonon, electron-electron,
and electron-impurity scattering. It has been shown that at temperatures below the
magnon energy gap A, the electron-magnon resistivity falls off exponentially with de-
creasing temperature (Mackintosh 1963, Andersen and Smith 1979). It was suggested
that the temperature dependence of the resistivity in a FM metallic system with a
magnon energy gap is proportional to 72e~*/T (Mackintosh 1963). Few years later,
Andersen and Smith (Andersen and Smith 1979) predicted that, at low temperatures,
the resistivity can be described by Ap(T') oc Te=2/T.

In general, the resistivity associated with electrons scattering off an arbitrary type

of boson excitation, e.g., magnon or phonon, is given by (Andersen and Smith 1979)

huwy
mmaN(0) [2kr k3 g kpT
pp(T) = 7/0 Edk/ 119l — (4.1)
4 sinh? i
2kgT

where n = k% /372 is the number density of the charge carriers, N(0) = (mkr)/(2mh?)
is the density of states per spin at the Fermi level, 2kr represents the maximum wave-
vector transfer, g; is the electron-boson coupling, and Aw;; is the boson energy for a given
wave vector k. The application of Equation 4.1 leads, for electron-phonon scattering, to
the Bloch law Ap(T') o< T° since |gz|* o k (Andersen and Smith 1979). In the electron-

magnon case, when the gap A = 0, the resistivity is proportional to 72 and T° for an
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isotropic ferromagnet and antiferromagnet, respectively (Andersen and Smith 1979). If
a gap is present in the magnon spectrum, in the case of an anisotropic FM material,
the electron-magnon coupling is independent of k and the energy dispersion relation
of the magnons is expressed by hwp = A + Dk?, where D is the spin-wave stiffness
(Andersen and Smith 1979). The total resistivity in the ordered state in this case is
expressed as (Andersen 1980)

2T
p(T) = po + AT? + bTA (1 + K) e AT (4.2)

where pg is the residual resistivity, the second term accounts for the electron-electron
scattering, and the exponential term corresponds to the contribution of the magnon
modes. b is a constant for a given material and depends on the spin-wave stiffness like
D x 1/ Vb, such that the softer the magnons are the larger this contribution to the
resistivity is.

In the case of an anisotropic AFM system, the electron-magnon coupling depends
on k and the energy dispersion relation is given by hw; = VAZ + Dk2. Thus, the
resistivity for an AFM system for 7' < A is given by (e.g., Continentino 2001)

1+2T+2T2
3\ A 15 \A

where the exponential term corresponds to the contribution of AFM magnons with

p(T) = po + AT? + dA3?T2e=2/T , (4.3)

a gap A in the spin-wave excitation spectrum and the coefficient d is related to the
spin-wave stiffness by D oc d=%/2.

At ambient pressure, CeRuPO orders ferromagnetically at low temperatures (see
Section 4.2.1). It presents a large magnetic anisotropy, thus one might expect the occur-
rence of a gap in the spectrum of the magnetic excitations. Below T, the electrical re-
sistivity of CeRuPO is well described by Equation 4.2 and the fit below 80% of T (solid
line in Figure 4.19a) yields py = 6.08 uQ2em, A = 0.14 uQem/K?, b = 0.28 uflem /K2,
and A = 32.8 K. The values of the temperature coefficient A and of the residual resis-
tivity po are consistent with those obtained by considering only the LFL behavior at
low temperatures (see Section 4.2.1). A fit of the resistivity data at low temperatures
with p(T) = po+ AT? is shown in Figure 4.19a by the dashed line. In our analysis based
on the assumption of the existence of a gap in the magnon spectrum, we neglected the

phonon contribution to the electrical resistivity. The good quality of the fit (see solid
line in Figure 4.19a) justifies this approach. The phonon contribution to the resistivity
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Figure 4.19: Temperature dependence of the electrical resistivity, p(T), (a) and of the
specific heat, C*(T), (b) (Krellner 2007) of CeRuPO at ambient pressure. The solid
lines are fits to the data according to Equations 4.2 and 4.4, respectively (see details in
the text). The dashed line is a fit to the low-T resistivity with p(T) = py + AT?.

is proportional to (T'/0p)°®, where 0p is the Debye temperature. This contribution is
negligible in the temperature range of our fits (7" < 0.8 T¢y) since in CeRuPO at ambient
pressure fp ~ 200K and Ty = 14 K.

Based on the fact that the electrical-resistivity data could be described assuming
the existence of a FM gap in the magnon excitation spectrum, we analyzed the specific-
heat data obtained by Krellner et al. (Krellner 2007) using the same assumption. The

magnetic contribution to the specific heat of CeRuPO for T' < Tx can be written as

CH(T) = 4T + Cyap(T), (4.4)

where 771" is the usual electronic term and
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Coap(T) = B(A2/NVT + 3AVT + 5T%2)e /7T (4.5)

describes the contribution due to a FM spin-wave excitation spectrum with an energy
gap A (Cogblin 1977). Here, 3 is a constant. The 4f contribution to the specific heat
is described for T' < 0.8 T by Equation 4.4. The fit of the C%(T) data is indicated
as a solid line in Figure 4.19b. From the fit we obtained a Sommerfeld coefficient v =
78 mJ/molK? which is in good agreement with the one reported in Ref. Krellner 2007.
The gap in the FM spin-wave excitation spectrum is estimated to A = 30.2 K being
similar with the value obtained from the analysis of the electrical resistivity (A =
32.8K).

In the following, we analyze the behavior of the low-T resistivity under pressure
by considering, additionally to the scattering mechanisms described in LFL theory, the
scattering of conduction electrons by spin waves. Since the spin-wave spectrum depends
on the type of magnetic ordering, the resistivity data were fitted in the low-pressure
range p < p* using Equation 4.2 and at higher pressures p > p* according to Equa-
tion 4.3. The fitting was always done for temperatures below 80% of the ordering
temperature. As shown in Figure 4.20a these expressions provide a very good descrip-
tion of the temperature dependence of the resistivity in the magnetically ordered state.
This indicates that an important contribution to the electrical resistivity in the ordered
state comes from the scattering of the conduction electrons off magnetic excitations
(spin waves). The size of the gap extracted from these fits is plotted as function of
pressure in Figure 4.20b. There is a clear correlation between T (p) and A(p) in the
AFM state, namely both decrease with increasing p. In particular, for p > p* the gap
decreases linearly with increasing pressure. An extrapolation of A(p) — 0 yields the
critical pressure p. ~ 3 GPa. This value coincides with the critical pressure where Ty
is completely suppressed. Nevertheless, the values of A obtained at p = 2.7 GPa and
2.9 GPa deviate slightly from the linear p dependence of A. Therefore, we might also
conclude that as p — p., the spin-wave gap and Ty have a similar evolution, namely
they are suppressed suddenly at p.. Within the limits of the errors bars, the spin-wave
stiffness, D oc d=%/3, shows a weak pressure dependence (Figure 4.20c). Moreover,
D remains finite at the critical pressure. Thus, the reduction of T as the critical
pressure is approached cannot be explained by a softening of the spin waves. A sim-
ilar behavior was also seen in the AFM HF CeCoGey 955i9.75 (Continentino 2001) and
YbFeyGey (Larrea 2006). Thus, we suggest that the behavior of CeRuPO is related to
that of the spin-wave gap, namely Ty is suppressed as the gap decreases with increasing

pressure.
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Figure 4.20: (a) Temperature dependence of the electrical resistivity of CeRuPO at
various pressures. The dashed and solid lines are the fits to the data according to
FM and AFM spin-wave models corresponding to Equations 4.2 and 4.3, respectively.
Pressure dependence of the parameters extracted from these fits, the spin-wave gap, A
(b), and the spin-wave stiffness, D oc d=?/* (c), in the AFM phase. The dashed line
represents a linear fit to A(p) observed for CeRuPO in the AFM phase. The closed
and open symbols indicate the results obtained by employing the piston-cylinder- and
Bridgman-type pressure cells, respectively.
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4.4.2 Study of the PM ground state of CeRuPO by resistivity

As we discussed in Section 4.3, at elevated pressures CeRuPO has a paramagnetic
ground state. Above p. =~ 3 GPa no indication of a magnetic transition can be observed
in the resistivity for 7" > 50 mK, suggesting that the magnetism is completely sup-
pressed. In the following, we describe the behavior of the low-temperature resistivity
of CeRuPO in the PM region.
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Figure 4.21: Temperature dependence of the electrical resistivity, p(T), of CeRuPO in
the PM regime at two selected pressures. The solid lines are fits to the data according
to the LFL theory. The arrows mark the upper temperature limit of the T? dependence

of the resistivity.

The low-T" electrical resistivity of CeRuPO at 3.2 GPa and 7.4 GPa is displayed in
Figure 4.21. The temperature dependence of the resistivity follows p(T) = po + AT?,
indicating LFL behavior over the entire region of pressure (p. < p < 7.4GPa). We
denote the upper temperature limit of the 72 dependence in the resistivity by Trrz.

The pressure dependencies of py, A, and Ty, are depicted in Figure 4.22. The vertical
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Figure 4.22: Pressure dependencies of the parameters py, A, and Trrr. The open
symbols are the results obtained from the fit of the p(T') data in the FM and AFM
states with Equations 4.2 and 4.3, respectively. The solid symbols correspond to a fit of
the Iow-T resistivity by p(T) = po+ AT?. The vertical dotted line marks the estimated

critical pressure. The dashed lines are guides to the eye.
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dashed line marks the critical pressure, p. ~ 3 GPa, where the magnetic transition is
completely suppressed. For p < p., the electrical resistivity was analyzed taking into
account the electron-magnon scattering according to Equation 4.2 for the FM state and
Equation 4.3 in the case of an AFM ground state (see Section 4.4.1). The residual
resistivity and A obtained from this analysis are included in Figure 4.22. The residual
resistivity increases from py ~ 6 puflcm at ambient pressure to about 120u§2cm at
p = 2.6 GPa, i.e., an increase by a factor of 20. It is noticeable that py(p) exhibits a
maximum at p. = 3 GPa. At elevated pressures, pg(p) decreases to a value well above
the one found at ambient pressure. In the LFL theory, the coefficient of the 7?2 term in
p(T), A, is a measure of the quasiparticle-quasiparticle scattering cross-section. Similar
to po(p), the A coefficient increases from 0.12 to 8.3 uf2cm/K? between 0 and 4 GPa
and exhibits a maximum situated well inside of the PM state. Above this pressure,
a decrease of A to 3.98 uQ2cm/K? at p = 6.8GPa is found. In the lower panel of
Figure 4.22 the evolution of T} gy, with pressure is depicted. Above p., the temperature
range of the 72 dependence becomes smaller as pressure increases. Above p = 4 GPa,

Trrr, shows only a weak pressure dependence.

4.5 Evolution of Kondo and CEF energy scales with

pressure

At intermediate temperatures (~ 10 K=+ 100 K), the properties of Ce- and Yb-based
Kondo-lattice systems are governed by a competition of CEF excitations and the Kondo
effect. A knowledge of the corresponding characteristic energy scales is essential for the
understanding of the low-temperature properties of these compounds. Both Kondo
interactions and CEF excitations may generate features in p(7'). The main focus of
this section lies on the evolution of the Kondo and CEF energy scales of CeRuPO with
pressure.

The in-plane electrical resistivity of CeRuPO at various pressures is shown in Fig-
ure 4.23. p(T') is plotted on a logarithmic temperature scale in the temperature range
1.8K < T < 300K. Figure 4.23a depicts the p(T') curves obtained using a piston-
cylinder-type pressure cell, while Figure 4.23b shows the results acquired in a Bridgman-
type pressure cell. In the low-pressure regime (p < 1.34 GPa), the overall temperature
dependence of the resistivity resembles the behavior observed at atmospheric pressure
(see also Section 4.2.1): upon cooling, p(T) shows a linear behavior typical of a conven-
tional metal, then passes through a shoulder/maximum-like feature before it decreases

drastically toward lower temperatures. This decrease is a distinct feature of a Kondo-
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Figure 4.23: Temperature dependence of the electrical resistivity of CeRuPO at var-
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lattice system and can be explained by the onset of coherent Kondo scattering due to the
hybridization between the localized 4 f and the conduction electrons. The shoulder-like
feature observed at T),,. = 70K at ambient pressure develops into a broad maximum
and becomes more pronounced upon increasing pressure. This maximum shifts to lower
temperatures with increasing pressure from 7,,,, = T0K at p = 0 to T, = 38.5K
at p = 0.97 GPa (Figure 4.23a). In the resistivity curve recorded at p = 1.34 GPa a
new feature starts to develop above T,,,,. The signature of this feature is weak which
makes the determination of its position difficult, therefore, we consider at p = 1.34 GPa
only one maximum at 71,,,,. For p = 1.53 GPa this new feature evolves into a shoulder,
denoted as T9" At this pressure, a clear splitting of the maximum of the resistivity

max *

is observed at T"9" = 32 K and T = 14K. With increasing pressure, 79" develops

max max max

into a maximum. At p = 1.83 GPa, the high-7T' maximum is found at 79" = 40 K. The

mazx
weak feature in resistivity observed at T'°“ moves to lower temperatures with increasing
pressure getting closer to the magnetic transition which makes the determination of its
position rather difficult. Whereas at p = 4.7 GPa the resistivity shows two maxima (see
Figure 4.23b), at p = 5.6 GPa the signature of T!°* is lost and only one maximum is
observed in resistivity at T}, = 192 K. Upon further increasing pressure the maximum
moves to higher temperatures showing a strong pressure dependence.

Comparing p(T") for the two different types of pressure cells employed, one observes a
qualitatively similar temperature dependence of the resistivity although there are differ-
ences in the absolute values due to uncertainties in the determination of the geometrical
factors of the samples. Above 7'~ 100 K, an increase of the resistivity with increasing
pressure can be observed in Figures 4.23a and 4.23b. pspk(p) increases continuously
from 175.7 pQ2 cm at p = 0.15 GPa to 251 uf2 cm at p = 7.4 GPa. This behavior is in con-
trast to the pressure dependence of pgy, which shows a maximum at about 3 GPa. po(p)
was analyzed in detail in Section 4.4. At temperatures above T4, p(T) of CeRuPO
is dominated by a negative logarithmic contribution to the total resistivity, which is
attributed to the single-ion Kondo effect between the conduction electrons and the 4 f
moments. To study this logarithmic contribution, an analysis which does not require
the knowledge of the phonon spectrum was carried out. At high temperatures in the

presence of the Kondo effect, p(T") can be described by (e.g., Bauer 1991):

p(T) = po + Prmag(T) + ppun(T) = p1 — cInT + aT, (4.6)

where po, Pmag(T), and p,n (1) describe the scattering of electrons off impurities, mag-
netic moments, and phonons, respectively. In this equation a and ¢ are constants and

the temperature-independent term, p;, is the sum of py and the spin-disorder resistiv-
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Figure 4.24: Temperature dependence of the electrical resistivity of CeRuPO at se-

lected pressures (a). The solid lines are fits according to Equation 4.6. Details of the

fitting procedure are explained in the text. The p dependence of the fitting parameters

a (b) and ¢ (¢) is shown. The open and closed symbols indicate results obtained by

employing a piston-cylinder- and a Bridgman-type pressure cell, respectively.
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ity associated with the Kondo-exchange interaction (Cornut and Cogblin 1972). The
results of fits of p(T') = p1 — cInT + aT to the resistivity data for selected pressures are
shown in Figure 4.24a as solid lines. The electrical-resistivity data at high temperatures,
T > Tz, are well described by this equation. Deviations from the experimental data
are associated with the crossover to coherent Kondo scattering and/or to the effects
of the CEF splitting. From this analysis information on the strength of the electron-
phonon interaction, a, as well as on the coefficient ¢, measuring the single-ion Kondo
interaction, have been obtained. The pressure dependencies of a and ¢ are shown in
Figure 4.24b and 4.24c, respectively. The variation of a and ¢ with pressure is simi-
lar. Initially, the coefficient a increases with increasing pressure, then passes through a
maximum around p = 1.5 GPa, before it decreases with further increasing pressure. For
p > 6 GPa, the fitting procedure fails, because the maximum of the resistivity moves
toward higher temperatures leading to a too small fitting range giving no reliable re-
sults anymore. The slope ¢ of the logarithmic temperature dependence increases with
increasing pressure up to p = 2 GPa. With further increasing pressure, ¢ decreases to
about the same value as observed at ambient pressure. The positive pressure depen-
dence of ¢ for p < 2 GPa suggests an increase of the strength of the Kondo interaction in
CeRuPO with pressure. A similar pressure dependence of ¢ was found in other Ce-based
compounds (Link 1997).

The pressure dependence of the high-T' features in the resistivity is depicted in
Figure 4.25. The shoulder-like feature observed in p(7") at ambient pressure shifts to
lower temperatures for small values of applied pressure. The observation of a weak
shoulder-like feature above the maximum of the resistivity at p = 1.34 GPa hints at
the existence of two resistivity maxima. Indeed, with further increasing pressure two
maxima can be observed in the resistivity at 79" and at T'“. These maxima ex-

hibit a different pressure dependence. T!°“ shifts to lower temperatures as pressure
increases and stays nearly constant between (2 = 3) GPa. Upon further increasing
pressure, p > 3 GPa, T starts to have a weak pressure dependence moving toward

higher temperatures. The position of the high-T" maximum, T"9"  shows a positive
almost linear pressure dependence. According to the model of Cornut and Coqgblin
(Cornut and Cogblin 1972), the low-temperature maximum can be attributed to the
Kondo scattering off the crystal-field ground state while the high-7" maximum indicates
the scattering off the excited CEF levels. Above 5 GPa, the low-temperature maximum
is washed out and only one maximum at T,,,, is observed in p(T"). Therefore, we suspect
that for p > 5GPa the Kondo scattering takes place on the fully degenerate J = 5/2

multiplet. T,,., shows an increase with pressure from 7,,,, = 143K at p = 5.6 GPa
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Figure 4.25: Evolution of T, TM" and T!°“ with pressure. The open and closed

symbols are results obtained from p(T) measurements using a piston-cylinder- and a

Bridgman-type pressure cells, respectively. The lines are guides to the eye.

t0 Thae = 287K at p = 7.4 GPa, i.e., an increase by a factor of 2. According to the
relation 1,0, < Tk o< 1/ /A which is valid in a LFL picture, the enhancement of T,,,.
found for p > 5 GPa should correspond to a reduction of the coefficient of the 72 term,
A. Indeed, this is in good agreement with our finding, as we discussed in Section 4.4.2.

At ambient pressure, the Kondo temperature (T ~ 10K) has the same order of
magnitude as the transition temperature (T = 14 K). Thus, one can expect that the
evolution of Ty with pressure is affected by the closeness to the ordering temperature.
Figure 4.26 shows the first temperature derivative of the resistivity, dp(T")/0T, at dif-
ferent pressures. Here, the magnetic transition is visible as a peak of dp(T)/0T. As we
have discussed in Section 4.2.1, at p = 0 the shape of the anomaly in dp(7") /0T is similar
with that seen in specific heat. We assume that this relation holds under pressure too,
as has been observed in several Ce-based compounds such as CeNiSbs (Sidorov 2005)
and CeAgSh, (Sidorov 2003). A tail in C*/(T) above the magnetic transition indi-



128 4 Pressure studies on the FM Kondo-lattice system CeRuPO

50  CeRuPO - 6i.83 GPa ]
200 |
fg; 150 |
40 I~ C}
=2
L 100}
)
E 30 - 500
é < T (K)
2
> 0.15GPa
S 20F & B 097GPa
(% A 1.23GPa
® 134GPa
v 1.62GPa
10 F ‘ € 183GPa
< 2.1 GPa
/“ > ® 227GPa
, <\
0 L 1 " 1 n — T —
0 5 10 15 20 25

r(K)

Figure 4.26: Temperature dependence of the derivative of the resistivity, Op(T') /0T,
of CeRuPO at various pressures. The inset shows p(T') curves obtained using a piston-

cylinder-type pressure cell. The arrows indicate the resistivity anomaly.

cates additional contributions from magnetic fluctuations. We also consider magnetic
fluctuations to explain the temperature dependence of the derivative of the resistivity
above the magnetic transition. At p = 0.15GPa, above the magnetic-transition tem-
perature a tail in dp/0T is observed, which we associated with the presence of magnetic
fluctuations. Upon increasing pressure, this tail is suppressed and for p > 1.62 GPa it
cannot be seen in dp/0T anymore. Therefore, in the low-pressure range (p < 1.34 GPa),
the electrical resistivity above the magnetic transition is strongly affected by magnetic

fluctuations.

Pressure has a strong influence on the Kondo effect due to the pressure dependence
of the exchange-coupling constant, J. In case of Ce-based compounds in a first simple
approach, T, < Tk is expected to increase with increasing pressure since 9.JJ/0p > 0.

The reduction of T}, (p) for small values of applied pressure cannot be understood
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if Tk is the dominant energy scale in the system. A similar initial decrease of T},
with p occurs in several Ce-based HF compounds, e.g., CeRhIns (Hegger 2000) and
CeAgSh,y (Sidorov 2003). Usually, one can assume that the Kondo temperature scales
with 7T}, when Tk is much smaller than the CEF splitting (Jaccard 1997). In case of
CeRuPO the effect of CEF lifts the degeneracy of the ground state into a ground-state
doublet and two excited Kramers doublets above the ground state. The CEF level
scheme at atmospheric pressure was estimated from the temperature dependence of the
entropy obtained from specific-heat experiments. The two excited doublets are situated
at Ay = 70 K and Ay = 350 K above the ground state (Krellner 2007). Considering that
the Kondo and CEF energy scales approach the same order of magnitude, the effect of
Kondo scattering off the ground state and off the thermally populated CEF levels give
rise to a single maximum in the resistivity. Taking into account the positive pressure
dependence of the Kondo temperature, a reduction of the energies of the CEF levels with
p is expected since T},,, is decreasing upon applying pressure up to 1.34 GPa. Therefore,
we can conclude that for p < 1.34 the maximum of the resistivity is attributed to a
combination of the Kondo interaction, CEF splitting, and magnetic-fluctuation effects.
The observation of two well-separated p(T') features for p > 1.34 GPa indicates that the
corresponding energy scales involved in the system, i.e., the Kondo effect and the CEF

splitting, differ in order of magnitude.

4.6 Discussion and summary

In the previous sections, we described the evolution of magnetism and high-T" energy
scales with pressure for single-crystalline CeRuPO. The results are summarized in the
T — p phase diagram shown in Figure 4.27. In the following we will also discuss our

results in context with the previous studies on FM HF systems.

In Ce-based compounds the application of pressure produces an increase of the
exchange-coupling parameter, which leads to an increase of the Kondo temperature.
Assuming T4 X Tk, the maximum of the resistivity observed at p = 0 is expected
to shift to higher temperatures with increasing pressure. Our results suggest that for
p < 1.34 GPa other mechanisms are competing with the Kondo interaction to produce
the observed initial decrease of T}, (p) with increasing pressure, namely magnetic fluc-
tuations and low-lying CEF levels. The magnetic fluctuations are suppressed by the
application of pressure. Furthermore, 07T},..(p)/0p < 0 also indicates that the CEF
level scheme is strongly affected by pressure. For p > 1.34 GPa, the order of magnitude

of Kondo and CEF energy scales seem to be different. This allows a separate observa-
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tion of the Kondo scattering on the ground-state doublet at 7/% = and on the thermally
populated CEF levels at T"9"  The evolution of the Kondo and CEF energy scale
with pressure is different; T°® shows a weak pressure dependence, while 79" ghifts
to higher temperatures as pressure increases. At elevated pressures (p > 5GPa) the
resistivity has only one maximum indicating that the Kondo energy scale overcomes the

CEF splitting. This maximum moves toward higher temperatures as pressure increases.

At low temperatures, the T"— p phase diagram of CeRuPO can be divided in three
main regimes corresponding to a FM, an AFM, and a PM ground state. The ferromag-
netism below Tz = 14 K at ambient pressure is suppressed by application of pressure.
Above p = 0.87 GPa the system shows a transition into an antiferromagnetically or-

dered state. We suggest the existence of a tricritical point in the 1" — p phase diagram
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of CeRuPO at p* ~ (0.87 + 1.01) GPa. The increase of pressure causes an increase in
the hybridization between the 4f and the conduction electrons leading to a rise of the
Kondo temperature in disadvantage of the RKKY interaction. The RKKY interaction
between the localized moments is expected to react sensitively to anisotropic changes
of the lattice parameters. Such an anisotropic behavior of the lattice constants with
pressure was observed in the compounds belonging to the family LaTPnO (T= Fe,
Ni; Pn= P, As) and turns out to be a common characteristic of this type of layered
materials (e.g., Okada 2008, Lebegue 2009). Furthermore, this effect is evidenced by
substitution of Fe for Ru; the c-axis lattice parameter increases, while the a-axis lattice
parameter and the unit-cell volume decrease (Krellner 2010). Therefore, we suggest
that the decrease of the anisotropy under pressure might be the cause of the change
from FM to AFM order at p*. Structural studies under pressure are desirable to sup-
port our statement. Beyond p*, Ty moves toward lower temperatures upon increasing
pressure. The transition temperature appears to abruptly disappear around 3 GPa in-
dicating that the transition from the AFM to the PM state is first-order like. Therefore,
we suggest that a QCP is not existing in CeRuPO. A further support for our conclusion
is drawn from the 7" dependence of the resistivity for p > 3 GPa where a LFL state is

observed at low temperatures.

The phase diagram of CeRuPO is rather similar with the results for the FM system
CeAgShsy. In both materials a PM state is reached after the system passes through
an AFM state (Sidorov 2003). The coexistence of an AFM phase with ferromagnetism
observed in CeAgSh, seems to be in contrast with the behavior of CeRuPO under
pressure. Our findings suggest a transition from a FM to an AFM state. Nevertheless,
a coexistence of the two magnetic phases cannot be excluded, since the pressure region
where this transition occurs is narrow. Therefore, further experiments to examine the
behavior of CeRuPO near p* are desirable. In CeAgSh,, at the critical pressure where
Tc is completly suppressed strong fluctuations were observed, which produce a sharp
maximum in the pressure dependence of the temperature coefficient A(p) and in the
residual resistivity po(p) (Sidorov 2003). These results differ from our observation on
CeRuPO, where A(p) and py(p) do not show any anomaly in the pressure range where
the FM state is completly suppressed. In our results, po(p) passes through a maximum
at the pressure where the AFM state is suppressed, while the maximum of A(p) is well
inside the PM state.

In several HF compounds, a SC state was observed where the magnetic-transition
temperature disappears. In contrast, in CeRuPO for the entire range of pressure studied

no superconducting phase was detected down to 50 mK.
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In summary, our results show that CeRuPO is a further example of a FM Kondo-
lattice system which first changes its type of magnetic order before the complete sup-
pression of the magnetic state is reached. From experimental studies on the few known
FM materials, it seems that these systems have peculiar phase diagrams, in the sense
that there is also an AFM phase neighboring or embedding the FM state. Therefore,
the question concerning the existence of a FM QCP in a Kondo-lattice system remains

open. It remains a great challenge to search for FM QCP in Ce-based systems.



5 Conclusion

This work focussed on the effect of pressure, magnetic field, and temperature on the
properties of the rare-earth compounds Yb(Rhgg4lrg6)2Si2, YblrsSis, and CeRuPO.
Application of pressure stabilizes magnetic order in Yb-based intermetallic compounds,
whereas Ce compounds are driven toward a non-magnetic ground state. This can be
understood in the simple picture of the electron-hole analogy. In an increasing num-
ber of HF compounds, NFL behavior has been observed to occur around a magnetic
QCP, at which the magnetic-transition temperature is continuously suppressed to zero
by a control parameter, such as pressure, magnetic field, or doping. In this work,
electrical-resistivity experiments under pressure have been performed in order to study
the evolution of the ground-state properties and the possible existence of a QCP in the
investigated HF metals. The experiments were carried out between 50 mK < 7" < 300 K
and in magnetic fields up to 9 T. Two different types of pressure cells have been used for
electrical-resistivity measurements up to 10 GPa. Additionally, X-ray-diffraction exper-
iments up to p = 26.3 GPa and electrical-resistivity measurements up to p = 15.5 GPa
have been carried out on powered single crystals of YblIrySis by Dr. K. Sengupta in
the group of Prof. Dr. M. Abd-Elmeguid from the Institute of Physics II, Univer-
sity of Cologne. On CeRuPO also a.c. magnetic-susceptibility investigations up to

p = 2.04 GPa have been performed.

At ambient pressure, Yb(Rhgg4Irgo)2Si2 does not order down to 20 mK. Applying
a small pressure, p = 0.46 GPa, AFM order is observed at low temperatures. Upon fur-
ther increasing pressure, the magnetic-transition temperature increases, and a second
magnetic transition appears inside the ordered state. In HF systems, Kondo inter-
action and CEF excitations give usually rise to features in the electrical resistivity
at high temperatures. From our high-T resistivity data, the Kondo and CEF energy
scales could not be separated at low pressures, very likely due to their closeness. The
application of pressure on Yb-based compounds leads generally to a lowering of Tk.

Thus, in Yb(Rhgg4lrggs)2Siz for p > 4 GPa a separation of the effects of Kondo scat-
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tering from the ground state and excited CEF levels is possible. The T — p phase
diagram of Yb(Rhgg4lrg06)2Si2 and of YbRhsSiy can be superposed by shifting the
pressure axis for Yb(Rhgg4Irgo)2Si2 by Ap = —0.06 GPa. Our findings indicate that
in Yb(Rhg o411 .06)2Si2, Ir substitution acts primarily as negative chemical pressure and
disorder effects play only a minor role. This results point at the existence of a pressure
(volume) controlled QCP at a hypothetical negative critical pressure of p. ~ —0.25 GPa.
Further, our electrical-resistivity measurements under pressure suggest that at ambient
pressure, Yb(Rhg g4Irg.06)2512 orders slightly below 20 mK, which is in good agreement

with previous magnetic-susceptibility investigations (Westerkamp 2008).

YblrySis is a HF compound with a PM ground state at zero pressure (Hossain 2005),
in contrast to the Rh-homolog which undergoes a magnetic transition at about 70 mK
(Trovarelli 2000a). Thus, application of pressure on YblrySis, is expected to induce a
magnetic state providing the opportunity to investigate the behavior near a QCP in a
clean Yb-based HF system. At ambient pressure, YblrySis attains a LFL ground state.
Our electrical resistivity data indicate that the LFL state survives in the pressure region
up to pHt ~ 3 GPa. With further increasing pressure, NFL behavior was found down
to the lowest temperatures. This NFL behavior extends up to the critical pressure,
p. ~ 8 GPa, where magnetic order emerges. The magnetic order develops suddenly
indicating that a first-order QP'T might exist in YblrySiy at p.. With further increasing
pressure, the magnetic state is stabilized. So far, we can only speculate on the origin
of this extended NFL region. Our electrical-resistivity study makes it unlikely that
this unusual broad region of NFL behavior originates from the proximity to a QCP.
Thus, we can speculate on the existence of a novel metallic phase in YblrySiy at low
temperatures in the pressure range 3 GPa < p < 8 GPa. A finite range of NFL behavior
was also recently reported in the Yb-based HF systems (-YbAIB, (Nakatsuji 2008,
Nevidomskyy 2009), Yb(Rhg.g4Irg.06)25i2 (Friedemann 2009), and YbRhs(Sig.95Geo.05)2
(Custers 2010) in magnetic field and was discussed in terms of a spin — liquid-type
ground state. The electrical resistivity data on YblrySiy at high temperatures were
used to determine the evolution of Kondo and CEF energy scales with pressure. Our
results reveal a complex behavior of both energy scales. In the pressure region where
the system has a PM ground state, it was not possible to distinguish between the effect
of Kondo scattering on the ground state and on the excited CEF levels. At about
the critical pressure for the appearance of magnetic order, well-separated contributions
due to the Kondo scattering on the ground state and on the thermally populated CEF
levels were observed in p(T). While the CEF splitting is independent of pressure for

p < 8.7GPa, Tk decreases exponentially in the same pressure range. The evolution
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of the ground-state properties of YblrySiy with pressure cannot be understood by a
simple volume analogy to YbRhySis. Thus, our results lead to the conclusion that the
behavior of YblrySiy under pressure is caused by additional effects beyond the unit-cell-
volume reduction. Nevertheless, the similar evolution of the magnetic phase-transition
temperature with pressure of YblrySi, and YbRhySiy suggest that the magnetic order
in YblrySiy might be AFM in nature.

At atmospheric pressure, CeRuPO is a FM Kondo-lattice system with T = 14 K
and Tx ~ 10K (Krellner 2007). So far, only a small number of FM Kondo-lattice sys-
tems exist, in contrast to many antiferromagnetic ones. In the few FM Kondo-lattice
systems known, the existence of a FM QCP is not yet settled. This is mostly be-
cause the type of the magnetic order changes before reaching a QCP or at the critical
pressure the FM order is suppressed in a first-order way. Thus, CeRuPO presents an
opportunity to investigate the physical properties near a possible FM QCP. Our p(T')
and y,. (7T) studies reveal a complex 7" — p phase diagram. We find that the ground
state of CeRuPO changes from FM to AFM at p* ~ (0.87 + 1.01) GPa. The pressure-
induced change of the type of the magnetic order might be related to an anisotropic
compression of the crystallographic axes which has been observed in closely related
compounds (e.g., Okada 2008, Lebegue 2009). Our results suggest a critical pressure
of p. = 3 GPa where the magnetic-transition temperature is suppressed to zero tem-
perature. The magnetic order disappears abruptly in a first-order-like way. Therefore,
we conclude that a magnetic QCP does not exist in CeRuPO. Furthermore, in the PM
region, p > p., we find LFL behavior and no NFL behavior as expected in the proximity
to a QCP, giving additional evidence for the non existence of a QCP. In the magnetic
phase, FM and AFM, we can describe the temperature dependence of the resistivity
by considering electron-electron and electron-magnon scattering. The pressure depen-
dence of the spin-wave gap is correlated with that of the critical temperature; both
are suppressed at the same critical pressure. In the PM state, LFL behavior was ob-
served at low temperatures in an extended range of pressure, p. < p < 7.5 GPa. In the
evolution of the residual resistivity with pressure, a maximum is observed at p., while
an enhancement of the quasiparticle-quasiparticle scattering cross-section is observed
well inside the PM state. Our electrical-resistivity investigations reveal that the evolu-
tion of the high-T resistivity with pressure cannot be described in a simple picture of
a Ce-based compound with a dominant Kondo energy scale. Our results indicate for
p < 1.34 GPa that the temperature dependence of the resistivity above the magnetic
transition is strongly influenced by the Kondo effect, magnetic fluctuations, and CEF

splitting. Upon further increasing pressure, we can identify different contribution to
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p(T) from Kondo scattering on the ground state and on excited CEF levels. At ele-
vated pressures, p > 5 GPa, the p(T') data suggest that the Kondo scattering takes place
on the fully degenerated J = 5/2 multiplet. Our investigations indicate that CeRuPO
is a further example of a FM system in which application of pressure suppresses the
magnetic order, but also destabilizes FM order in favor of an AFM one, preventing the
appearance of a FM QCP.

Pressure studies have been proven to be an ideal tool to tune a system through
different ground states and to investigate the underlying physical properties. Our find-
ings motivate additional experiments under pressure in order to explore further the

properties of the studied Ce-and Yb-based HF systems.
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