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Introduction

Within the last three decades various intermetallic compounds have been found
to posses “heavy” electrons. Known under the name of heavy-fermion (HF) materials,
they cover an important research area in the field of solid state physics. HF systems
usually contain rare-earth elements such as Ce, Yb or actinides like U. Ce-based HF
systems are the most numerous among rare-earth-based HF systems. In this case Ce
is known to be in the Ce?T valence state with one 4f electron. Depending on the
occupation number of the 4f state of Ce, a multitude of different ground states can
be expected for these compounds. In order to tune a Ce-based system through the
several different ground states, pressure can be considered the cleanest available tool.
With increasing pressure the interaction between the conduction electrons and the 4 f
electron of Ce is gradually increasing. The Kondo interaction, considered to be the
basic ingredient in the formation of a HF state, seems to play an important role in
the region where the 4 f electron of Ce is slightly interacting with the conduction elec-
trons. As a result of the competition between the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, leading to the formation of a magnetic ground state, and the
Kondo interaction, leading to the formation of a non-magnetic singlet ground state,
an antiferromagnetically (AFM) ordered state usually occurs at low temperatures in
this low hybridization state. At pressures high enough to lead to the transition of
the 4f electron of Ce into the conduction band a state, called intermediate-valence
(IV) state, is formed. Superconductivity (SC), found to be unconventional and most
likely mediated by the different fluctuations associated to the specific instabilities
present nearby, exists in many of the Ce-based compounds. AFM spin fluctuations
are supposed to mediate the formation of SC in the vicinity of the AFM ordered state,
while strong valence fluctuations, related to the delocalization of the 4f electron of
Ce, are considered responsible for the SC state existing in the proximity of a valence
instability of Ce.

In this work we have studied the effect of pressure on three different tetragonal
Ce-based systems. All three compounds are, at ambient pressure, in a HF state.

CeColns, a HF SC at ambient pressure [Petrovic 2001a], is located in the close vicinity



Introduction

of an AFM instability. Though never detected in CeColns, an AFM ordered state
is expected to exist at a slightly negative pressure. Application of pressure moves
CeColns even further away from the AFM ordered state. CeyRhIng, a compound
belonging to the same family of Ce,T,,Ins, 2, (T: Co, Rh, Ir) HF compounds as
CeColns, orders AFM at ambient pressure [Thompson 2001]. Application of pressure
continuously suppresses the AFM phase transition temperature. The appearance of
pressure-induced SC is expected in this material. The third investigated compound,
the A/S-type CeCuySiy, already at ambient pressure offers the possibility to study
the intimate interaction between AFM and SC [Steglich 1979]. The AFM ordered
state, present above the temperature where SC is formed, is gradually suppressed by
application of pressure, while the SC state is stabilized upon increasing pressure. With
further increasing pressure, CeCusSiy approaches the region where the degeneracy of
the 4f state is increased by a collapse of the crystalline electric field (CEF) splitting
and a transition to an IV state takes place. However, SC survives in the system over
a very broad pressure range. While the role of the AFM order in the formation of
a SC state is relatively easy to study in a large number of Ce-based HF systems,
the influence of the unstable 4f state of Ce on the formation of a SC state is still a
problem difficult to approach experimentally. CeCusySis is nearly unique among Ce-
based HF compounds by the fact that SC is present at low temperatures over a wide
pressure range and typical instabilities, such as AFM and valence, are both accessible
by application of moderate pressure and are in the same time sufficiently separated
in pressure to be distinguishable.

Most of this thesis is based on results obtained from low-temperature (0.26 K <
T < 7 K) heat-capacity measurements under hydrostatic pressure (p < 2.1 GPa)
and in magnetic field (B < 8 T). In addition, results from pressure-dependent low-
temperature (7" > 0.26 K) a.c.-susceptibility and magnetocaloric measurements are
presented. Even though difficult to measure under extreme conditions as high pres-
sure and low temperatures, the specific heat represents the thermodynamic property
of matter which gives important information about bulk properties. Application of
pressure can produce structural, electronic or other kind of phase transitions in mat-
ter. Compared to other control parameters, such as chemical doping or magnetic field,
pressure is the cleanest tool to tune a system by only reducing its unit-cell volume.

The SC state, when present, and its interplay with the AFM instability was
investigated in the three compounds studied in this work. Predictions of the AFM
spin-fluctuation theory, as well as of theories promoting magnetic-fluctuation medi-
ated SC in HF systems, have been probed by our measurements. The influence of

a possible valence instability on the high-pressure SC state of CeCusSi; has been
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studied as well. The possible existence of quantum critical points (QCPs) in regions
where different types of instabilities are suppressed to T" = 0 K was also addressed in
this work. Landau-Fermi-liquid (LFL) type behavior at low temperatures, suited to
describe the normal state of certain HF materials, is not expected to be observed in
systems located in the vicinity of a QCP. Therefore, deviations from the predictions
of the LFL theory, e.g. a logarithmic divergence of the low-temperature electronic
specific-heat coefficient, were used to verify the proximity of a system to a QCP.
The thesis is divided into six chapters. Theoretical concepts, related to the
different physical phenomena observed in the studied materials and considered nec-
essary for the understanding of the experimental results, are contained in the first
chapter. Chapter 2 describes the experimental techniques employed in this thesis.
An important issue addressed in this chapter is related to the way accurate specific-
heat data can be obtained by measuring under extreme conditions as high pressures
and low temperatures. Therefore, a new type of pressure cell, used to achieve higher
pressures, developed during this thesis is as well described. The way the experimental
data were analyzed and an estimation of the errors implied in the obtained results
are also included in this chapter. Chapters 3 and 4 present the experimental results.
In Chapter 3 results obtained on two members of the Ce,T,,Ins, 2, (T: Co, Rh, Ir)
family of HF compounds, CeColns and CesRhlng, are described. Presenting a layered
structure, similar to the structure of high-T, cuprate SCs, the Ce,, T,,Ins, 2, (T: Co,
Rh, Ir) family of HF compounds are suited to study the supposed role of electronic
dimensionality in the formation of a magnetically mediated SC state. A brief de-
scription of the Ce, T,,Ins, 2, (T: Co, Rh, Ir) family of HF compounds is given at
the beginning of Chapter 3. The remaining of this chapter is divided in two parts.
The effect of pressure on the HF SC CeColnjs is presented in the first part, while
the second part describes the evolution under pressure of the HF AFM Ce;Rhlng.
Both parts end with a discussion. Chapter 4 is devoted to A/S-type CeCuySis under
pressure. Accurate low-temperature heat-capacity data up to p < 2.1 GPa, obtained
for the first time on A/S-type single-crystalline CeCusSiy, are presented. A detailed
study in the low-pressure range, while slowly increasing pressure, helped to carefully
analyze the peculiar interplay of AFM and SC in A/S-type CeCusSiy. With increas-
ing pressure, we were able by our measurements to distinguish between two different
SC regions: SC at low pressures, in the vicinity of an AFM QCP, and SC at high
pressures, in a region located close to a possible valence transition of Ce. Moreover,
we have observed evidence for different SC order parameters in the two distinct SC
regions. Support in favor of the suggestion that different mechanisms (AFM spin fluc-

tuations in the low-pressure SC region and valence fluctuations in the high-pressure
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SC region) are implied in the formation of the two SC states has been found. At the

end, Chapter 5 summarizes the thesis.



Chapter 1

Theoretical concepts

1.1 Introduction to heavy-fermion systems

Low-temperature physical properties of matter are connected to the low-entropy
states and therefore to a small number of degrees of freedom. Knowledge about the
ground-state properties of matter stays at the basis of understanding any physical
properties which appear at higher temperatures. Additional degrees of freedom can
be taken into account in the study of a system only when the ground-state properties
are elucidated. HF systems are especially suited to study the ground-state properties
of matter due to the increased values of their measurable physical properties at low
temperatures. With their usual transition temperatures of about 10 K or below,
the HF systems are unlikely to lead to immediate applications but they may help
to find out and to solve the insufficiencies of the existing theories in order to better

understand condensed matter physics at higher temperatures.

1.1.1 The Kondo effect

The Kondo effect arises from the interaction between a single magnetic ion,
such as iron, and the conduction electrons in an otherwise non-magnetic metal (e.g.
Fe in Au). When embedded in a sea of conduction electrons, the spin of this mag-
netic impurity interacts with the conduction electrons. As a result of this interaction,
a logarithmic increase of the electrical resistivity of the metal when the tempera-
ture is decreased, Ap(T) o« —InT, and a minimum in p(7T') right before p(T) starts
to logarithmically increase, is found. In 1964, it was shown by Kondo that this low-
temperature increase of the resistivity is due to the electronic scattering from the mag-
netic ion which interacts with the conduction electrons, while the observed minimum

in p(T') derives from an interplay between the monotonically decreasing phonon resis-
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Ch. 1. Theoretical concepts

tivity, usually Appronon(T) o< T?, and the logarithmically increasing spin-dependent
contribution [Kondo 1964]. However, though the high-temperature properties were
very well reproduced, this first theoretical estimation made by Kondo was leading to
the unphysical prediction that the resistance would be infinite at 7' = 0 K. Due to
the extremely strong coupling at low temperatures between the impurity spin and the
conduction electrons, the perturbation theory used by Kondo in solving this problem
was breaking down. Known as the ‘Kondo problem’, the behavior at low temper-
atures remained unsolved for a while. Ten years later, under the name of ‘single-
impurity Kondo model’; a new theory based on the numerical renormalization group
(NRG), accounting for the low-temperature properties of the metallic systems with
a low amount of magnetic impurities, was elaborated [Wilson 1975]. Replacing the
perturbation theory used by Kondo by the NRG theory, Wilson has obtained ground-
state and low-temperature results for the case of the isolated magnetic impurity with
spin S = 1/2. As a result of an antiparallel type of interaction, at low temperatures,
the impurity spin is completely compensated by the spins of the conduction electrons,
leading to the formation of a Kondo singlet. The exchange hamiltonian can be written
as: H = —JSs, with S representing the spin of the magnetic impurity, s the spin of a
conduction electron and J the coupling. The coupling J depends on the hybridization
matrix element, V', between the impurity spin and the conduction electrons as J oc V2.
For a negative coupling J, typical for the antiparallel interaction, it was shown that
the exact solution at T" = 0 K consists of a non-magnetic singlet. Following the work of
Wilson, exact results for the low-temperature thermodynamic properties by using the
Bethe-Ansatz were obtained [Andrei 1980, Desgranges 1982]. Triggered by the experi-
mental results, orbital degeneracy (spin-orbit coupling) and CEF splitting effects were
later added to these models (by using the Cogblin-Schrieffer model [Cogblin 1969]
and the N-fold degenerate Anderson model [Anderson 1981, Bickers 1987]), leading
to relatively good agreement between the experimental findings and the theoretical
estimates [Rajan 1983, Desgranges 1985, Desgranges 1987]. Those theoretical results
are especially suited to describe Ce and Yb impurities with N = 2j+1, where j is the
total angular-momentum quantum number associated with the degenerate ground-
state multiplet of the impurity ion. The main results of the single-impurity Kondo

model can be summarized as following:

1. At T = 0 K the properties are characteristic of a spin-singlet state (non-
magnetic). The magnetic susceptibility, y, and the electronic specific-heat co-
efficient, ~, are greatly enhanced and the electrical resistivity approaches the
unitarity limit pg. The low-temperature (T' < T, for Tk cf. no. 3) behavior

is characteristic of a local LFL state, with strongly enhanced values of x and ~.



1.1. Introduction to heavy-fermion systems

2. At very low temperatures (I' < Tk), the electrical resistivity shows a p(7) =
po — AT? dependence, again typical for a local LFL state, while Ap(T) =
p(T) — po x —InT at elevated temperatures.

3. There exists a characteristic Kondo temperature, Tk, which defines a very
smooth transition from the LFL behavior to the free ion behavior at high tem-
peratures. The Kondo temperature is determined by:

1

kpTxk By OXP (—W), where N (EF) represents the electronic density

of states (DOS) at the Fermi level, Ep.

4. The local DOS of the magnetic impurity at 7" = 0 K shows two peaks, one
broad peak centered at the position of the singly occupied impurity level (e.g.
3d or 4f level), below Er, and a very narrow peak located at Fr. The latter
one, known as the Kondo or Abrikosov-Suhl resonance peak, has a width of the

order of Tk and accounts for the low-temperature behavior.

Depending on the relative distance of the impurity level, 4 (or €f), to Ep four
different regimes can be distinguished. The transition through different regimes can
be obtained for example by application of pressure or by chemical doping. Considering
U as representing the Coulomb interaction between the electrons in the impurity ion

state, the different regimes are as following;:

1. 264+ U < Ef - the impurity level, ¢,4, lies deep below the Fermi level. In this

case the magnetic moment of the impurity does not form.

2. gqg < Ep < 2¢e4+ U - the impurity level approaches the Fermi level. In this
case the magnetic moment of the impurity forms and the Kondo effect takes

place.

3. eq~ Ep or 2¢4+ U = Ep - the impurity level lies in the vicinity of the Fermi
level. In this case an IV regime is achieved. No separate charge and Kondo

peaks are obtained, the two peaks being merged.

4. g4 > EF - the impurity level is located far above the Fermi level. This situation
is known as the empty orbital regime. The impurity level is predominantly in
the state with no electrons, with the average occupancy of the level being well
below integer. Neither the magnetic moment of the impurity nor the Kondo

resonance form.

It is worth noting that in the case of a magnetic impurity embedded in a metallic

host, the value of U depends on the hybridization between the open core shell of the
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Ch. 1. Theoretical concepts

impurity and the conduction electrons. Moreover, in the case of rare-earth impurities
with 4f electrons, due to the fact that the 4f wavefunction is more localized and
closer to the nucleus, the values of U are expected to be higher than in the case of 3d
impurities. In the case of Ce as magnetic impurity, application of pressure leads to
the gradual shift of the impurity level, €7, towards the Fermi level, Er, and a gradual

transition through the above-described states, from no. 1 to 4, is expected.

1.1.2 Kondo lattice and magnetism in heavy-fermion systems

In the Kondo lattice, the Kondo ions form a dense, periodic array. Contrary to
the relatively simple model of the single-impurity Kondo problem, the Kondo-lattice
problem, although relatively well understood, is not completely solved analytically at
present. However, treatment of the Kondo lattice is usually based upon the single-
impurity Kondo model. While the single-impurity Kondo model handles the situation
where the concentration of impurities is low enough that one impurity does not ‘feel’
the influence of its nearest neighbor, in the case of Kondo-lattice compounds, the
magnetic impurities are located close enough to manifest inter-site interactions. The
impurity spins interact with each other via the conduction electrons through the
so-called Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction. This interaction
couples the impurity spins, leading to the formation of a magnetically ordered state
(AFM, FM or both because the RKKY interaction extends beyond nearest-neighbor
pairs). The energy associated with the RKKY interaction is: kgTrxry < J2N(EF),
with J and N(FEp) defined in the previous section.

The Kondo effect only arises when the total spin of the ion embedded in the
metal is non-zero (magnetic). Therefore, the behavior associated with the Kondo
effect can also occur in compounds with 4f impurities as Ce. Because the spatial
extension of the 4f wavefunction in Ce is rather small, the concentration of Ce ions
in a non-magnetic host can be surprisingly large (of order of 1 at.%) without violating
the conditions necessary for the single-impurity Kondo effect to appear. In the case of
Ce-based Kondo lattices, when the 4 f level is located not too far from the Fermi level,
the ground-state properties of the system are determined by the competition between
the Kondo effect and the RKKY interaction. While the former one tries to compensate
the local moment of Ce leading to the formation of a non-magnetic singlet at low
temperatures, the RKKY interaction leads to the formation of a magnetic ground
state. Since both energies, kgTrxxy and kgTk, strongly depend on the coupling
J between the impurity spins and the conduction electrons, a unified qualitative
phase diagram, taking into account both interactions, was established by Doniach

for the case of AFM inter-site interactions on a chain of Kondo ions (see figure 1.1)

8
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Figure 1.1: Doniach phase diagram for AFM HF systems.

[Doniach 1977]. For small | J |, the RKKY interaction dominates and the system
orders magnetically. For the strong-coupling case (large values of | J |), the Kondo
energy dominates and the system is non-magnetic. The real ordering temperature,
Ty, therefore increases initially with increasing |J |, then passes through a maximum
and approaches zero at a critical value, | JN(EF)|..

On the magnetically ordered side of the Doniach phase diagram (| JN(Er) |<
| IN(EF) |. in figure 1.1) the system is characterized by a weak AFM state. Due to
partial Kondo compensation, the ordered moment in this state is relatively small.

On the non-magnetic side of | IN(Er)|. (| JN(Er)|>|JN(EF)|. in figure 1.1),
where the Kondo regime dominates, the observed properties at high temperatures
(T > Tk ) can be described within the calculations emerging from the single-impurity
Kondo picture, while strong deviations from that situation appear at low tempera-
tures. Because of the periodicity in a Kondo lattice the ground state of the system is of
coherent nature leading to a low-temperature behavior well explained within the LFL
theory. Due to the coherent scattering of the conduction electrons on the magnetic
impurities, at low temperatures (7' — 0 K), the resistivity, p(T), of a Kondo-lattice
system is characterized by a steep drop, contrary to the single-impurity case, where
the resistivity at T" — 0 K tends to a large value, py. When at each impurity site
a Kondo singlet ground state is formed, those states will scatter electrons. Due to

the periodicity of these sites in a lattice, the resonant elastic scattering at each site
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will form a highly renormalized band of width ~ Tyk. As a result, a heavy-electron
state is formed, with the quasiparticles (QPs) exhibiting strongly enhanced values of
the effective masses, m*. Therefore, large values of the magnetic susceptibility and of
the electronic specific-heat coefficient are observed at low temperatures. The formed
heavy QPs show LFL behavior at low temperatures. The observed values of m* are
usually about 100 <+ 1000 times larger than in simple metals (e.g. Cu).

In the case of the electrical resistivity, the transition from the high-temperature
logarithmic temperature dependence of p (Ap(T) < —InT) to the low-resistance
coherent state, characterized by LFL behavior (Ap(T) oc T?), in the Kondo-lattice
systems, happens through a maximum in the p(7") curve. The maximum is associated
to the coherence temperature, T,,,. Therefore, T, is often used as a rough estimate
for Ti (Toon x Tk).

Even though at the moment is still an unsolved theoretical issue, the Kondo-
lattice effect may explain the formation of heavy QPs in rare-earth-based HF systems.
The formation of the bound states between the local moments and the conduction
electrons is an effect local in space but non-local in time. An analogy between the
formation of heavy-electron bound states in HF systems and the formation of Cooper

pairs in SCs was also suggested [Coleman 2002].

1.1.3 Heavy-fermion and intermediate-valence systems

In the case of rare-earth-based intermetallic compounds, the electronic configu-
ration of the rare earth is [Xe|4f"5d'6s?, with n integer from 0 to 14. Therefore, rare
earths are usually characterized by a trivalent state corresponding to the 4f™ con-
figuration. Ce, Sm, Eu, Tm and Yb are known to be outstanding among rare-earth
elements. Their anomalous behavior consists in the fact that at different conditions
(e.g. different compounds, pressure), a departure from the 4f™ ionic configuration
with n being integer has been found. Depending on the strength of the hybridiza-
tion between the conduction electrons and the 4f electrons of the rare earth, V', the
4f™ and 4" ! states have a non-zero occupation probability. In the case of Ce, a
Ce3* ionic configuration, with 4f™, n = 1 is expected. For Ce-based compounds, a
deviation from the integer n = 1 value (where n is averaged over the Ce-based lattice

compound) can lead to different situations:

1. 4f" n = 1, stable 4f shell, in most cases long-range magnetic order occurs,
localized 4 f electrons;

2. 4f" n~1—¢ with e > 0, ¢ — 0, Kondo regime, HF systems, 4f electrons

almost localized;

10



1.2. Superconductivity in heavy-fermion systems

3. 4f" n ~1—¢, with € > 0, IV regime, 4f electrons delocalize, the HF state

breaks down.

Application of pressure or appropriate chemical doping can shift Ce-based compounds
from the integer n = 1 valence to the IV regime. The above-mentioned regimes are
qualitatively described by the Doniach phase diagram presented in figure 1.1, with
the IV regime for Ce-based compounds being located on the right side of the phase
diagram. In the case of Ce compounds, increasing pressure induces an increasing
hybridization strength between the 4 f electrons of Ce and the conduction electrons,
i.e. increases the value of | JN(EFr)|. Around the region where long-range magnetic
order disappears, it was experimentally observed that, in some of the HF compounds,

SC sets in at low temperatures.

1.2 Superconductivity in heavy-fermion systems

1.2.1 Conventional versus unconventional superconductivity

Superconductivity (SC), at the time of its discovery by H. Kamerlingh Onnes in
1911 in mercury [Kamerlingh 1911], was defined as the complete absence of resistance
to electric current below a certain temperature 7., called the SC transition temper-
ature. Until 1933, when the Meissner effect was discovered [Meissner 1933], it was
considered that the absence of electrical resistance is the only property which makes
a SC to differ from a non-superconducting material. The discovery of the Meissner
effect, as the property of a SC to expel the magnetic field from its interior, has shown
that the SC state is a true, reversible, thermodynamic state. A microscopic theory of
SC was developed in 1957 by J. Bardeen, L. N. Cooper and J. R. Schrieffer, known
today as the BCS theory [Bardeen 1957]. According to this theory, below T, the
electrons are forming paired states (named Cooper pairs) due to the interaction with
the crystal lattice.

In matter in general, at microscopic level, forces between particles are transmit-
ted by the exchange of small energy packets, called quanta. When electrons in a metal
exchange these quanta of attractive energies they can overcome their electrostatic re-
pulsion and they can form a new bound state. These new electronic bound states
in a SC are called Cooper pairs and they are the basic ingredients for a SC state in
matter. The Cooper pairs are characterized by an integer spin (in units of &), 0 or 1,
therefore they behave like bosons. In the conventional BCS type SC the electrons are
paired by the exchange of the quanta of lattice vibrations, called phonons. This kind

of pairing favors the formation of s-wave pairs - spin singlets (S = 0) with an angular
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momentum [ = 0. The so formed Cooper pairs are scattering on magnetic impurities
existing in the SC matter. Only a tiny amount of magnetic impurities (< 1 at.%)
leads to a full suppression of the SC state. HF' SCs are showing two major differences
compared to classical BCS type SCs: i) the existing charge carriers in HF's are heavy
QPs with large effective masses mj;r and ii) HF SCs contain a dense array of mag-
netic ions which need to be non-pair-breaking (otherwise SC would not appear in HF
systems). Therefore, the Cooper pairs in HF SCs are formed by heavy QPs and the
attractive binding force is most likely non-phononic in origin. The latter is suggested
by the fact that the existing large mj,;» signals a correspondingly small Fermi velocity
(vpy, ) of the charge carriers, which is approximately of the same order of magnitude
as the sound velocity (vy) in the HF systems. In a normal metal, the Fermi velocity of
electrons, vp,, is about three orders of magnitude larger than the velocity of sound,
vs. This retardation of the electron-phonon interaction in normal metals is the neces-
sary condition in the BCS theory of SC to avoid the Coulomb repulsion between the
charge carriers forming the Cooper pair. Consequently, phonon mediated BCS-like
SC is very unlikely to exist in HF SCs. Furthermore, in the last three decades, many
experimental evidences of anisotropic pairing states appeared not only in the case
of HF systems (e.g. CeCusSiy [Steglich 1979], UBey3 [Ott 1983],UPt3 [Stewart 1984],
Celrlns [Petrovic 2001b], CeColng [Petrovic 2001a}), but also in the high-T, cuprate
SCs (e.g. LajgsBag15Cu0, [Bednorz 1986], (HgosTly2)BasCasCuzOg sz [Sun 1994))
or in the ruthanates (e.g. SroRuO, [Maeno 1994]), demonstrating the non-s-wave,
unconventional, character of the Cooper pairs.

Taking into account that up to now there exist several classes of SC mate-
rials and that there are some experimentally proven evidences for physical prop-
erties in the SC state of those materials which are in contradiction with the pre-
dictions of the conventional BCS theory (see table 1.1), it is expected that new
mechanisms and, therefore, new theories have to be worked out for the explana-
tion of those unconventional SC properties. The very first question arising in this
problem is related to the provenience of the binding force needed for the forma-
tion of Cooper pairs. The existing differences suggest that the mechanism of at-
traction does not have to do much with phonons but might be purely or mainly
electronic in origin. Along the past decade, fluctuations associated to different types
of instabilities, like spin fluctuations, valence fluctuations, orbital fluctuations, etc.,
were proposed as ingredients for the formation of Cooper pairs in unconventional
SCs. However, guided by the experimental observations, good theoretical estimations
have been obtained for the case of spin-, respective, valence-fluctuation mediated SC
[Monthoux 1999, Onishi 2000, Monthoux 2001, Monthoux 2004]. The pressure in-
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duced unconventional SC in Ce-based HF materials like CePd,Sis, Celns, CeCusSis,
CeCuyGey [Mathur 1998, Yuan 2003] is very well described within the theoretical
framework of electron spin- or electron charge-density-fluctuation mediated SC. How-
ever, the first clear experimental prove for magnetically mediated SC became available
in the case of the U-based HF SC, UPdyAls, by tunneling conductivity and inelastic
neutron-scattering experiments [Jourdan 1999, Sato 2001].

In conventional SCs, the binding of electrons in Cooper pairs is described by
the emission and absorption of phonons (waves of lattice density). For the above-
mentioned models for the formation of unconventional SC one can similarly imagine
the binding of electrons via emission and absorption of waves of electron spin-, re-
spectively, charge-density.

Looking back to the evolution in time, the appearance of SC in HF systems close
to a magnetic instability has brought scientists to the idea that SC could be related
to the existing magnetic instability. The unusual behavior of SC under pressure in
CeCuySis and CeCuyGey [Bellarbi 1984, Thomas 1993, Thomas 1996, Jaccard 1999]
did, however, not fit into this picture, due to the extension of the SC phase far be-
yond the existence of the magnetic instability. Therefore, it was supposed that the
pronounced increase of the SC transition temperature in the high-pressure range in
the above-mentioned HF systems has to be connected to a possible valence transi-
tion of Ce (in analogy with the isostructural v — « transition existing in metallic Ce
[Koskenmaki 1978]). However, the theory for magnetically mediated SC proposed by
Monthoux and Lonzarich [Monthoux 1999] could not explain the “unusual” SC phase
diagram of CeCuy(Si,Ge)s. Onishi and Miyake have tried to approach this “unusual”
phase diagram by a model where they have considered valence fluctuations to be
involved in the sharp increase of the SC transition temperature under pressure. In
their model they have used the extended periodic Anderson model with Coulomb re-
pulsion potential between f and conduction electrons [Onishi 2000]. The theoretical
model has been convincing to some extent, but the existence of the magnetic fluctu-
ations around the AFM QCP has been neglected. Later on, experimental evidence
for the existence of two separated SC domes under pressure in CeCusy(Si;_,Ge,)a
(x # 0,1), which merge in the case of the stoichiometric compounds CeCusSiy and
CeCusGe, into one extended SC region [Yuan 2003], has eliminated part of the mys-
teries concerning the unusual phase diagram. A similar approach, like the one for the
spin-fluctuation mediated SC, has been made for the valence-fluctuation mediated
pairing as well [Monthoux 2004], in this way shedding more light to the SC anomalies
seen so far in HF materials. In the following part we will briefly describe these two

most popular theoretical models existing up to now for SC in HF systems.
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Table 1.1: Conventional and unconventional SC. Some important similarities and
differences (part of the content was taken from [Leggett 1997]).

- formed by renormalized
band electrons around the
Fermi level (from light QPs

with small m?;)

- formed by heavy QPs
around the Fermi energy

(from heavy QPs with large

myr)

Conventional SC (BCS) | Unconventional SC Comments
Cooper pairs: Cooper pairs: - in the case of HF SC,
AC

~ 1 =2 or

YHFT: T=T.
higher, but it is never much

smaller then 1;

miyp & 1000m,

- phonon mediated pairing;
- high Fermi velocity:

vg, = 1000vs =
the retarded

phonon interaction avoids

electron-

Coulomb repulsion

- non-phonon mediated
pairing;
VFyp =~ Us;

electron mediated pairing?

kFHF ~ kFel;
(kp = m*vp/h)
VFpp U = ’UFel/lOOO

§ - wave pairing;
isotropic pairing;

S =0, [ =0 (singlet);

- energy gap:
A(k) = const., Yk

- phonon-induced  in-

teraction is not very
sensitive to the momentum
the
simplest possible pairing

(S=0,1=0) is favored

transfer,  therefore

p - or d - wave pairing (also
f - wave);

anisotropic pairing;

S =1,1=1 (triplet);

S =0, =2 (singlet);

- energy gap:

A(k) # const.,

3k for which A(k) = 0
(nodes of the gap function)
- momentum transfer might

be very important

- HF SC:

CeColns - most likely
dy2_,2 singlet pairing (or
day);

evidence from thermal-
conductivity (k)  and
angle-dependent  specific-

heat measurements;

- high-T, cuprate SCs:
dy2_,2 singlet pairing;
ARPES,
SQUID measurements;

- SroRuOy:

p - wave triplet pairing;

- 3He:

p - wave triplet pairing;

supported by

- only gauge symmetry is

broken

- gauge symmetry + addi-
tional symmetries (one or

more) are broken

- e.g. - additional broken
symmetry could be the in-
version symmetry in uncon-
ventional SCs (e.g. super-

fluidity in 3He; CePt3Si)
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Conventional SC (BCS)

Unconventional SC

Comments

- C(T), for T <« T, shows
an exponential decay:
C(T) o exp(—557)

- C(T), for T <« T, shows
a non-exponential behavior

(power law):
C(T) T

- existence of nodes on
the FS (3k for which
A(k) = 0) in unconven-
tional SC leads to power-
law T dependencies of the

specific heat at low T

- normal-state properties:

— LFL behavior

- anomalous normal-state
properties can be often
seen:

— NFL behavior

- NFL behavior is seen in
the normal state of many
HF SCs (Ap(T) o< T",n #
2), as well in high-7, SCs
(Ap(T) x T)

- coherence length:
& ~ 10%A

- coherence length:

HF SC:

- & ~ (50 =+ 100) A
high-T, cuprate SC:
-~ (10+=30)A

- coherence length (&) rep-
resents the radius of the
Cooper pairs in a SC;

Eo ~ ’lﬁgﬁ for a SC, indepen-
dent of the type

- magnetic impurities de-
stroy SC

- paramagnetic impurities

are not strongly pair-
breaking, due to isotropic

pairing

- SC does not coexist with

magnetic order

- magnetic impurities do
not destroy SC, they even
might favor SC

- paramagnetic impurities
are strongly pair-breaking,

due to anisotropic pairing

- SC can often coexist with

magnetic order

- HF SC: - doping with
non-magnetic La on Ce site
in CeCusSis destroys SC:
CeCusySis is SC
Ce(1—xLaxCugSia -
x > 0.1 does not SC;

- in malny cases unconven-

for

tional SC appears around
ordered
phases (e.g. HF-AFM-
SC, HF-FM-SC, high-T,
cuprate SC, etc.);

- CeCusgSiy, UGey, YBCO,

etc.

magnetically

- high purity samples are

not  essentialy required
for occurence of SC, only
magnetic impurities have

strong pair-breaking effect

- unconventional SC ap-
pears usually in very high

purity materials
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Conventional SC (BCS) | Unconventional SC Comments
- T, is connected to the - prediction of the BCS the-
size of the energy gap by: ory like:
2A(T = 0K) ~ 3.5kpTy; 2A(T = 0K) =~ 3.5kpT.
A(T =0K) =~ is not valid in high-T¢ SCs,
(0.1 = 1)meV =~ where:
10-U9 Ep 2A(T = 0K) > 3.5kpT,
(2A(T = 0K) ~ 60 meV)
- singlet SC: - triplet SC: - Pauli limiting | - SC in magnetic field

B3Pl (0K) < Bpauwi(0K)
therefore, the Pauli limit is

irrelevant

is not existing, only orbital
limiting must be taken into
account

- singlet SC (e.g. HF
SC): - B%bital(0K) and
Bpaui(0K) might be of
the same order of magni-
tude, therefore, they both
might affect the upper crit-
ical field, B

implies:
- orbital effects:

ngbital(o K) ~ m*QTC

- Pauli limit:

Bpaui(0K) ~ (1.8 T/K) T¢;
both
breaking,

effects are pair-

reducing the

upper critical field, Beo

- BCS theory predicts for
the highest transition tem-
perature 30 K: 7, < 30 K

- high-T, SCs have high SC
transition  temperatures:

T0K < T, <150 K

- maximum observed
T. at ambient pres-
sure of T, ~ 138 K in

(Hgo.8Tlp.2)BayCayCus0sg 33

- phonon mediated interac-
tion:
— local in space,

— non-local in time

- spin (valence, etc.)-fluctu-
ation mediated interaction:
— mnon-local in space,

— non-local in time

(see theoretical approach of
Monthoux and Lonzarich
[Monthoux 2004])

- Coulomb repulsion is not
favorable for the formation

of SC

- Coulomb repulsion helps
the formation of p - wave
triplet paired state in the
case of FM-fluctuation me-
diated SC

- in the context of magnet-
ically mediated SC, repul-
sive channel might help the
formation of Cooper pairs
[Monthoux 2004]

1.2.2 Unconventional superconductivity mediated by elec-

trons in heavy-fermion systems

Electron spin-, respectively, charge-density-fluctuation mediated SC was studied

theoretically by using the mean-field theory of SC for metallic systems on the border of

a magnetic, respectively, charge-density instability [Monthoux 1999, Monthoux 2001]
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[Monthoux 2004]. The calculations were done for cubic (3D) and tetragonal (2D)
lattices, as well as for AFM, FM, respectively, charge fluctuations. One of the ma-
jor differences between the conventional phonon mediated and the unconventional
magnetically or charge-density-fluctuation mediated SC consists in the fact that the
former one is usually taken to be local in space but non-local in time, while the two
latter ones are non-local in both space and time. The non-locality in space leads
to anisotropic pairing states, typical for the unconventional type of SC found in HF
systems. The calculations are based on the parametrization of an effective interaction

arising from the exchange of spin-density, respectively, charge-density fluctuations.

Magnetically mediated superconductivity

In the vicinity of a continuous magnetic quantum phase transition (QPT) or
QCP, the susceptibility of the system could become divergent and thus the interac-
tions become rather strong. Therefore, slow spin fluctuations with large amplitudes
are existing around a magnetic QCP. The charge carriers possessing their own spin,
in their movement along the crystal, are feeling these strong fluctuations and they
communicate via emitting and absorbing some energy from the environment. If the
conditions are favorable to overcome the repulsive interaction existing among them,
the electrons form Cooper pairs. An important aspect of the magnetic interaction
is the vector nature of the spin. The longitudinal and transverse spin fluctuations
can be seen in a similar way like the longitudinal and transverse phonons that me-
diate the conventional pairing. However, the important difference is coming from
the fact that while the phonon-mediated interaction does not take into account the
relative orientation of the spins of the interacting particles, the magnetically medi-
ated interaction strongly depends on it. One obtains the SC transition tempera-
ture 7. from the solutions of the Eliashberg equations (McMillan type of formula)
[Millis 1988, Lonzarich 1997, Mathur 1998]:

2 !
1—(%)]&7$g (1.1)

where Ty represents the spin-fluctuation temperature, analogous to the Debye tem-

T, ~ Ty

perature in the BCS theory, and is associated with the bandwidth of the spectrum I’
which describes the relaxation rates of spin fluctuations at a wave vector q. T,y sets
the overall energy scale for spin-fluctuation mediated SC in a system. X represents the
enhancement of the QP mass due to magnetic interactions and it is proportional to the
g-space average of 1/I",. At a magnetic QCP X\ diverges, while away from the mag-

netic QCP it becomes small and therefore T, is strongly suppressed. g measures the
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relative strength of the interaction in the given pair states. The factor 6 depends on

the form of I'y and partly represents damping due to incoherent inelastic scattering.
2
{1 — (f—°> ] measures damping due to scattering from impurities, either magnetic
tr

impurities or non-magnetic ones for the case of anisotropic pairing. It defines the
condition for the appearance of unconventional SC, namely that the charge carriers’
mean-free path, [;,,, must exceed the coherence length, &, also suggesting that uncon-
ventional SC is more stable in systems with small & (e.g. HF systems and high-T,
SCs). The most important results of the above-described model can be summarized
in a few important conclusions (no. 1-5 from [Monthoux 1999, Monthoux 2001 and
no. 6 from [Hertz 1976, Millis 1993, Moriya 1995, Nakamura 1996, Lonzarich 1997]):

1. magnetically mediated SC is more robust in quasi-2D rather than in 3D elec-
tronic structures; furthermore, in the quasi-2D case SC can be observed in a

wider region at the border of the magnetic instability than in the case of 3D;

2. the appearance of magnetically mediated SC is more favored in the case of the
AFM order as compared to the FM order;

3. the most robust pairing is obtained for the spin-singlet d,2_,» Cooper pair state;

4. for the d,2_,» Cooper pair state, the most robust pairing is expected to appear

for the magnetic fluctuations at gy near [, 7|;

5. high SC transition temperatures can be obtained in systems with high spin-

fluctuation temperatures Ty;

6. in the vicinity of an AFM instability, the maximum value of T, is obtained
around the critical concentration where T — 0 K, n. (or critical pressure,
Pe, Tespectively). The magnetic transition temperature vanishes as
TNéel, Curie | p — pe |7 at the critical pressure p., with: v = 3/4 for a 3D
FM, v =2/3 for a 3D AFM and 7 = 1 for a 2D AFM and a 2D FM.

Valence-fluctuation mediated superconductivity

Analogous to the model of spin-fluctuation mediated SC where the magnetic
susceptibility of the system is supposed to diverge at a magnetic QCP, Monthoux
and Lonzarich have considered the possibility of pairing near instabilities produced
by the divergence of the particle-density response function [Monthoux 2004]. In this
situation one could include structural instabilities, characterized by the softening of

phonons in some regions of the Brillouin zone. Similar to the situation described in
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the previous paragraph, the induced interaction produced by those soft phonons, in
contrast to the conventional phonons, is non-local in space. Typical situations where
one could expect a density response function to be strongly enhanced are the bor-
der of a charge-density-wave transition, a stripe instability or a valence instability
(a transition where the structure of the unit cell remains the same, but its volume
changes, e.g. the v — « transition in metallic Ce). If the charge-density transition is
strongly first order, the charge-density response function is not sufficiently enhanced
and, therefore, the QP interaction is not strong enough to lead to SC. The isostruc-
tural v — « transition of Ce, which could take place in many Ce-based HF systems,
is a typical case where the transition is of first order, except at the critical end point.
Therefore, for the appearance of charge-density-fluctuation mediated SC there are

two major conditions to be fulfilled:

i) the critical end point of the density transition must be in the same temperature

range where the SC pairing is expected;

ii) the critical end point must be at low enough temperature in order that thermal

fluctuations are not strong enough to destroy the SC pairs.

The theoretical model assumes for the density response function a similar form
like the one assumed for the magnetic susceptibility in the model of magnetically medi-

ated SC. The main results of the model can be summarized as follows [Monthoux 2004]:

1. the increase of the lattice anisotropy from 3D to 2D increases the robustness of

charge-density-fluctuation mediated SC;

2. weakening the first-order character of the valence transition enhances the den-

sity fluctuations and, therefore, enhances the SC transition temperature;

3. the critical end point of the valence transition must be at low enough temper-

ature in order to achieve the SC state;
4. the most robust pairing is obtained in the spin-singlet d,2_,2 Cooper pair state;

5. for the d,2_,2 Cooper pair state, the most robust pairing is expected to appear
for the charge-density fluctuations with small wave vector ¢y, near the center of

the Brillouin zone.

A comparison of the two models, treating a magnetic, respectively, a valence
instability in order to obtain SC, leads to the conclusion that in both models the most
robust SC is obtained for the d,2_,» Cooper pair state, but with the most enhanced

response function obtained for different wave vectors. Magnetic pairing gives the
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highest T, for the wave vector, qo, near [m, 7|, while the charge-density-fluctuation
mediated pairing for a wave vector close to the center of the Brillouin zone. This
observation could be very important for the SC in the Ce-based HF systems which
show an AFM QCP (at p.) and a low-temperature critical end point (at p,) for
the valence transition of Ce. When the two mentioned key transitions appear at
the same critical pressure (p. ~ p,), both pairing mechanism could reinforce each
other, giving rise to a more robust SC state. When the two transitions are well
separated on the pressure scale (p. < p,), one expects two separated SC domes, one
located in the vicinity of the AFM QCP (p.) and the second one located close to the
valence instability region (p,). The CeCusy(Si;_,Ge,)s family of HFs can be taken
as a very good example where the system under pressure passes through both phase
transitions, a magnetic and a valence transition. Atomic disorder in unconventional
SCs usually reduces the SC transition temperature, as well as the width of the region
where SC is present. Consequently, the low Ge containing systems in this family,
due to the atomic disorder introduced by doping, show two well separated SC domes
located around the two critical pressures, p., respectively, p, (p. < p,), while the
stoichiometric compounds, where the atomic disorder is substantially smaller, show a
very broad SC region under pressure as a result of the overlapping of the two distinct
extended SC domes.

1.3 Non-Fermi-liquid behavior in heavy-fermion

systems

1.3.1 The Landau-Fermi-liquid state

The Landau-Fermi-liquid (LFL) theory dates back to 1956 and it is related to
the work of Landau, who has shown that a system of interacting fermions, under
certain conditions, can be described within the picture of a non-interacting fermionic
system (Fermi gas) [Landau 1956, Landau 1957, Landau 1959]. An important aspect
of this similarity consists in the fact that it is valid only for low excitation energies
and temperatures. The interacting fermions are treated as QPs, carrying the same
spin, charge and momentum as the original particles, but being “dressed” by the
excitations coming from the environment. With these conditions fulfilled, a one to
one correspondence between the QPs and the non-interacting fermions can be usually
done. As a consequence, simple metals, if they are not in a magnetic or SC state,
at low temperatures, kg1 < Er, can be described within the free-electron picture,

replacing the electrons by QPs, the latter containing information about the environ-
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ment, such as lattice vibrations, spin fluctuations, electronic interactions, etc. The
effective mass of the QPs, m*, is therefore renormalized and displays values higher

than that of the bare electron mass, mg. The renormalization factor can be defined

as: . s
m
=1+ -1, 1.2
e 3 (1.2)

where F} is a symmetric Landau parameter. In the case of HF systems this renormal-
ization factor has very large values, leading to heavy QPs with values of the effective
masses, My p, up to 1000 times larger than my.

The low-temperature thermodynamic and transport properties of a LFL system,
described within the free-electron picture, are modified as a direct consequence of the
effective mass renormalization. In the following, some of the physical properties of

metals, predicted within the LFL theory for T — 0 K are presented:

e The density of states at the Fermi energy is given by:

N(Er) = 372 (1.3)
e The temperature-independent Pauli susceptibility is defined by:
2 * I 1
_ Ko g1 RF 7 (14)
mh? 14 F§
with F§ being the antisymmetric Landau parameter.
e The electronic specific heat behaves as:
C m*k:F/{%
i 1.5
e The Wilson ratio is defined as:
k% x 1
Ry = 5 A _ . 1.6
YV Bk 1+ F (1.6)
e The electrical resistivity varies as:
p(T) = po + AT?, (1.7)

where pg is the residual resistivity and the A coefficient reflects the cross-section
of the QP-QP scattering, A o< v* oc N(EF)?.

As in the case of normal metals, the low-temperature properties of certain HF
systems can usually be described within the LFL theory. Therefore, the above-listed
formulas also apply in the case of HF systems, with the corresponding mass renor-

malization.
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1.3.2 Non-Fermi-liquid behavior

While certain HF systems can be described as Fermi-liquids down to sufficiently
low temperatures, remarkable deviations in the thermodynamic and transport prop-
erties have been observed in a growing number of systems. The systems showing
deviations from the predictions of the LFL theory are usually called non-Fermi-liquid
(NFL) systems. In order to understand the unusual physical properties in these sys-
tems, several routes leading to the NFL state have been proposed. Among them one
can mention the QCP scenario, the multichannel Kondo-impurity effect or the Kondo-
disorder model. The main features related to NFL behavior (7" — 0 K) include (see
also table 1.2):

e Ap(T) x +£T" n < 2 - non-quadratic temperature dependence of the electrical

resistivity;

o cg. Y(T) ox —1log(T/Ty), V(T) < vy — aT*/? - strongly temperature-dependent

specific-heat coefficient, v;

o eg. x(T) x —log(T/Ty), x(T) o< bT? (8 = +3/2,—4/3,—1) - divergent mag-
netic susceptibility, .

The low-temperature divergence of v indicates the divergence of the effective mass
and points towards a breakdown of the LFL theory.

As quantum critical phenomena are the most significant in the case of the Ce-
based systems presented in this work, in the following part we will give an overview

to some of the basic concepts related to QCPs.

1.3.3 Quantum critical phenomena

Quantum phase transitions (QPTs) are phase transitions taking place at zero
temperature. The critical point related to a continuous QPT is known as a quantum
critical point (QCP). Therefore, a QCP is a zero-temperature instability between two
phases of matter where quantum fluctuations develop long-range correlations in both
space and time [Sachdev 1999]. The difference from the case of a finite-temperature
critical point consists in the fact that the thermal fluctuations of the order param-
eter are replaced by quantum fluctuations in the case of a QCP. In the case of a
finite-temperature critical point, the coherence of quantum fluctuations is destroyed
on a time scale longer than 7 ~ h/kgT, therefore the role of quantum fluctuations is
negligible, while in the case of a QCP their role becomes significant. Classical and

quantum phase transitions are both characterized by divergent correlation lengths
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and correlation times but with irrelevant dynamical critical behavior in the case of
classical transitions (only spatial correlations being relevant) and coupled dynamical
and static critical behavior in the case of continuous QPTs. A d-dimensional quantum
system can be viewed as a d + z-dimensional classical system, with z being the dy-
namical scaling exponent. Although experimentally unusual behaviors of the physical
properties of systems around a QCP have been found in many cases, a complete the-
oretical understanding is still missing. The large values of several physical properties
of HF systems at low temperatures made this family of materials especially suited
for the study of quantum critical phenomena. The ground state in rare-earth-based
HF systems is usually determined by the interplay between the Kondo effect and the
RKKY interaction, the latter one leading to formation of magnetic order. Therefore,
in many of these systems, the magnetic transition temperature can be continuously
tuned to zero temperature by an external control parameter like pressure, chemical
doping or magnetic field, leading to the appearance of a magnetic QCP.

There are two main routes to look at the quantum critical behavior in HF sys-
tems. The first approach is treating the QCP within the itinerant scenario [Hertz 1976,
Millis 1993, Moriya 1995, Lonzarich 1997], while the failure of its predictions in the
case of some HF compounds (e.g. CeCug_,Au, [Lohneysen 1994, Schroder 20001,
YbRhy(Si;—,Ge,)o [Trovarelli 2000, Gegenwart 2002]) has guided theorists to a new
concept, namely the “locally critical” scenario.

Within the itinerant scenario (also called spin-density-wave (SDW) scenario),
based on the role of spin fluctuations at a QCP, the behavior of the physical properties
of a system close to a magnetic QCP have been theoretically estimated [Hertz 1976,
Millis 1993, Moriya 1995, Lonzarich 1997]. Strong deviations from the typical LFL
behavior have been found for the systems located around a QCP. The main predictions
of these theories for the physical properties in the vicinity of a magnetic QCP, such
as the electronic specific heat, C(T')/T, magnetic susceptibility, x(7"), and electrical
resistivity, p(T'), together with the corresponding references, are summarized in table
1.2. Experimental findings have shown that several HF systems in the vicinity of a
magnetic QCP can be described within this scenario.

Unusual properties around a QCP, such as E/T and H/T scaling and an ef-
fective charge-carrier mass which is diverging stronger than logarithmically, found in
HF systems as CeCug_,Au, [Lohneysen 1994, Schroder 2000 and YbRha(Siy_, Gey)o
[Trovarelli 2000, Gegenwart 2002] cannot be described within the itinerant scenario.
In order to understand these “unconventional” properties, Si et al. [Si 2001] and Cole-
man et al. [Coleman 2001, Coleman 2002] have proposed the locally quantum critical

scenario. In their theory, vestiges of local moments remain as local critical modes
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theory | physical | AFM -2 =2 | AFM-2=2 |FM-2=3| FM-2=3
quantity d=3 d=2 d=3 d=2
C(T))T | ~o— aT'/? log(To/T) log(To/T) T3
(a) | Ax(T) 92 Xo — dT’ - -
Ap(T) T5/? T T -
CD)T | 70— al'"? | log(To/T) | log(To/T) | T
(b) | Ax(T) T—3/2 (—logT)/T =43 —1/(TlogT)
Ap(T) T3/2 T T5/3 T4/3
C)JT | o+ 17 : log(Ty/T) | T 7
(c) Ax(T) T-3/2 - T3 !
Ap(T) T3/2 _ T5/3 T4/3

Table 1.2: Predictions for the temperature dependencies of the specific heat, C'/T,
susceptibility, y, and resistivity, p, at low temperatures, in the NFL regime, as ob-
tained from spin-fluctuation theories. The different theories are indicated by (a),
(b) and (c). The corresponding references are: (a)-[Hertz 1976], [Millis 1993] (b)-
[Moriya 1995], (c)-[Lonzarich 1997] (table taken from [Stewart 2001]).

which coexist with the long-wavelength critical fluctuations of the order parameter
at the QCP.

A large reconstruction of the F'S across the magnetic QCP, from a small F'S on
the AFM side to a large F'S on the paramagnetic side of the QCP, not detectable
in the case of the SDW scenario, is expected in the case of a local QCP. Different
from the mean-field type of quantum critical behavior in the vicinity of a SDW type
QCP, destruction of the Kondo screening or/and breaking-up of the heavy QPs into
their components, conduction electrons and local 4 f moments, was predicted. It was
proposed by Si et al. [Si 2001] that 2D magnetic fluctuations may lead to a local type
of quantum critical behavior.

Based on the experimental findings, it is believed that the existence of a SDW
type of QCP in HF systems favors the appearance of a SC state around the QCP, while
in the HF systems, displaying around a magnetic QCP the properties corresponding
to a local type of QCP, a SC state has not been observed yet.
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Chapter 2

Experimental methods

2.1 General concepts about heat capacity

The heat capacity (C) of a material is defined as the amount of heat required
to change its temperature by one degree. It is an extensive variable and has units of

energy per degree Kelvin,

O(T) = % - T% (%) (2.1)

In spite of its simple definition, the heat capacity is a complex physical property
of a system, containing a global information about the constituents of the system
and about the manner in which the internal energy is distributed among them. In

statistical mechanics, the entropy of a system, .S, is defined as:

= (%) | o3

where F' represents the Helmholtz free energy. The free energy, F', is defined as:

kgT
F=—— 2.3

Z being the partition function of the system:
_ B
Z = ’ 2.4
zi:exp ( BT) ’ (24)

where the summation is over all the allowed states of the system. Since all different

modes in a system (electronic, translational, vibrational, rotational, etc.) contribute
additively to the energy of a state, the partition function can be expressed as a

product of the partition functions corresponding to each different mode. Therefore,
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it is obvious that the heat capacity of the system is a sum of all the contributions from
these different modes and its variation with temperature depends on the particular
temperature dependence of each of these modes. With simple models one can estimate
the contribution to the heat capacity of the system of each of the existing modes and
in this way, by fitting the experimental data, one can get information about different
properties of the system.

The principle of heat-capacity measurements is quite simple and follows from
its definition (see equation 2.1). An accurate knowledge of the energy input to the
system (J@Q)) and of the resulting change in temperature (d7’), in the conditions where
the system is adiabatically isolated, gives the value of the heat capacity of the sys-
tem. This method, called “adiabatic calorimetry”, was introduced by Nernst and
Eucken in 1910 and it was the most used technique until the mid 1960’s when other
techniques became available. Nowadays, among the most developed techniques for
measuring heat capacity, one should mention the alternating current method (a.c.
method), the relaxation-time technique, continuous heating method, the differential
calorimetry and the quasiadiabatic heat-pulse technique. Each of these methods has
different advantages and disadvantages, depending mainly on the temperature range
of interest, on the thermal conductivity of the sample and on the sample mass. Mea-
surements of the heat capacity become more difficult in the case of extreme conditions
like very low temperatures or high pressures. In the following we will focus on low-
temperature heat-capacity measurements under high pressure. For this purpose two

main techniques were developed:

i) the quasiadiabatic heat-pulse technique, available for 0.05 K < 7" < 10 K and
p < 4 GPa;

ii) the a.c. calorimetry, available for 0.05 K <7 <10 K and p < 30 GPa.

The latter one has the advantage of a broader pressure range but it does not give accu-
rate absolute values of C'(T', p, B). In the next part we will describe the quasiadiabatic

heat-pulse technique in the case of heat-capacity measurements under pressure.

2.2 The quasiadiabatic heat-pulse technique used
for measurements of heat capacity under high

pressure and at low temperatures

Most of the heat-capacity measurements presented in this work have been per-

formed by using the compensated quasiadiabatic heat-pulse technique implemented
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for low-temperature heat-capacity measurements under high pressure. This technique
is meant to be used mainly to investigate the effect of pressure on the heat capacity of

HF materials, where it is well known that the effective mass of the QPs, mg,p, which is

*
el

proportional to C(T') /T at low temperatures, is of the order of m¢,p ~ (100--1000)m
where m}; represents the effective mass of an electron in a simple metal such as Cu.
At the basis of these measurements stays the quasiadiabatic heat-pulse technique
but implemented for usage in the case of high sample masses. In order to obtain
heat-capacity data under pressure, the studied samples have to be enclosed and pres-
surized in a pressure cell before the heat capacity of the loaded pressure cell can be
measured. The heat capacity of the studied material is then obtained by measuring
the heat capacity of the complete pressure cell loaded with m =~ (0.3+0.5) g of sample
from which is subtracted the heat capacity of the empty pressure cell measured under
the same conditions. Because of the large heat capacity of the empty pressure cell,
to achieve good accuracy in the obtained results, only materials having a high heat
capacity, such as HF systems, are suited for these measurements.

As mentioned earlier, the heat capacity of a material is an extensive variable
and therefore depends on the quantity of the material measured. The corresponding
intensive variable is the specific heat (C'). Unlike the heat capacity, the specific heat
is a physical property which does not depend on the measured quantity. The units
for specific heat are J/(kgK) or J/(molK).

2.2.1 Compensated quasiadiabatic heat-pulse technique

The quasiadiabatic heat-pulse technique is based on the principle of the adia-
batic calorimetry. The studied system is isolated adiabatically from the environment.
At a certain temperature, T', a well-known heat pulse 6@ is applied to the system and
the resulting increase in temperature, d7', is accurately measured. The heat capacity
of the system is then computed as C(T + d7'/2) = 6Q/dT. The difference between
the basic technique and the compensated quasiadiabatic heat-pulse technique con-
sists in the fact that, in the case of the latter, the temperature of the environment
is kept always constant at a lower temperature than the studied sample and, due
to the quasiadiabatic conditions, the losses from the sample to the bath during the
entire measurement are evaluated and compensated. A schematic description of the
compensated quasiadiabatic heat-pulse technique is presented in figure 2.1. A data
point is taken between each two consecutive steps, k and k + 1. One step consists
of a heating time (At), waiting time and a short computing time. At each step k,
a heat pulse of Q% = PYAt (P¥ - applied power, At - heating time) is given to the

sample and the temperature increase AT* is measured. Between application of two
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Figure 2.1: Schematic description of the compensated quasiadiabatic heat-pulse tech-
nique. PF and PJ represent the applied power (heat pulse) and the background power,
respectively.

consecutive heat pulses, in the waiting time, the evolution of the sample tempera-
ture in time, Tk(t), is monitored. The bath temperature Tp., is maintained constant
over the entire measurement. Placing a quasiadiabatically isolated sample in a colder
environment (Thatn < Tsampie) is leading to a continuous heat flow from the sample
to the bath. Therefore, instead of a constant T%(t) dependence of the sample tem-
perature after each heat pulse QF expected in adiabatic conditions (d7%/dt = 0),
a relaxation of the sample temperature towards the bath temperature is detected
(dT*/dt < 0). For each step k, from the decay of T* in the waiting time (dT*/dt),
the background power, PF, needed to compensate the losses to the bath (to obtain
dT*/dt =~ 0) is iteratively estimated and applied to the sample. A fit to the T%(¢)
data starting from a certain t* > At is done in order to extrapolate the dependence
of the sample temperature, 7%, in the time interval outside of the waiting time. A
linear fit to the T%(t) data is usually used. As described in the figure 2.1, the temper-
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ature increase, AT*  is evaluated at half of the heating interval At, by extrapolating
the detected T*(t) and T*1(t) behaviors, by using the parameters from the above-
mentioned linear fits, d7%/dt and dT*~1/dt, to the corresponding values at At/2,
Tlffigh and Tz’Zw (ATk = Tf’fz‘gh - Ty

ew)- The value of the heat capacity is then com-

puted for TF, as C*(T¥), where T represents the sample temperature estimated as
Ty = Tk, + 1/20T" = 1/2(T};, + Ty:p,) (see figure 2.1). In order to compensate
the heat flow from the sample to the bath, the background power, PF, is applied to
the sample over the entire duration of a step (including heating, waiting and com-
puting time), but in calculating C*(T') is not taken into account as a heat source
for the obtained AT*. A more detailed description of the computing of the specific
heat in the case of the compensated quasiadiabatic heat-pulse technique is given in
[Hellmann 1993].

2.2.2 High pressure

Pressure is one of the most important control parameters in the field of solid
state physics. The application of pressure can produce structural, electronic or other
kinds of phase transitions reducing the interatomic spaces in a material in a clean
and controllable way. Compared to other control parameters such as chemical dop-
ing, which introduces additional atomic disorder, or application of a magnetic field,
breaking the time-reversal symmetry, hydrostatic pressure offers the chance to tune
a system through phase transitions only by reducing its volume, in this way helping
in the understanding of the underlying phenomena. Particularly, the field of strongly
correlated electron systems requires the use of high pressure in combination with low
temperatures and high magnetic fields. Therefore, measurements of the heat capac-
ity under such conditions are very demanding. Pressure cells must be prepared from
special hard materials which are non-magnetic, are maintaining their good mechani-
cal properties from room temperature down to low temperatures and do not become
brittle upon cooling. As we have already mentioned at the beginning of this chapter,
two different types of measurement techniques are available for heat-capacity mea-
surements under high pressure and at low temperatures. While the quasiadiabatic
heat-pulse technique requires the usage of piston-cylinder type pressure cells, the a.c.
method can be used in combination with different high-pressure techniques, such as
piston-cylinder type pressure cells or anvil type pressure cells. However, the a.c.
technique has the disadvantage of measuring the heat capacity of the system only
in arbitrary units, while the quasiadiabatic heat-pulse technique offers a good accu-
racy in obtaining the absolute values of the heat capacity. The anvil type pressure

cells, being used only in combination with the a.c. calorimetry, have the advantage
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Figure 2.2: Piston-cylinder type pressure cells used for specific-heat measurements
at low temperatures. Left photo (a): double-layer pressure cell (type II - Ni-Cr-Al
inner layer, CuBe outer jacket); right photo (b): mono-layer pressure cell (type I -
CuBe). The different components of the cells are indicated by numbers from 1 to 9.
1: locking nut (CuBe); 2: blocking disc (a - tungsten carbide (WC), b - CuBe); 3:
piston (WC); 4: sealing ring (CuBe); 5: POM capsule (sample space); 6: plug (a -

WC, b - CuBe); 7: main body of the pressure cell; 8: blocking disc (a - Ni-Cr-Al); 9:
locking nut (CuBe).

of a relatively large pressure range (p < 30 GPa) and large temperature range, but
the heat capacity is obtained only in arbitrary units. The piston-cylinder type cells,
when used together with the quasiadiabatic heat-pulse technique, offer a very good
accuracy in the absolute values of the heat capacity, but have a much lower limit
for the highest achievable pressure (p < 4 GPa) [Eremets 1996]. In this study, for

the measurements of specific heat under pressure, we have used piston-cylinder type
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pressure cells combined with the compensated quasiadiabatic heat-pulse technique.
Good materials for this type of pressure cells are the non-magnetic alloys, as copper-
beryllium alloy (CuBe) [Fujiwara 1980], the Ni-Cr-Al alloy [Uwatoko 2002] and the
Co-Ni-Cr-Mo alloy (MP35N) [Walker 1999]. Experiments show that the pressure limit
for piston-cylinder type cells is about 4 GPa. Pressure cells made out of mono-layer
CuBe can reach at low temperatures a maximum value of 2 GPa, while double-layer
type cells, using an inner layer of either Ni-Cr-Al or MP35N and an outer layer of
CuBe can reach at low temperatures pressures up to about (3.5 + 4) GPa. Unfortu-
nately, due to its large heat capacity at low temperatures, the MP35N alloy cannot
be used for heat-capacity measurements at low temperatures. Therefore, in this work
we have used two types of piston-cylinder pressure cells, one for the lower pressure
range (p < 1.6 GPa), made from a mono-layer of CuBe (type I), and a double-layer
type pressure cell (type II), made from an inner cylinder of Ni-Cr-Al and an outer
jacket of CuBe, for the higher pressure range (1.6 GPa < p < 2.1 GPa). Even
though the Ni-Cr-Al alloy is known since the late 70’s [Eremets 1996], it is available
on the market only since 2001 [Uwatoko 2002]. Therefore, to our knowledge, the
double-layer type pressure cell, with the inner layer made from the Ni-Cr-Al alloy,
was developed and used in this thesis for the first time to measure the specific heat
under hydrostatic pressure. Figure 2.2 shows photos of the unloaded pressure cells
used in this work. The components of the pressure cells are indicated in the figure by
numbers and are described in the figure caption. The CuBe and the Ni-Cr-Al alloy
used for the pressure cells have been undergoing special thermal treatment in order
to achieve the hardness needed to reach high pressures. The pressure is applied at
room temperature (from top, as viewed in figure 2.2) and clamped by the locking nut.
A total sample mass of about (300 =+ 500) mg, is placed in the POM (polyoxymethy-
lene) capsule. A small piece of In or Sn, placed next to the sample inside of the POM
capsule serves as pressure sensor, while a second piece is placed outside of the cell
as reference sample for ambient pressure. The pressure in the cell is detected at low
temperature, in the same range of temperature as the measurements of the specific
heat are carried out. A more detailed description about the estimation of pressure
will be given later. The POM capsule is then filled up with the pressure transmitting
medium and sealed by a plug. For heat-capacity measurements under pressure, at
low temperatures and in high magnetic fields, the pressure transmitting medium, as
well as other materials used in the construction of the pressure cell, is required to
be non-magnetic, to exhibit at low temperatures a good thermal conductivity and
a low heat capacity, as well as a low pressure dependence of its heat capacity. In

addition, the pressure transmitting medium needs to be chemically inactive and to

31



Ch. 2. Experimental methods

not solidify at room temperature in the used pressure range. In our measurements,
we have used fluorinert FC72 as pressure transmitting medium, a liquid which offers
good quasi-hydrostatic conditions. Teflon, a material often used in pressure cells, has
been also tested for preparing capsules. Despite of its good mechanical properties
at high pressures, it is softer than POM and, therefore, it is more difficult to use it
for sealing volatile liquids (such as fluorinert FC72) in order to prevent them from
escaping. Moreover, the heat capacity of a capsule prepared from POM is smaller
than that of one made from teflon. Therefore, we have used capsules of POM in
our experiments. The available sample volume in both types of our pressure cells is
similar, while the total mass, as well as the total heat capacity, of the type I cell is
smaller. The mono-layer cell is weighing about 65 g in comparison to about 82 g in

the case of the double-walled pressure cell.

2.3 Measurements under hydrostatic pressure and

data analysis

2.3.1 Experimental setup

Heat-capacity, C(T, B, p), measurements under pressure were done in a single-
shot 3He evaporation cryostat equipped with a SC magnet providing a magnetic field
up to B = 8 T. The temperature range of the measurements is 0.35 K < T <
7 K, but temperatures down to 7" =~ 0.26 K were also obtained by using adiabatic
demagnetization of the magnetic moments of the Cu contained in the pressure cells.
A compensated-coil system attached to the equipment allows us, in addition to the
C(T') measurements, to detect SC phase transitions by a.c.-susceptibility (xa..(T))
measurements. Unfortunately, the resolution of the coil is not high enough for the
detection of AFM phase transitions. The coil is therefore used for the detection of
SC phase transitions of any sample studied under pressure, as well as to determine
the pressure in the cell by measuring the pressure-induced shift of the SC transition
temperature of Sn or In. During the measurements, the pressure cell is fixed in
the cryostat in the center of the SC magnet, as well as inside of the compensated
coil, by attaching it to a silver rod. In order to obtain a good thermal insulation of
the pressure cell from the environment, the silver rod is fixed to the *He system by
nylon wires. On the upper end of the silver rod, in the compensated region of the
magnet, two thermometers are mounted. To assure a heat flow to the thermometers
through the sample when a heat pulse is given to the measured assembly, a heater is

attached to the bottom of the pressure cell. In order to cool down the pressure cell,
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a mechanical switch operated at room temperature from the top of the cryostat is
used to connect the pressure cell to the *He bath. To isolate the pressure cell from
the environment during the measurements, the contact to the 3He bath is opened. A
more detailed description of the system, as well as of the electronic setup used for the

measurements, is contained in [Hellmann 1993].

2.3.2 Measurement techniques
Heat-capacity measurements - C (T, B, p)

The heat-capacity measurements under pressure were performed by employ-
ing the compensated quasiadiabatic heat-pulse technique. The measured ensemble
consists of the pressure cell, the silver rod used to fix the cell, two thermometers
mounted on the silver rod and a heater attached to the pressure cell. The studied
sample is loaded in the pressure cell. In order to get the heat capacity of the sam-
ple, measurements of the heat capacity of the pressure cell without sample inside
(addenda) have to be performed. The sample heat capacity is then calculated by
subtracting the measured addenda from the total heat capacity obtained with the
sample included. Special attention must be paid to the pressure and magnetic-field
dependence of the measured addenda. Therefore, the addenda must be measured in
all the different magnetic fields and at different pressures. The variation with pres-
sure of the addenda is caused by the pressure-dependent heat capacity of the POM,
flourinert FC72 and In (or Sn) used in the pressure cell. The components of the
pressure cell made out of hard materials, as CuBe, WC, Ni-Cr-Al, do not show any
significant pressure-dependent but rather a magnetic-field-dependent heat capacity
in the temperature and pressure range of our measurements.

In this work we have used 4 pressure cells, 3 of type I and one type II pressure
cell. The addenda of each pressure cell was measured for all magnetic fields used
later in the heat-capacity measurements of the different samples. For the pressure
dependence of the specific heat of POM and fluorinert FC72 one of the pressure
cells, without sample but containing the POM capsule and the pressure transmitting
medium, flourinert FC72, was pressurized and its heat capacity was measured at 4
different pressures. The obtained data were then interpolated in order to derive the
data for the complete pressure range.

Figures 2.3 and 2.4 show, as examples, the temperature dependencies of the
contribution to the total measured heat capacity (Cyoa) of the different components,
such as sample (Cyampre), POM capsule (Cponr capsuie), pressure sensor (In or Sn)

(C.S'nfinside the cell); pressure traﬂsmitting medium (CFloum'nert FC72> and the pressure
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Figure 2.3: Contribution of the different components of the pressure cell to the total
measured heat capacity, C;/Cjoar, as function of temperature, obtained for the case
of measurements of CeCuySiy at p ~ 0.40 GPa, performed in a mono-layer (type I)
pressure cell. The different components, i, are indicated in the figure. Cpressure ceii
refers to the total heat capacity of the pressure cell containing only the metallic
parts (except the pressure sensor (Sn in this case) from inside the cell), silver rod,
thermometers and heater. The full symbols indicate the sample contribution to the
total heat capacity. The hatched area marks the region where the Csumpie/Chotar 18
located at different temperatures.

cell (Cpressure cer), used in one measurement of specific heat under pressure. In these
plots, we have included in Cpessure cenr the heat capacity of the silver rod, thermome-
ters and heater used in the experiment, as well as the heat capacity of the bare
pressure cell without POM capsule, pressure transmitting medium and pressure sen-
sor. The different contributions to the total measured heat capacity, C;/Cioar, are
presented in percentage (%) and are shown in a logarithmic scale. The magnetic
field and pressure are indicated in the figures. The hatched region in both figures is
marking the region where the contribution of the measured sample is located. The
minimum and maximum values are indicated in the figures. In figure 2.3, where a

mono-layer (type I) pressure cell was used, the contribution of the sample to Ciyy is,
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Figure 2.4: Contribution of the different components of the pressure cell to the total
measured heat capacity, C;/Cioar, as function of temperature, obtained for the case
of measurements of CeCuySiy at p ~ 1.39 GPa, performed in a double-layer (type II)
pressure cell. The different components, i, are indicated in the figure. Cpressure ceii
refers to the total heat capacity of the pressure cell containing only the metallic
parts (except the pressure sensor (Sn in this case) from inside the cell), silver rod,
thermometers and heater. The full symbols indicate the sample contribution to the
total heat capacity. The hatched area marks the region where the Csumpie/Chotar 18
located at different temperatures.

~

at low temperatures, about 40% to 60%, while at higher temperatures this value is
strongly decreasing, reaching at about 7'~ 7 K only 4%. In the case of the double-
layer (type II) pressure cell the resolution in measuring a sample is strongly reduced
due to the much larger heat capacity of the pressure cell. However, as seen in figure
2.4, good values as Cisampre/Crotar from 2% to 21% can be obtained. As seen in the
presented examples, the largest contribution to Cy is coming either from the pres-
sure cell or from the measured sample. However, the pressure transmitting medium,
the POM capsule and the pressure sensor are also having remarkable contributions
t0 Ciotats Ci/Ciotar reaching at high temperatures (7' ~ 7 K) values up to 5% (see, e.g.
figure 2.3).
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Figure 2.5: Csampie/Chotar versus T for different pressures, estimated in the case of
heat-capacity measurements under pressure on CeColns. A mono-layer type pressure
cell (type I) was used for the measurements. The pressure interval shown in the figure
covers the complete pressure and temperature range presented in this work.

In order to estimate the accuracy of the measurements of the heat capacity under
pressure presented in this work we have summarized the pressure and temperature
dependencies of Csampie/Crotar in figures 2.5, 2.6 and 2.7. Each figure corresponds
to measurements done on a specific compound, CeColns in figure 2.5, CesRhlng in
figure 2.6 and CeCusySis in figure 2.7. The pressure values, as well as the type of the
pressure cell used in the respective pressure range, are indicated in the figures. For
each compound, the whole pressure and temperature range presented in this work is

covered.

Estimation of the transition temperatures from C(T') data

In order to determine the transition temperatures from the measured specific-
heat data, the entropy-balance technique was employed. A second-order phase tran-

sition is usually characterized by a finite jump in the specific-heat value right at the
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Figure 2.6: Csampie/Chotar versus T for different pressures, estimated in the case of
heat-capacity measurements under pressure on CesRhlng. A mono-layer type pressure
cell (type I) was used for the measurements. The pressure interval shown in the figure
covers the complete pressure and temperature range presented in this work.

transition temperature (AS = 0). In real measurements, the detected anomaly has a
tendency of broadening and the jump in C(7") does not take place right at the transi-
tion temperature but extends over a wider temperature range (around the transition
temperature). Therefore, in the entropy-balance method, the shape of the anomaly
seen in specific heat at any kind of second-order phase transition is idealized in order
to reconstruct the sharp transition expected theoretically. Figure 2.8 depicts how this
method is used. The shape of the anomaly seen in C(T') /T, shown by open circles, is
idealized by extrapolating the data of C'(T")/T before and after the phase transition
(see the two continuous lines extending the data). As known, the area enclosed by
C(T)/T versus T corresponds to entropy,
T

AS |P2= /T @df (2.5)
As suggested by the name of the method, the transition temperature, labeled T, is
taken right at the temperature where the entropy lost by the broadening of the tran-
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Figure 2.7: Csampie/Chrotar versus T for different pressures, estimated in the case of
heat-capacity measurements under pressure on CeCusSis. A mono-layer type pressure
cell (type I) was used for the measurements between 0 GPa < p < 1.07 GPa, while
for the pressure range 1.39 GPa < p < 2.03 GPa a double-layer (type II) pressure cell
was employed. The complete pressure and temperature range presented in this work
is covered by the data shown in the figure.

sition, Ay, is recovered at temperatures right above T,., A,. In figure 2.8, the hatched
regions depict A; and A, while the vertical line, marking 7, is taken in such a way that
Ay = As. Also described in the figure, the ratio of AC/ (v, T¢.)| r=r., characterizing the
phase transition, is estimated by using the values of C,,(T.)/T. = 7, and C4(T.)/T. =
~s obtained from the idealized phase transition. The indices n, respectively s, corre-
spond to the normal state (n, T' > T.) and to the ordered/superconducting state (s,
T<T,).

Determination of pressure

The estimation of pressure has been done in the same temperature range as the
measurements were performed. The SC transition temperature of our pressure sensor

(In or Sn), placed in the pressure cell under the same conditions as the samples,
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Figure 2.8: Description of the entropy-balance technique used to estimate the transi-
tion temperature from the anomaly seen at a second-order phase transition in specific-
heat data. Open symbols represent the measured C'/T data, while the two continuous
lines on top of the data are representing the extrapolation of the measured C(T")/T
below and above the transition temperature, 7.. The vertical line marks the value
of T.. The area of the hatched regions, A; and A,, are corresponding to entropy. 7.
is defined by the condition: A; = A,. The index n is used for normal state, while
s refers to the ordered/superconducting state.(Superconducting transition of CeColny
at p ~ 0.60 GPa, B =0T, as an example.)

is detected by Xq. (7) measurements. In the case of In or Sn, the evolution of T,
with pressure is well established in literature [Eiling 1981]. In order to obtain the
reference T, at ambient pressure, a similar piece of In, respectively Sn, as used in the
pressure cell, is fixed outside of the cell. Figure 2.9 exemplifies the . (7") signal as
function of T obtained from the two pieces of Sn (inside and outside of the pressure
cell) used to monitor the pressure in our experiments. The values of T, obtained
from the differently placed pieces of Sn are indicated in the figure by arrows. The
SC transition at higher T is coming from the Sn placed outside of the pressure cell,

always at ambient pressure, while at lower 1" the SC transition of the pressurized Sn,
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Figure 2.9: x,..(T') versus T showing the SC phase transitions of the two Sn samples
used to monitor the pressure in the pressure cell. The SC transition at higher T
is used as reference and corresponds to the piece of Sn at ambient pressure, placed
outside of the pressure cell (7.(Sn — outside)), while at lower T', the SC transition of
the pressurized piece of Sn, located in the pressure cell (T.(Sn—inside)), can be seen.
The pressure is estimated from the difference of the two transition temperatures, AT,
conform to a dependence known from literature [Eiling 1981].

located in the pressure cell, can be seen. In accordance to [Eiling 1981], the obtained
AT, ~ 0.443 K corresponds, in the case of Sn, to a pressure of p ~ 0.96 GPa. Up to the
highest pressure of our measurements, the width of the detected SC phase transition
is narrow and stays within the same limits for both pieces of Sn, independent of
their location, inside or outside of the pressure cell, showing the good hydrostatic

conditions achieved in our experiments.

A.c.-susceptibility measurements - xq...(T, B, p)

A.c.-susceptibility measurements in different magnetic fields, x,. (7, B, p), for
detection of the SC phase transitions have been performed parallel to the specific-heat

measurements under pressure. The compensated-coil system, also used for detecting
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the SC transition of the pressure sensor placed in the pressure cell, was used to reveal
the diamagnetic signal from the SC samples. The SC transition temperature, T,
was determined as being the temperature where 50% of the transition was reached.
The width of the transition was estimated from the temperature where the onset
of the transition is detected, 7.7, to the temperature where the transition is fully
developed, T, . As error bars for T, we have taken the distances from T, to T.," and
T, respectively.

C

Magnetocaloric measurements - T'(B, p)

Quasiadiabatic T'(B) scans have been carried out at different pressures. The
same configuration, as used for the specific-heat measurements under pressure, has
also been used for monitoring the temperature variation of the adiabatically isolated
pressure cell loaded with samples, while the magnetic field was slowly swept. The
system was thermally disconnected from the bath and the bath temperature was
kept constant during the measurements. The obtained data represent not only the
temperature change of the sample due to the change of B but the temperature varia-
tion of the complete system including the pressure cell, mounting rod, thermometers
and heater. The obtained T'(B) data were used to detect transition temperatures.
In order to obtain reliable data, in the temperature and magnetic-field range where
measurements with samples were performed, the same experiment was carried out
on the empty pressure cell. More details about the way we have processed our T'(B)

data are contained in the section 4.3.3.

2.4 Measurements in a Quantum Design PPMS

Several measurements of the specific heat (C(T,B)) and electrical resistiv-
ity (p(T')) at ambient pressure have been conducted in a Quantum Design PPMS
equipped with a 3He unit. For the heat-capacity measurements, a relaxation-time
technique was employed. In comparison to the quasiadiabatic heat-pulse technique,
where measurements can be performed only while heating the system, the relaxation-
time technique allows measurements to be done both while cooling and while warming
the system. Hysteretic behavior between the data taken on warming respectively on
cooling the system helps to identify the first-order character of a phase transition.
The electrical-resistivity measurements were performed by a standard a.c. four-point
technique. The SC transition temperature in the case of electrical-resistivity mea-
surements was taken at the temperature where the resistivity is reaching the value of

p =0 puQcm.

41



Ch. 2. Experimental methods

42



Chapter 3

CenTmIng,t2m (T: Co, Rh, Ir)

family of heavy-fermion systems

3.1 Introduction

The discovery of SC in the HF compound CeCusSis in 1979 [Steglich 1979] has
motivated scientists to search for other Ce-based HF compounds displaying SC ei-
ther at ambient pressure or under application of pressure. However, for the following
20 years, the tetragonal 122 compounds, similar to CeCuySis, crystallizing in the
ThCrySiy structure were in the focus of research. The only other Ce-based HF com-
pound known to form in a different crystal structure and showing pressure-induced
SC was the cubic Celng (7. ~ 0.25 K at p = 2.6 GPa) [Walker 1997]. The discov-
ery of the Ce,T,,Ins, 2, (T: transition metal) family of HF compounds, opened a
new route in the history of HF SC. Based on the cubic Celng (m = 0, n = o0),
the Ce, T, Ing,10m (n = 1,2, m = 1) compounds are known to form with Co, Rh or
Ir as transition metals (T). All but one of the members of this family either show
SC at ambient pressure or they become SC when they are subject to high pressure.
Ceolrlng (m = 1, n = 2, T = Ir) is the only exception where until now, neither
bulk SC nor magnetic order was observed down to 7" &~ 50 mK [Thompson 2001].
CeColns (m =1, n =1, T = Co), an ambient-pressure HF SC, displays SC below a
transition temperature of T, ~ 2.3 K [Petrovic 2001a]. This transition temperature
is known to be the highest among all ambient-pressure Ce-based HF SCs. Its bi-layer
relative, Ce;Colng (m = 1, n = 2, T = Co), as well as Celrlns (m = 1, n = 1,
T = Ir), exhibits SC at ambient pressure [Thompson 2001, Petrovic 2001b]. The
compounds having Rh as transition metal, CeRhlns (m = 1, n = 1) and CeyRhlng

(m =1, n = 2) are both ambient-pressure AFMs and become SCs under application

43
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of pressure [Hegger 2000, Thompson 2001, Nicklas 2003]. Therefore, not only the SC
state, but also the presence of strong magnetic fluctuations in these materials offer
a good chance to study the interplay of magnetism and SC and the origin of the

unconventional SC state in HF systems.
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Figure 3.1: T'— p phase diagram obtained by resistivity measurements under pressure
on single-crystalline Celng. For the SC region, the values of T, are scaled by a factor
of ten. Figure taken from [Mathur 1998].

As mentioned earlier, the family of Ce, T,,Ing, 2, (n = 1,2 or co, m =0 or 1)
compounds is based on Celns (cubic structure, m = 0, n = 00), a HF AFM at ambient
pressure (T ~ 10.1 K) which becomes SC upon application of pressure, displaying
a maximum T, ~ 0.25 K at p &~ 2.6 GPa [Walker 1997]. The T' — p phase diagram
of Celns, presented in figure 3.1 [Walker 1997, Mathur 1998], can be considered as
a generic phase diagram for many HF materials. The magnetic order is suppressed
in the system by application of pressure (or chemical doping in some cases), while
the SC state emerges from a region where strong long-range magnetic interactions
are present. The SC region in the T' — p diagram displays a dome-like shape, with
its maximum transition temperature located in the pressure region where magnetism
is completely suppressed in the system, Ty — 0 K. The Ce,, T,,Ins, 2, compounds
have a tetragonal unit cell. The structure of these compounds can be viewed as n
consecutive layers of Celngz alternating with m layers of TIn,. The crystal structure

of these compounds is presented in figure 3.2. Apart from the cubic Celnz (m = 0,

44



3.1. Introduction

AuCu, type Ho,CoGa, type HoCoGa, type
cubic
C tetragonal tetragonal

on

——a
‘ ~
Q

00
Ce T In o—9

p

(T = Co, Rh, Ir)
N = oo n = 2 n = 1
Celn, Ce,TIng CeTlng

CenTmlnSn+2m — (T: CO, Rh, |I’)

Figure 3.2: Schematic view of the crystal structure of the Ce,T,,Ins,io0m (n =
1,2 or oo, m = 0 or 1, T: Co, Rh, Ir) family of compounds. Left side: - parent
compound Celng - n = oo, m = 0; middle: - bi-layer compounds Ce;TIng - n = 2,
m = 1; right side: mono-layer compounds CeTIns - n = 1, m = 1. Above each
subfamily of materials the corresponding structure type is indicated.

n = o0), considered as the infinite-layer compound (oo consecutive Celng layers), two
distinct tetragonal structures can be distinguished, the so-called mono-layer structure,
CeTIns (m =1, n = 1), and the bi-layer, Ce;TIng (m = 1, n = 2), structure. The
successive layers of TIny can be considered as spacers between the Celng layers and
they are meant to gradually increase the anisotropy in the system from the isotropic
Celnz to CeyTIng and finally to the most anisotropic system, CeTIn;. The layered
structure of these materials can also be regarded in analogy with the structure of the

cuprate SCs.
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Similar to Celns, many HF compounds are known to date which reveal long-
range AFM order at ambient pressure but adopt a SC ground state at pressures
close to a critical pressure, p., necessary to completely suppress long-range magnetic
order, Ty — 0 K (e.g. CeCuyGey [Jaccard 1999], CePdySis [Grosche 1996]). The
occurrence of SC in the vicinity of a zero-temperature magnetic instability (quantum
phase transition) supports theories in which the Cooper pairs form through the ex-
change of magnetic spin fluctuations carried by itinerant heavy QPs [Monthoux 1999,
Monthoux 2001]. In conformity with these theories, favorable conditions for SC are
[Monthoux 2001]:

1. closeness to a QCP;

2. the existence of a quasi-two-dimensional (2D) electronic structure with AFM

interactions;
3. d-wave pairing state;
4. high spin-fluctuation temperature Ty, (Tsp o< k7./m*).

A more detailed description of the theory of spin-fluctuation mediated SC is contained
in section 1.2.2. In order to test the relevance of the spin-fluctuation mediated SC
scenario and in particular the effect of electronic dimensionality on the SC state, the
recently discovered family of HF compounds Ce,, T,,Ing, 42, (T: Co, Rh or Ir) is par-
ticularly suited, since the coupling between the Celns layers can be adjusted through
the introduction of TIny layers. In this work we have done hydrostatic-pressure stud-
ies on two members of this family of HF materials, namely the ambient-pressure SC
CeColns and the bi-layer HF AFM compound CesRhlng. For each compound, a
short overview of the main physical properties is followed by the presentation of our

pressure results and a short discussion.

3.2 Effect of pressure on the heavy-fermion super-

conductor CeColns

3.2.1 Physical properties of CeColnj

The layered compound CeColns is an ambient-pressure HF SC, presenting
the highest SC transition temperature of 7, =~ 2.3 K among Ce-based HF SCs
[Petrovic 2001a]. Although it belongs to the family of tetragonal HoCoGaj structure,

discovered more than 20 years ago [Grin 1979], CeColns has received special attention

46
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only after the discovery of its SC properties at low temperatures [Petrovic 2001a]. Its
layered crystal structure, resembling the structure of the high-T, cuprate SCs, has
motivated scientists to explore the physical properties of CeColns, as well as of its
relative compounds CeRhIng and Celrlns. Although the isoelectronic substitution of
Co by Rh, respectively Ir in the CeTIns (T: Co, Rh, Ir) series leads to a continuous
increase of the volume of the unit cell, from Co to Rh and further to Ir, the SC
properties are not directly related to this volume change, hinting to the fact that
mechanisms other than only the compression of the unit cell play a role in producing
SC. While CeColns and Celrln; are HF SCs at ambient pressure with 7T, ~ 2.3 K
[Petrovic 2001a] and 7, ~ 0.4 K [Petrovic 2001b], respectively, CeRhIn; is a HF
AFM at ambient pressure becoming SC at finite pressure (at p ~ 1.63 GPa, T, ~ 2
K) [Hegger 2000]. However, when gradually substituting the transition metal Co by
Rh and by Ir in CeColnjs, despite of the gradual increase of the unit-cell volume, Vj,
the lattice parameters show quite a different behavior, ¢ decreasing and a increasing
in the direction Co — Rh — Ir [Petrovic 2001a, Hegger 2000, Petrovic 2001b]. High-
pressure X-ray diffraction measurements have revealed that for the CeTIns (T: Co,
Rh, Ir) family of compounds the most significant hybridization element V},;, between
the 4f electrons of Ce and the 5p electrons of In, does increase in the same direction
as T, is increasing, namely from Rh — Ir — Co [Kumar 2004]. Moreover, in the three
mentioned compounds, V)¢ reaches the same value at the pressures (pyq,) where Te.(p)
of each compound is attaining its maximum value, hinting at the importance of the
value of V,; in generating SC [Kumar 2004] (see table 3.1).

The Kondo temperature of a system is known to depend as kT o

N(}EF) exp ( N(L?FI)VQ), where kp is the Boltzmann constant, N(Er) represents the
electronic DOS at the Fermi level Fr and V is the hybridization matrix element
between the f electrons and the conduction electrons (for details see section 1.1.1).
Additionally, T is known to be proportional to the electronic specific-heat coefficient,
7, of the system and therefore proportional to the spin-fluctuation temperature, Ty,
Tk %y o« Ts¢ [Moriya 1995, Monthoux 1999]. The theory of magnetically medi-
ated SC predicts a SC transition temperature, T¢, directly proportional to Ty¢, a
dependence presented in the first chapter of this work in equation 1.1. Therefore,
the detected dependence of V,;, the dominant hybridization in the CeTIns (T: Co,
Rh, Ir) family of materials, seems to be directly related to the variation of T, in
these compounds [Kumar 2004]. As already mentioned, it is therefore likely that the
hybridization between the 4f electrons of Ce and the 5p electrons of In is mostly
responsible for SC in this family of compounds, while the transition-metal atoms,

T, are mainly serving as spacers in the crystal lattice [Kumar 2004]. Moreover, a
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compound at T. Vo a c Vpr(0 GPa) | pPmax Vo f (Pmaz)

p=0GPa (K) @ A A | @ @] e

CeColns HF SC 2.3 160.774 | 4.614 | 7.552 2.066 1.4 2.130
[1] (1] (1] (1] (4] [5],[6] [4]

CeRhlIns HF AFM - 163.217 | 4.652 | 7.542 2.030 2.4 2.136
(Te =2 K (2] (2] (2] (4] [2] [4]

atp ~1.63 GPa)l?

Celrlns HF SC 0.4 163.754 | 4.668 | 7.515 2.031 2.9 2.135

[3] (3] (3] (3] (4] [7] [4]

Table 3.1: Physical properties of CeTIngs (T: Co, Rh, Ir) family of compounds. The
used symbols are representing: 7. - SC transition temperature at ambient pressure,
Vo - unit-cell volume at room temperature and at ambient pressure, a,c - lattice
parameters at room temperature and at ambient pressure, V(0 GPa) - hybridization
element at ambient pressure (see text for details), pq.. - the pressure where T, is
reaching its maximum value, Vj¢(pmaesz) - hybridization element estimated at pyqq
(see text for details). References are indicated in brackets bellow each value and
they correspond to: [1]-[Petrovic 2001a], [2]-[Hegger 2000], [3]-[Petrovic 2001b], [4]-
[Kumar 2004, [5]-this work, [6]-[Sidorov 2002], [7]-[Muramatsu 2003].

magnetically mediated pairing mechanism might be considered as a source for the
formation of SC in these compounds. The mentioned parameters, T,, a, ¢, Vy and
V,f, and their dependence on the transition metal, T, in the CeTIn; (T: Co, Rh, Ir)
family of compounds are presented in table 3.1.

SC in CeColng does not only set in at a relatively high temperature, but also
bears unusual properties. There is strong evidence that SC in CeColns, as well as
in the relative compounds from the CeTIns (T: Co, Rh, Ir) family of materials, is
unconventional. A remarkably large value of the ratio AC/(v,T¢)|r=r,~ 5 is found
when entering the SC state in CeColns at ambient pressure. This value confirms that
Cooper pairs are formed by the heavy QPs and points towards very strong coupling
in this compound (the value expected for week-coupling SC, based on the BCS theory
is AC/(v,Te.)|r=r,~ 1.43). Moreover, at temperatures below 7, a non-exponential
decrease of C'(T')/T with decreasing temperature is found. At very low temperatures,
deep in the SC state, AC(T)/T x T was detected [Movshovich 2001]. Also speaking
in favor of an unconventional SC state in CeColns are thermal-conductivity, x, and
spin-lattice relaxation rate, 1/T}, data. These show, at ambient pressure, in the SC
state unusual temperature dependencies like: x(T') o< 7337 at very low temperatures
(0.033 K < T < 0.1 K) [Movshovich 2001], respectively 1/Ty(T) o< T [Kohori 2001].
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These power-law temperature dependencies point to a SC order parameter with line
nodes and, together with measurements of the Knight shift [Kohori 2001], suggest un-
conventional spin-singlet SC in CeColns. Angular-dependent thermal-conductivity, &,
measurements found a prominent four-fold modulation in x as the magnetic field was
rotated in the basal plane, with the amplitude of the four-fold term increasing at low
temperatures by an order of magnitude compared to the normal state [Izawa 2001].
The magnitude and location of maxima in the angle-dependent k are consistent with

a SC order parameter having d,z_,2 symmetry [[zawa 2001]. However, the angular

y
dependence of the zero-energy DOS determined by specific-heat measurements points
to a d, symmetry [Aoki 2004].

At ambient pressure, the HF character of CeColnjy is reflected not only by the
heavy mass detected by the large C'/T coefficient measured at B = 0 T at a tempera-
ture right above the transition temperature, C'/T|r—sx~ 0.353 J/(molK?), but also by
the large values of the upper critical fields, B.2(0), necessary to completely suppress
SC, Be(0)|gje = 4.9 T [Petrovic 2001a] and B (0)| g ~ 11.6 T [Bianchi 2003a].
The large anisotropy seen in the values of B.y(0), together with a strongly direction-
dependent effective mass and a quasi-2D FS dominated by nearly cylindrical sheets
detected by dHvA measurements [Settai 2001, Shishido 2002], is another interesting
characteristic which affects the physical properties of CeColns. Moreover, the experi-
mentally observed F'S of CeColns was well explained theoretically by including the Ce
4f states as itinerant electrons in the F'S volume [Machira 2003]. Related to the role
of the hybridization between the Ce 4f and the In 5p electrons, V,¢, to the electronic
structure of CeColn; (as well as to the occurrence of SC in CeColns), it was shown
by Maehira and coworkers that the large hybridization between the 4f electrons of
Ce and the 5p electrons of In occurs in the vicinity of the Fermi level and, therefore,
the main, quasi-2D, Fermi surfaces are constructed from the band having the Ce 4 f
and the In 5p states [Machira 2003].

The SC phase transition in CeColns at ambient pressure changes from second
to first order when the magnetic field is increased and T.(B) is lowered below a
characteristic temperature, Tp, for both directions of the applied magnetic field (B || ¢
and B || (ab)), with Ty =~ 0.3T,. (where T, represents the SC transition temperature at
B =0T) [Tayama 2002, Bianchi 2002, Bianchi 2003a]. As was predicted theoretically
in the mid 1960’s [Sarma 1963, Maki 1964], this effect is due to Pauli limiting in
a type II SC, in the case when the orbital effect as pair-breaking mechanism can
be neglected relative to the Pauli paramagnetism. Subsequent theoretical studies
predicted that in the case of clean-limit SC (l;, > &y, where I, symbolizes the QP

mean-free path and &, the SC coherence length) on increasing the magnetic field close
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to Be(0), a phase transition from the mixed (vortex) state to the so-called Fulde-
Ferrell-Larkin-Ovchinnikov (FFLO) state occurs [Fulde 1964, Larkin 1965], before the
system turns into the normal state. The FFLO state consists of an inhomogeneous SC
phase with an order parameter being periodically modulated along the magnetic field
[Fulde 1964, Larkin 1965]. Nevertheless, the theoretical prediction of a first-order SC
phase transition close to B.o(0) was for the first time found experimentally in CeColns.
Additionally, CeColnjs satisfies the requirements for the formation of the FFLO state
and indeed, it was found that signatures of a possible FFLO state appear close to
B(0), for the case when B is applied parallel to the (ab) plane [Bianchi 2003a].
However, the origin of the anomaly detected in the SC phase of CeColns, close to
B (0), for B || (ab), and ascribed to the FFLO state, is controversial. It is known
that CeColns at ambient pressure is located in the vicinity of an AFM instability.
Therefore, magnetism as possible origin for the observed high-field anomaly in the SC
state could not be ruled out. However, recent pressure studies on CeColns have found
that both, the change to first-order character of the SC phase transition in the vicinity
of B(0) [Tayama 2005, Miclea 2006a], as well as the phase transition attributed
to the formation of the FFLO state [Miclea 2006a], are persisting upon increasing
pressure, while the system is driven away from the magnetic fluctuations. Moreover,
the region in the B — T' plane where the FFLO state is detected is expanding upon
increasing pressure, eliminating the possibility of magnetism being responsible for the
appearance of this new phase in the SC state [Miclea 2006a]. However, the appearance
of the FFLO state for the case when the magnetic field is applied perpendicular to
the basal plane is not yet clarified.

The ambient-pressure magnetic susceptibility, x, of CeColnjs is anisotropic, with
X being larger for a magnetic field applied along the tetragonal ¢ axis [Petrovic 2001a].
The high-temperature effective moment, obtained from a polycrystalline average of y
data above T' = 200 K, is ptefs = 2.59up per Ce, close enough to the Hund’s rule value
of pesr = 2.54up per Ce* known for the J = 5/2 Ce multiplet [Petrovic 2001a]. The
high-temperature electrical resistivity, p(T'), of CeColns at ambient pressure exhibits
a behavior typical for HF systems, with a broad maximum seen around a characteris-
tic temperature 7% ~ 50 K [Petrovic 2001a]. This temperature marks the continuous
transition from incoherent scattering of electrons (with Ap(T) o« —InT) at high
temperatures to the coherent scattering existing in the low-temperature region. The
mentioned p(7") dependence indicates that the low-temperature properties of CeColnj
are dominated by Kondo renormalization. Studies of the CEF excitations in CeColns
have shown that the CEF level splitting in this compound is similar to that found for

its Rh and Ir homologues and can be regarded as derived from the cubic parent com-
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pound Celny [Christianson 2004]. While the doublet '} represents the ground state,
the four-fold degenerate 'y excited state of Celns is split into two doublets, I'? and
[g, in the tetragonal crystal symmetry of CeTIns (with T: Co, Rh or Ir). Therefore,
in the presence of the tetragonal environment of the CeTIns family of compounds,
the Ce?™ J = 5/2 multiplet splits into three Kramers doublets, T'} - ground state, T'2
- first excited state and T'g - highest-lying excited state [Christianson 2004]. It should
be noted that the distinction between the I's and T'2 states is a matter of convention.
Therefore, in the work of Christianson et al. [Christianson 2004], the T'} was chosen
as ground state.

At ambient pressure, the SC transition in CeColns emerges from a NFL-like nor-
mal state. The low-temperature normal-state electrical resistivity, p(T'), of CeColns
at ambient pressure shows a linear temperature dependence (Ap(T) o« T') over an
extended temperature range, T, < 7' < 20 K [Petrovic 2001a, Paglione 2003]. This
dependence is characteristic of a NFL state. The electronic specific heat of CeColns,
measured at ambient pressure for B || ¢, at B = 5 T, a magnetic field high enough
to completely suppress the SC state (Be.(0) ~ 4.9 T for B || ¢), reveals a logarith-
mic increase of C(T")/T with decreasing temperature, over more than one decade
in temperature, AC(T)/T « —InT [Petrovic 2001a, Bianchi 2003b]. Additionally,
H5Tn NQR measurements on CeColns in the normal state reveal a nuclear spin-lattice
relaxation rate 1/Ty(T) oc T%/* [Kohori 2001], strongly deviating from the Korringa
behavior of a LFL, 1/T7(T) o T. These unusual dependencies persisting over an
extended temperature range show that the ambient-pressure properties of CeColns
deviate from that known for a LFL state. Moreover, similar NFL properties are also
observed around the pressure-induced SC state in the related compound CeRhlng
[Thompson 2003].

Electrical-resistivity measurements show that application of pressure leads to a
slight increase of the SC transition temperature of CeColns up to p ~ 1.4 GPa. Upon
further increasing pressure T, decreases [Nicklas 2001, Sidorov 2002]. Moreover, the
residual resistivity, pg, in the pressure range 0 GPa < p < 1.4 GPa is continuously de-
creasing upon increasing pressure, remaining nearly constant with further increasing
pressure (1.4 GPa < p < 4 GPa) [Nicklas 2001, Sidorov 2002]. High-pressure stud-
ies on the HF AFM and pressure-induced SC CeRhlnjs, together with the pressure
studies on CeColns, reveal very similar p — T phase diagrams for these two com-
pounds [Knebel 2004, Nicklas priv. comm., Sidorov 2002]. The SC dome appearing
in both compounds can be overlapped by shifting the pressure axis of CeRhlns by
Ap ~ —1.5 GPa [Knebel 2004, Nicklas priv. comm., Sidorov 2002], suggesting that
CeColn; at ambient pressure is located just at the border to an AFM instability.
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The NFL behavior seen in CeColng at ambient pressure, as well as the steep decrease
of pp with increasing pressure (0 GPa < p < 1.4 GPa), is also suggesting the pres-
ence of strong magnetic fluctuations in CeColns at ambient pressure. Nevertheless,
magnetic order was so far not detected in CeColns. However, recent studies of Cd-
doped CeColns (CeCo(In;_,Cd,)s), where Cd replaces In leading to the increase of
the volume of the unit cell, found AFM order coexisting with SC already at small Cd
concentrations [Pham 2006], supporting the fact that CeColns at ambient pressure
must be located close to an AFM instability. AFM spin fluctuations are supposed to
mediate Cooper pairing in the unconventional SC state of CeColnjs, as well as in the
relative SC compounds from the Ce, T,,Inz, 2, (T: Co, Rh, Ir) family of HFs.

3.2.2 Experimental results - CeColny

The HF SC CeColnj crystallizes in the tetragonal HoCoGas structure with
the lattice parameters a = 0.4614 nm and ¢ = 0.7552 nm at room temperature
[Petrovic 2001a]. As already mentioned in the introductory part of this chapter,
the crystal structure of CeColns (shown in figure 3.2, right side), the same as in
the case of the relative compounds CeTln; with transition metal T being Rh or Ir,
can be regarded as alternating layers of Celnsg and Colny (respectively TIny). The
single crystals of CeColns were synthesized from In flux by combining stoichiometric
amounts of Ce and Co with excess In in an alumina crucible and encapsulating the
crucible in an evacuated quartz ampoule. At temperatures of about 450°C the excess
In flux is removed with a centrifuge [Petrovic 2001aj. The obtained single crystals
have platelet-like forms with characteristic dimensions of 3 mm x 3 mm x 0.1 mm
[Petrovic 2001a]. The proper tetragonal HoCoGas structure was confirmed by powder
X-ray diffraction patterns obtained on crushed single crystals [Petrovic 2001a).

We have studied the low-temperature (0.35 K < 7" < 7 K) heat capacity of
single-crystalline CeColns under hydrostatic pressure (0 GPa < p < 1.5 GPa) and
in magnetic field (0 T < B <8 T). The single crystals of CeColns used in our mea-
surements have been prepared by P. G. Pagliuso in the group of J. L. Sarrao at Los
Alamos National Laboratory, USA. The heat-capacity measurements under hydro-
static pressure have been performed by the compensated quasiadiabatic heat-pulse
technique in a single-shot 3He evaporation cryostat equipped with a SC magnet. To
achieve hydrostatic pressure, a CuBe piston-cylinder type pressure cell with Fluo-
rinert FC72 as pressure transmitting medium was used. To monitor the pressure at
low temperatures, the SC transition temperatures of two small pieces of In, one fixed
outside and the second placed inside of the pressure cell, were inductively detected.

The outer In sample served as reference for ambient pressure, while the In placed
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inside, next to the samples, was used for detecting the pressure in the cell. Several
single crystals, with a total sample mass of about 0.3 g, were used to perform the
measurements under pressure. The single crystals used for the measurements were
not all orientated in the same direction with respect to the direction of the applied
magnetic field. Due to their thin platelet shapes, most of the crystals were placed in
the pressure cell with B || ¢, while the remaining samples were arranged with B || (ab).
Over the entire measured pressure range, the crystals did not change their orienta-
tions relative to the direction of the applied magnetic field. Parallel to specific-heat
measurements under pressure the SC transition of CeColn; was also monitored by
a.c.-susceptibility measurements by using the same coil as used for detecting the SC
transition of the pressure sensor. A more detailed description of the performed exper-
iments is contained in Chapter 2. To estimate the magnitude of the errors implied in
our specific-heat data under pressure on CeColns presented in this section, the relative
contribution of the heat capacity of the total amount of measured sample to the total
measured heat capacity, Csampie/Crotar, for the entire temperature and pressure range
of our experiment is shown in figure 2.5. In order to obtain the electronic specific
heat (Cy;) of CeColns, the contribution of the lattice to the specific heat, Clapice, 18
needed to be subtracted. Cluuice(T'), as well as its pressure dependence, can be taken
from the pressure-dependent specific heat of the isostructural non-magnetic reference
compound, LaColns. Unfortunately, the several data sets of ambient-pressure specific
heat of LaColns known to us from different single- or polycrystalline samples (data
from [Thompson priv. comm.]) are showing a large sample dependence. However,
the average Debye temperature, 6, obtained from the existing data is relatively low
(in metals at low temperatures: C(T) & T + (const./0%)T3, ~ - Sommerfeld co-
efficient, the first term being attributed to the charge carriers and the second one
to the lattice). Therefore, at relatively high temperatures (3 K < 7" < 7 K in our
case), the contribution of the lattice to the total specific heat of CeColns seems to be-
come significant. A large lattice specific heat may then also lead to a strong pressure
dependence of Ciaice(T) (3 K < T < 7 K). It is worth mentioning that, to our knowl-
edge, specific-heat data of LaColns under pressure are not available. Due to these
uncertainties, over the entire measured pressure range we do not subtract the lattice
contribution to C(T") from our data for CeColns. Thus, one should keep in mind that
the data for C(T') of CeColns presented in this chapter include Cjupice(T). The results
affected by this approach are mentioned in the text and they should be regarded with
care. The nuclear Schottky contributions of Co and In to the specific heat of CeColns
were not subtracted from the data either, since they are considered negligible in the

temperature and magnetic-field range of our measurements (7' > 0.35 K, B < 8 T).
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Figure 3.3: Low-temperature specific heat of CeColns as C(T")/T versus T at B=0T

for pressures as indicated in the figure. The arrow marks the direction of increasing
pressure.

The low-temperature (0.35 K < T < 7 K) specific heat of CeColns and its
pressure dependence (0 GPa < p < 1.5 GPa) in zero magnetic field is shown in figure
3.3. At ambient pressure, a transition into a SC state is emphasized by the large
jump in C(T)/T at the transition temperature 7. ~ 2.26 K. The SC state, as well
as the high jump in C(T)/T, is persisting with increasing pressure. A transition
temperature of T, ~ 2.63 K is detected at the highest pressure of our experiment,
p =~ 1.48 GPa. Application of pressure leads to an increase of the SC transition tem-
perature with an initial slope of d7,./dp =~ 0.34 K/GPa, a value in good agreement
with results obtained from measurements of thermal expansion [Oeschler 2003] and
electrical resistivity under pressure [Nicklas 2001]. The increase of T,(p) under appli-
cation of pressure deviates from its initial linear trend at pressures above p =~ 0.7 GPa
and gradually becomes less pronounced when approaching p ~ 1.5 GPa (see figure
3.5a). The evolution of T, with increasing pressure obtained by our measurements
agrees very well with that observed by electrical-resistivity measurements under pres-

sure [Nicklas 2001], where it was shown that 7.(p) is reaching a maximum value at
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Figure 3.4: Evolution of the x,. (7)) of CeColns through the SC phase transition at
B =0T and at different applied pressures. The symbols for different pressures are
indicated in the figure and are maintained the same for each pressure in the three
figures 3.3, 3.4 and 3.6. The arrow is indicating the direction of increasing pressure.

p ~ 1.4 GPa. The SC phase transition in CeColns, seen by the anomaly in the specific
heat, is accompanied by a diamagnetic signal in the a.c.-susceptibility measurements
performed simultaneously to the measurements of specific heat. Figure 3.4 shows
the evolution of the SC transition under pressure as detected by a.c.-susceptibility
measurements. The SC transition temperatures, as well as the width of the phase
transitions, detected by both, specific-heat and y,. (T") measurements, are in good
agreement. Additionally, the width of the phase transition stays constant with in-
creasing pressure over the entire measured pressure range, p < 1.5 GPa, proving also
the good hydrostatic conditions in our measurements.

As an overall phase diagram obtained from our specific-heat measurements un-
der pressure at B = 0 T, the obtained pressure dependencies of the physical proper-
ties, such as the SC transition temperature, T, specific-heat coefficient, C'/T'|r_sx,
residual specific-heat coefficient in the SC phase at T = 0 K, C/T |r—ok, and the
AC/(vnT.)| r=1. ratio, are shown in figure 3.5.
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Figure 3.5: Pressure (p < 1.5 GPa) dependence of different physical properties of
CeColny obtained for B =0 T. (a) T, versus pressure, as obtained from our specific-
heat data (by using the entropy-balance technique). (b) Left axis: C'/T| -3k versus
pressure (open circles); right axis: C'/T|r—ok (in the SC state) versus pressure (full
triangles) (see text for describing the way we have estimated our data). The lines
are representing the linear fits to the corresponding data. (¢) AC/(v,T¢)| r=r, versus
pressure.
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3.2. Effect of pressure on the heavy-fermion superconductor CeColns

As seen in panel (b) of figure 3.5 (left axis), the specific-heat coefficient C/T
taken at T'= 3 K, a temperature situated above T, over the whole pressure range of
our measurements, shows at ambient pressure a value of C'/T| r—3x~ 0.353 J/(molK?)
and decreases gradually with increasing pressure with a rate of dIn(C/T|r=3x)/dp ~
—0.263 /GPa. Due to the SC state existing below T, (7. < 3 K for p < 1.5 GPa),
we take C'/T| -3k as an estimate for the Sommerfeld coefficient, v. The large value
of C/T|r=sx at ambient pressure shows the HF character of CeColns (C/T|r—sx ~
v o m*). Measurements in magnetic fields high enough to suppress the SC phase
transition at ambient pressure show an increase of the electronic specific-heat coeffi-
cient with decreasing temperature (B || ¢) [Petrovic 2001a], suggesting the possibility
that the HF state is not yet completely formed at such an elevated temperature as
T = 3 K, continuing to develop down to lower temperatures. However, the mentioned
increase of the electronic specific-heat coefficient is often interpreted as due to NFL
behavior characteristic to the vicinity of a QCP. Therefore, it can be possible that
the C/T| =3k is not accurately reflecting the HF character of the system.

With increasing pressure, the decrease of C/T|r—3k (estimate for the Sommer-
feld coefficient, 7) is in good agreement with the behavior seen in Ce-based HF com-
pounds, where the application of pressure leads to the increase of the hybridization
strength between the 4f electrons of Ce and the conduction electrons, manifested by
the increase of the Kondo temperature and by the reduction of the effective QP mass,
m*. Moreover, in the framework of the spin-fluctuation theory, the decrease of the
effective QP mass indicates an increase of the characteristic spin-fluctuation temper-
ature Tyy (Tsp o< k./m*) [Moriya 1995]. As already presented in section 1.2.2, in the
context of the above-mentioned theory the variation of the spin-fluctuation tempera-
ture is supposed to be responsible for the variation of 7, in the system (see also equa-
tion 1.1 in section 1.2.2) [Millis 1988, Lonzarich 1997, Mathur 1998, Monthoux 1999].
Therefore, the decrease of the effective QP mass in CeColns under pressure reflects an
increase of the spin-fluctuation temperature, T5¢. Along with the observed increase
of T, this is strongly hinting at magnetically mediated Cooper pairing in this HF
SC (T. x Ty o< 1/m*). Moreover, a tendency to saturation of the 7 coeflicient of
CeColns under pressure is observed right in the pressure range where the increase of
T. is becoming less pronounced (p > 0.7 GPa) and T,(p) is reaching its maximum
value, further supporting the prediction of the theory of magnetically mediated SC
where T, o< Ty o< 1/m*.

A measure of the SC coupling strength, the AC/(v,T¢)| r=r, ratio presented in
figure 3.5c decreases with increasing pressure and shows values between
AC/ (v T,) | 7=1.~ 5 and AC/(7,T.) |r=1,~ 3. These values are extremely large
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compared to the BCS value of AC/(v,T¢)|r=1.~ 1.43 known for a weak-coupling
SC. The large values of AC/(v,T.)|r=r, hint to the fact that Cooper pairs in the
SC state of CeColns are formed by strongly coupled heavy QPs. However, the afore-
discussed possible interpretations related to the increase of the electronic specific-heat
coefficient with decreasing temperatures observed in magnetic fields high enough to
suppress SC might also affect the obtained values of AC/(v,T¢)| r=1., leading to the
possibility of a somewhat weaker coupling in SC CeColns.

We have estimated the low-temperature dependence of C/T" of CeColns (B =
0 T) in the SC state at temperatures well below T, by fitting the data of C(T)/T
in the temperature range 0.4 K < 7" < 1 K (down to the lowest temperature
of our measurements). In the respective temperature interval, the data show a
C(T)/T = 7y + bT? dependence for the entire pressure range of the experiment
(p < 1.5 GPa). As an estimate for the value of C/T at T = 0 K in the SC
state, C'/T|r—ok, the residual specific-heat coefficient, 7y, obtained from the above-
mentioned fitting was taken. The pressure dependence of C/T'|r—ok is shown in
figure 3.5b (right axis). A gradual decrease of C/T'|r—ox with increasing pressure,
with a rate of d(C'/T|7=ox)/dp ~ —0.045 J/(molK?*GPa), can be observed, from
C/T|r=ox~ 0.105 J/(molK?) at ambient pressure to C/T'|7—ox= 0.037 J/(molK?)
at the highest pressure of our experiment, p ~ 1.48 GPa. At ambient pressure
and B = 0 T, a linear temperature dependence of the low-temperature C(T")/T of
CeColns in the SC state was reported for 0.095 K < 7" < 0.4 K [Movshovich 2001].
Since our measurements were not performed down to such low temperatures, in the
case when the AC(T)/T o T? dependence observed by our measurements down
to only 7" ~ 0.4 K indeed changes to the AC(T)/T o T behavior reported for
temperatures below T" = 0.4 K [Movshovich 2001], it is possible that our values of
C/T|r=ok are slightly overestimated. However, the overall pressure dependence of
C/T|r—ox, as well as the non-exponential low-temperature behavior of C(T")/T" in
the SC state, is precisely determined. The power-law dependence of C(T')/T at low
temperatures, deep in the SC state, suggests the unconventional character of the SC
state in CeColns over the entire pressure range measured (p < 1.5 GPa). It is worth
noting that C'/T|r—ok shows low, but non-zero values at ambient and finite pressure
(p < 1.5 GPa).

The ratio of (C/T |r=ox)/(C/T |r=3x) can be considered an estimate of the
amount of the F'S which does not show a SC gap. In CeColns (C'/T| r—ok)/(C/T| 7=3x)
decreases gradually with increasing pressure from (C/T|r-ok)/(C/T|r=3x) =~ 0.3 at
ambient pressure to (C'/T|r=ok)/(C/T|r=3x) =~ 0.14 at p ~ 1.48 GPa, suggesting a
gradual increase of the fraction of the F'S implied in SC from about 70% at p = 0 GPa
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to about 86% at p ~ 1.48 GPa. It is known that at ambient pressure CeColns is lo-
cated in the vicinity of an AFM instability, while application of pressure leads to
moving the system away from it. The observed increase of the fraction of the F'S im-
plied in SC with increasing pressure suggests that application of pressure on CeColnjy
leads to gradual suppression of the AFM order (expected at a slightly negative pres-
sure) in favor of the SC state. The competition of the two phenomena suggests a
common mechanism for the formation of both states (AFM, at a slightly negative
pressure, and SC) in CeColns. The numbers given for (C/T |r—ok)/(C/T | r=3x)
might well be affected by the uncertainties in determining C'/T|r—ok and by the fact
that the Sommerfeld coefficient is estimated by C'/T at T = 3 K. However, even if
the numbers would slightly change, the overall pressure dependence and, therefore,
the above-presented interpretation should remain valid.

The temperature dependence of the B = 0 T low-temperature entropy of
CeColn; and its variation with increasing pressure are shown in figure 3.6. The same
symbols are used for the different pressure values in the three figures 3.3, 3.4 and 3.6.
As seen in figure 3.6, over the whole measured temperature range (0.35 K < T < 7 K)
the entropy is continuously decreasing with increasing pressure. At ambient pressure,
right above the SC phase transition, the entropy of CeColnjs is reaching the value of
S(T.,p =0 GPa) ~ 0.28 RIn 2, while with increasing pressure this value is gradually
decreasing. At the highest pressure of our experiment the entropy at 7, amounts
S(T.,p ~ 1.48 GPa) ~ 0.18RIn2 only. This gradual decrease of the entropy with
increasing pressure, on both temperature sides of the SC phase transition, reflects
the increase of the hybridization strength of the 4f electrons of Ce with the con-
duction electrons associated with an increase of the Kondo temperature, Tx. The
pressure dependence of Tk in CeColnjs is shown in the inset of figure 3.6. The Kondo
temperature is obtained according to the results of the single-impurity Kondo model
(S =1/2), in which Tk is defined as about twice the temperature where the entropy
of the system is reaching the value of S(T%/2) = 0.5RIn2 [Desgranges 1982]. In order
to estimate Tk at those pressures where for T < 7 K the entropy does not reach the
mentioned value of 0.5R1In 2, the data at temperatures up to ' = 7 K were extrapo-
lated to higher temperatures. Therefore, one should keep in mind that the error bars
in determining T are gradually increasing with increasing pressure. In addition, the
fact that the lattice contribution to the specific heat of CeColns was not subtracted
from the data is leading to an overestimation of the entropy at higher temperatures
and correspondingly to an underestimation of Tk over the whole measured pressure
range. However, at sufficiently low temperatures, the contribution of the lattice to
the specific heat, defined as Ciuice(T) = B3T3 = (const./03)T3, is decreasing with in-
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Figure 3.6: Temperature and pressure dependence of the low-temperature entropy
of CeColny at B = 0 T. The different pressures are indicated in the figure. The
different symbols in the figure, used for different values of p, are consequent with the
symbols used in the previous figures 3.3 and 3.4. The dashed line marks the entropy
of 0.5R1n 2, a value which according to the single-impurity Kondo model is reached by
a system (S = 1/2) at the temperature equal to about Tk /2 [Desgranges 1982]. The
pressure dependence of Tk, obtained corresponding to the above-mentioned model -
S(Tk/2) =0.5RIn2 - is contained in the inset.

creasing pressure. Therefore, the errors in the absolute values of the specific heat (and
automatically of the high-temperature entropy and T ) are decreasing with increas-
ing pressure. With these sources of errors, affecting our specific-heat data on CeColns
mainly in the temperature range of 3 K < 7T < 7 K, the experimentally determined
values for the high-temperature entropy and Tk should be regarded with care, but
their general pressure dependencies may be considered reliable. Nevertheless, the in-
crease of Ty with increasing pressure (dTx /dp =~ 18 K/GPa), as well as the absolute
values of Tk (e.g. Tk|p—ocra ~ 12 K) obtained by our specific-heat measurements,
shows a relatively good agreement with the results obtained from electrical-resistivity

measurements under pressure [Nicklas 2001], where the temperature at which the re-
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sistivity is reaching its maximum value (7) is taken as an estimate for the Kondo
temperature of the system (from resistivity: d7/dp ~ 28 K/GPa; T*|,—ocpa ~ 53 K
[Nicklas 2001]).

Application of a magnetic field to CeColnj is leading to a gradual shift of the SC
phase transition to lower temperatures. At ambient pressure, the system exhibits a
relatively strong anisotropy. The upper critical field necessary to completely suppress
SC, Be2(0), is Bea(0)|pje = 4.9 T for B || ¢ [Petrovic 2001a], while it is more than
twice larger for B || (ab), Be2(0)|p|j(as) =~ 11.6 T [Bianchi 2003a]. This large anisotropy
is well explained also by dHvA measurements, which show that the FS is mainly
consisting of nearly cylindrical sheets, hinting to a quasi-2D electronic structure in
this compound [Settai 2001, Shishido 2002]. Our measurements of the heat capacity
in magnetic field were performed on a system formed by a collection of more than
50 pieces of CeColns. Therefore, the precise orientation of the samples with respect
to the magnetic field was difficult to achieve. However, the samples were assembled
in the pressure cell in the way that some of them were oriented with B || ¢, while
the remaining samples were placed with B || (ab). Over the entire pressure range the
orientation of the samples with respect to the magnetic field was remaining the same.
Therefore, our specific-heat data under pressure and in magnetic field (B < 8 T)
show the transitions for both main orientations of the magnetic field. Moreover, the
accuracy of the absolute values of the specific heat in magnetic field, below T, is
affected by the fact that the data were normalized to the total sample mass, without
taking into account the different amounts of differently oriented samples. However,
the transition temperatures for the two different orientations of the magnetic field
(B || c and B || (ab)) can be accurately estimated. Figure 3.7 shows the evolution,
as function of magnetic field, of the low-temperature C(T")/T of CeColns for three
different values of pressure: p = 0 GPa in panel (a), p ~ 0.79 GPa in panel (b) and
p ~ 1.48 GPa in panel (c). For low values of B (e.g. B = 1 T) the detection of
the two distinct phase transitions corresponding to the two different orientations of
the magnetic field is impossible within the resolution of our measurements, but at
higher values of B (B > 3 T) the two transitions are well separated. At B =1 T,
the two phase transitions corresponding to B || ¢ and B || (ab) are very close in
temperature, giving rise to a single anomaly, the obtained transition temperature
being overestimated for the direction B || ¢ and underestimated for B || (ab). Due to
the much smaller value of By (0)|p. than that of Bes(0)||jas), for B < 5T, the phase
transitions at lower temperatures are corresponding to B || ¢, while the transitions
at higher values of T' are associated to B || (ab). As an example, in panel (c) of
figure 3.7 the two distinct SC phase transitions (at B = 3 T) for the two different
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Figure 3.7: Effect of magnetic field (B < 8 T) on the low-temperature C(7')/T of
CeColn; for three different pressures: p = 0 GPa - (a), p = 0.79 GPa - (b) and
p ~ 1.48 GPa - (¢). The symbols used for each value of B are the same in the three
panels and are mentioned in the figure. Due to the mixed orientation of samples
with respect to the direction of the applied magnetic field, two phase transitions are
detectable in magnetic field, each of them corresponding either to B || ¢ (transition
lower in temperature) or to B || (ab) (the transition at higher T') (see for example
the arrows in panel (c) indicating the positions of the different 7,-s). The SC phase
transitions at B = 8 T are corresponding to B || (ab).
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Figure 3.8: Evolution of the low-temperature entropy of CeColnjs in different magnetic
fields (see symbols in the figure) for p &~ 0.79 GPa. The complete amount of samples
measured in the pressure cell are oriented with respect to the direction of the applied
magnetic field in both directions, B || ¢ and B || (ab).

field orientations are indicated by arrows. At B = 8 T, only one SC phase transition
can be detected, the transition corresponding to B || (ab). The evolution of the
low-temperature entropy of CeColns with increasing magnetic field is presented in
figure 3.8 for p ~ 0.79 GPa. The C(T')/T data obtained at this pressure, and also
presented in figure 3.7b, were used to estimate the low-temperature entropy shown
in figure 3.8. In order to evaluate the low-temperature entropy of the system at
values of T" below the limit of our measurements of 7"~ 0.35 K, the measured data
were extrapolated to T = 0 K. Due to the fact that at B < 5 T the temperature
dependence of C'/T below T. could be well fitted with C(T)/T|r<r, = vo + bT?, the
low-temperature extrapolation of the data measured for B < 5 T was done according
to the above-mentioned equation, with the parameters v, and b taken from fitting the
experimental data. For B = 8 T, where the SC phase transition for B || ¢ is completely
suppressed, the extrapolation to 7' = 0 K was done by following to low temperatures
the AC(T)/T x —InT dependence detected at higher temperatures (for 7' < 1 K <
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T.|p=st for all p; p < 1.5 GPa). As seen in the figure 3.8, at temperatures 7' < T, (7T,
being the SC transition temperature at B =0 T and p = 0.79 GPa), the entropy of
the system is gradually increasing with increasing magnetic field. Independent of the
value of B, the same value of entropy is attained at T' = T,.. At T > T,, S(T, B) follows
a single curve for all values of B. The same behavior, consisting in the magnetic-field-
independent normal-state entropy (conservation of the entropy between the normal
and SC state), can be detected in CeColns over the entire pressure range of our
measurements, p < 1.48 GPa. This finding might imply that the developing of the
HF state, expected to take place continuously down to low temperatures (below 7.
for B=0T), is interrupted and replaced by the SC state in CeColns.

The obtained B —T phase diagram of CeColns and its evolution with increasing
pressure is presented in figures 3.9a, for B || (ab), and 3.10a, for B || ¢. The evolution
of T, with increasing pressure for different values of the applied magnetic field is
shown in figures 3.9b and 3.10b, for B || (ab) and B || ¢, respectively.

When the magnetic field is applied in the basal plane (B || (ab)), the highest
value of B = 8 T applied in our measurements is not sufficient to completely suppress
the SC state in CeColns for the entire range of pressure, p < 1.48 GPa. However, as
seen in figure 3.9a, with increasing pressure up to p ~ 1.48 GPa, an increase of the
upper critical field B (0)|g|(ap), s well as a strong decrease of the initial slope of the
Beo(T) curve at T,, can be observed from our measurements (for B || (ab)). The ob-
served pressure-induced increase of B (0)]|jj(ap) is in good agreement with results ob-
tained by more precise measurements performed at low temperatures and in high mag-
netic fields by means of magnetization [Tayama 2005] and specific-heat measurements
under pressure [Miclea 2006a]. From the former an increase from Bes(0)|p|@s) =
11.6 T at ambient pressure to B (0)|p)as) = 14.5 T at p = 1.38 GPa [Tayama 2005]
was obtained, while the low-temperature specific-heat measurements under pressure
of Miclea et al. [Miclea 2006a] show for the upper critical field (B || (ab)) values of
Bes(0)|Bj(ab) = 11.6 T at ambient pressure and Be2(0)| |y = 14.3 T at p = 1.34 GPa.
The initial slope of the upper critical field, dB.(T)/dT |r=7., for B || (ab), is decreas-
ing upon increasing pressure, from dBe(T)/dT |r—r,, B|j(ar) = —14.85 T/K at ambient
pressure to dBe(T)/dT |r=r1,. B|jar) = —10.03 T/K at p ~ 1.48 GPa. These values
are as well in relatively good agreement with dB.(T)/dT |r=1,. B|ja) = —30.5 T/K
at p = 0 GPa and dB(T)/dT |r=1,, B = —16.4 T/K at p = 1.34 GPa obtained
from the specific-heat measurements of Miclea et al. [Miclea 2006a]. The discrepancy
in the absolute values comes from the fact that we have estimated the initial slope of
the upper critical field from the values of T, between B =0 T and B = 3 T, a way
which is leading to a strong underestimation of d B (T)/dT |r=7,.
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Figure 3.9: (a) B — T phase diagram of the SC phase transition in CeColns obtained
for different pressures, for B || (ab). Symbols for different pressures are indicated
in the figure. The different lines are guides to the eyes. The arrows indicate the
direction how pressure is increasing. (b) 7" — p phase diagram of CeColns obtained
for different values of the applied magnetic field (B < 8 T), for B || (ab). The values
of B and the corresponding symbols are indicated in the figure.
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Figure 3.10: (a) B—T phase diagram of the SC phase transition in CeColns obtained
for different pressures, for B || ¢. Symbols for different pressures are indicated in the
figure. The different lines are guides to the eyes. The arrows are indicating the
direction how pressure is increasing. (b) 7" — p phase diagram of CeColns obtained
for different values of the applied magnetic field, for B || ¢. The values of B and the
corresponding symbols are indicated in the figure.
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The application of a magnetic field parallel to the ¢ direction is leading to a
different behavior than that seen in the case of B || (ab). The initial slope of the
upper critical field, dB(T)/dT |r=1,, B|c, as well as the value of the upper critical
field at T = 0 K, B(0)|pjc, is decreasing upon increasing pressure (see figure 3.10a).
Together with the results for B || (ab), this emphasizes an increase of the anisotropy
in CeColn; with increasing pressure. A good agreement with results obtained by
pressure-dependent low-temperature magnetization [Tayama 2005] and specific-heat
measurements [Miclea 2006b] is found in the case of B || ¢ too. A reduction of
dB(T)/dT |r=r, for B || ¢, from dBe(T)/dT |r=1.;pjc = —12.82 T/K at ambient
pressure to dBe(T)/dT|r=1.,5|c = —7.25 T/K at p = 1.48 GPa is obtained by our
measurements, values determined by using the difference between T, obtained at
B =0T and B =1 T. The values reported in literature of dB(T)/dT |r=r1,; B|c =
—10.8 T/K for p = 0 GPa and dBey(T')/dT |r=r,; Bjc = —6.5 T/K for p = 1.34 GPa
[Miclea 2006b] are supporting our results. Despite a pressure-induced increase of T,
in CeColns, the upper critical field for B || ¢ decreases from its ambient-pressure
value of By(0)|pje = 4.9 T [Miclea 2006b] (Be2(0)|p)c = 4.95 T [Tayama 2005]) to
Be2(0)|5je = 4.2 T at p = 1.34 GPa [Miclea 2006b] (B2 (0)|pj. = 3.8 T at p = 1.5 GPa
[Tayama 2005]), a tendency also displayed by our measurements (see figure 3.10a).

Interestingly, as seen in the lower panel of figure 3.10, the pressure where T.(p)
for a certain value of the magnetic field is reaching its maximum value, p,..(B), is
gradually decreasing with increasing B (for B || ¢). Theoretical predictions for the
AFM spin-fluctuation mediated SC suggest that for B = 0 T a maximum value of
T.(p) is obtained at the critical pressure p. (respectively critical concentration, n.)
where Ty (p) is suppressed to Ty = 0 K [Millis 1993, Nakamura 1996, Lonzarich 1997,
Mathur 1998, Monthoux 1999] (see section 1.2.2 for more details). Accordingly, at
B = 0 T, the existence of an AFM QCP is expected close to the pressure p,q.(0),
where T,(p) for B =0 T is reaching its maximum value. From the 7.(p) dependence
obtained for different values of B (B || ¢) presented in figure 3.10b we have estimated
the pressures, ppa.(B), where the corresponding T.(p) attains its maximum value.
The magnetic-field dependence of p,,4, is shown in figure 3.11. In addition, the
pressure dependence of the upper critical field, Bey(0)|p|., taken from magnetization
measurements under pressure [Tayama 2005] is also depicted in figure 3.11 (open
symbols). The gray area indicates the region where at T = 0 K CeColny is in the SC
state (B || ¢). By means of electrical-resistivity measurements under pressure and in
magnetic field on CeColn;, Ronning et al. [Ronning 2006] have estimated, for B || ¢,
the pressure dependence of the critical field, B..;(p). For each pressure, B..; was

obtained from the magnetic-field dependence of the A coefficient of the 7 term in the
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Figure 3.11: Data in the p — B plane obtained for CeColns (B || ¢). Closed symbols
represent the pressure, pnq., where for each specific value of B the corresponding
T.(p) (see figure 3.10a) is attaining its maximum value. The open symbols show
the pressure dependence of the upper critical field, B.(0)|p|c, as p(Be(0)). The
p(Be2(0)) data are taken from the work of Tayama et al. [Tayama 2005]. The gray

area in the figure indicates the region where, at 7' = 0 K, CeColnj is in a SC state
(Bl c).

max(

resistivity (p(T) = po+AT?) [Ronning 2006]. As a measure of the effective mass of the
QPs, the A coefficient (A o< m*?) is expected to diverge at a QCP. In order to obtain
B.,it, the magnetic-field dependence of the A coefficient was fitted corresponding to

= Ag(B — Beit) 137, Close to the obtained B..;, NFL behavior was detected
by the temperature dependence of the resistivity [Ronning 2006]. Surprisingly, our
Pmaz(B) (B || ¢) dependence follows the p(B.:) line obtained by Ronning et al.
[Ronning 2006], suggesting that pp,q.(B), shown by closed symbols in figure 3.11,
follows the line of expected QCPs in CeColn; (B || ¢). In consequence, the ppa.(B)
values can be considered as critical values where magnetic-field and pressure-tuned
QCPs are expected in CeColns when B || ¢ and figure 3.11 can be viewed as a phase
diagram obtained in the p — B plane at T" = 0 K. The dashed line in figure 3.11
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represents the extrapolation of the obtained pj,u.(B). These results show that the
maximum value of T,(p) of CeColnj is obtained at the critical pressure where a QCP
is expected, independent of the value of the applied magnetic field (B || ¢). As
mentioned earlier, AFM spin-fluctuation theory predicts that at zero magnetic field
a maximum value of T,.(p) is obtained at the critical pressure where the AFM QCP is
expected (T — 0 K). Therefore, our results suggest that, in the case of CeColns, for
B || ¢, the afore-mentioned theoretical prediction is valid not only for zero magnetic
field, but also for B # 0 T.

As seen in figure 3.11, the magnetic-field dependence of p,,.. extrapolated to
Pmaz = 0 GPa yields a value of B =~ 5 T, in good agreement with the value of B
where a magnetic-field-induced QCP was reported at ambient pressure for B || ¢
[Paglione 2003, Bianchi 2003b]. The detected value of B ~ 5 T is close to the up-
per critical field, Be(0)|p|.. Therefore, it was speculated that the magnetic-field-
induced QCP in CeColn; at ambient pressure (B =~ 5 T) could have SC fluctuations
as origin [Paglione 2003]. However, based on experimental findings, several argu-
ments exist against a possible SC origin of the magnetic-field-induced QCP. (i) Tt
was found that in CeColns at ambient pressure the SC phase transition for B || ¢
at temperatures below a crossover temperature, Ty, is a first-order phase transition
[Bianchi 2002]. Therefore, the SC fluctuations do not become critical. Moreover, the
first-order type of the SC transition at 1" < Tj is persisting with increasing pressure
(with a pressure-dependent Tp) [Tayama 2005]. (ii) CeRhIns, having a larger volume
of the unit cell than CeColns and presenting AFM order at ambient pressure, as
well as pressure-induced SC at higher values of p, displays a T" — p phase diagram
very similar to that found in the case of CeColns. A shift of the pressure axis of
CeRhlIns by Ap ~ —1.5 GPa leads to an overlap of the B =0 T T — p phase diagram
of the two compounds [Knebel 2004, Nicklas priv. comm., Sidorov 2002], suggesting
that at ambient pressure CeColnjs is close to an AFM instability. Moreover, dHvA
measurements under pressure on CeRhlny reveal a reconstruction of the FS, right
at the critical pressure where T.(p) is reaching its maximum value [Shishido 2005].
The observed change of the FS and the seeming divergence of the cyclotron mass at
the critical pressure lead to the speculation that a crossover from the localized to the
itinerant state of the 4 f electron of Ce is taking place at this pressure [Shishido 2005].
However, neither long-range AFM order nor a valence change of Ce was detected in
CeColng. Therefore, the first-order SC phase transition in the vicinity of B.(0) for
B || ¢ in CeColns and the closeness to an AFM instability at ambient pressure sug-
gest that the magnetic-field-induced QCP seen at B ~ B.(0) ~ 5 T is more likely
due to critical AFM fluctuations than due to SC fluctuations. Our results depicted
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in figure 3.11, together with the findings from electrical-resistivity measurements of
Ronning et al. [Ronning 2006], show that the p,,..(B) curve, namely the line of ex-
pected QCPs, is existing over a broad field and pressure region, 0 T < B <5 T and
1.4 GPa > ppa: > 0 GPa, respectively. Moreover, these results are also suggesting
that the magnetic-field-induced QCPs are moving to lower magnetic fields with in-
creasing pressure with a much stronger pressure dependence than B (0)|p., leading
t0 Pmaz = 1.4 GPa at B = 0 T, while B(0) =~ 4 T for p ~ 1.4 GPa. Therefore,
though the critical field almost coincides with B (0) at ambient pressure, their evo-
lutions with increasing pressure are completely different, the p,,q.(B) and p (B(0))
lines departing from each other upon increasing pressure, ruling out SC fluctuations
being at the origin of the possible QCPs. In conclusion, these results help to rule out
a SC origin of the magnetic-field-induced QCP found in CeColns at ambient pres-
sure in the region of B &~ B, (0) ~ 5 T and rather support its possible AFM origin.
Moreover, the possibility of existence of a line of QCPs in the p — B phase diagram
of CeColns at T'= 0 K (B || ¢) is also suggested, QCPs which probably have their
origin in AFM quantum critical fluctuations. The possible existence of AFM QCPs
right in the pressure region, p,,q.(B), where T,(p) for the respective B is reaching its
maximum value, independent of the value of B, is suggested. However, the possibility
of a valence-fluctuating regime in the close vicinity of the AFM instability in both
compounds, CeRhIns and CeColns, should not be neglected.

Unfortunately, as seen in figure 3.9b, due to the experimental limitations of our
setup, mainly consisting in a too small available magnetic field, a similar study for
the case of B || (ab) was not possible. However, magnetic-field-dependent specific-
heat and resistivity measurements on CeColn; at ambient pressure have shown that
for B || (ab) also exists a magnetic-field-tuned QCP close to the upper critical field,
Bes(0)|B)(ab) [Ronning 2005]. Moreover, the magnetic field is less effective in suppress-
ing the critical fluctuations and restoring the FL behavior for B || (ab) as compared
to B || ¢ [Ronning 2005]. Therefore, it is expected that the relative closeness to the
QCP in CeColns strongly depends on the orientation of the magnetic field, the NFL
behavior and the fluctuations responsible for the observed quantum critical phenom-
ena being more robust when the magnetic field is applied in the plane (B || (ab))
[Ronning 2005].

As seen in figure 3.11, the pa.(B) (B || ¢) line where magnetic-field and
pressure-induced QCPs are expected in CeColns is located in the region where at
T = 0 K the system is in a SC state (gray area). Therefore, detection of a QCP in
the SC state, as well as of the NFL behavior characteristic for the normal state in the

close vicinity of a QCP, is not possible, except for B ~ 5 T, p = 0 GPa (indicated by
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an arrow and labeled “QCP” in figure 3.11). Indeed, as mentioned earlier, a QCP,
suggested by strong deviations of the measured physical properties from a behav-
ior characteristic to a LFL state, has been observed right at this point (B ~ 5 T,
Pmaz = 0 GPa) [Paglione 2003, Bianchi 2003b]. By assuming SC fluctuations at the
origin of this observed QCP one would expect that these SC fluctuations also lead to
a QCP once the pressure is increased. Since B(0)|p|. only slightly increases with
increasing pressure one expects that for a certain value of B, B 2 5 T, the NFL be-
havior observed at ambient pressure should also not change with increasing pressure
(at least the NFL behavior should track the pressure dependence of Bey(0)|pc). On
the other hand, if the QCP observed at ambient pressure is related to the ppq.(B)
line, at a fixed value of B, B 2 5 T, a change from NFL to LFL behavior is ex-
pected upon increasing pressure. This issue is nicely elucidated by our pressure and
magnetic-field-dependent specific-heat data on CeColns. Indeed, the specific-heat
data for B = 8 T presented in figure 3.12 clearly show a gradual transition from NFL
to LFL behavior with increasing pressure. Therefore, it is becoming evident that the
observed NFL behavior is related to the pj..(B) line. In conclusion, these results
help to rule out SC fluctuations being at the origin of the QCP seen in CeColns,
suggesting that the observed quantum critical behavior is most likely related to a yet
undetected AFM instability in CeColns.

In the vicinity of a QCP, a system is known to show deviations from LFL
behavior. The low-temperature electronic specific heat of a system is characterized by
a linear T" dependence in the LFL region, while the NFL regime shows a AC(T") /T
—InT dependence for 2D and a AC(T)/T « —/T dependence for 3D critical AFM
spin fluctuations [Moriya 1995] (for details see table 1.2). Due to the fact that a SC
phase transition is detected in our specific-heat measurements on CeColns over the
entire measured pressure range at a relatively high temperature (e.g. T|p—ocpa ~
2.3 K), the examination of the normal-state properties of the system at temperatures
T > T, is very difficult (since there is a relatively narrow temperature range available
at T' > T, and, additionally, we did not remove the lattice contribution to the specific
heat, which is non-negligible in this temperature range). Application of magnetic
field leads to the suppression of the SC phase and therefore helps to access the low-
temperature normal-state properties of a system. However, in the case of CeColns
the magnetic field necessary to destroy the SC state is rather high, making the study
of CeColns more difficult. Moreover, as previously described, in our measurements
part of the samples were oriented in the direction B || ¢, while the remaining part
were placed corresponding to B || (ab), leading to the detection of the SC phase

transitions corresponding to both orientations. Therefore, the complete suppression
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Figure 3.12: Specific heat of CeColns as C(T')/T versus log T at p = 0 GPa (circles)
and p ~ 1.48 GPa (squares), both at B = 0 T (full symbols) and B = 8 T (open
symbols). Arrows indicate the SC phase transition anomalies at B = 8 T for B || (ab).
Inset: calculated entropy as function of T for the specific-heat curves shown in the
main figure. The symbols are the same as in the main plot.

of the SC phase transition anomaly in our data is not achieved for the entire pressure
and magnetic-field range of our measurements (p < 1.48 GPa, B < 8 T), causing an
uncertainty in the temperature dependence of the low-temperature C'/T" in the normal
state of CeColns. C(T')/T of CeColns on a logarithmic temperature scale is presented
in figure 3.12 for ambient pressure and for the highest pressure of our measurements
of p~1.48 GPa,at B=0T and B = 8 T. Apart from the sharp SC phase transition
seen at B =0T, at B =8 T a tiny anomaly (marked by arrows) is visible at about
T~ 148 K (p =0 GPa) and T' =~ 1.91 K (p = 1.48 GPa), corresponding to the SC
phase transition of those crystals placed with B || (ab). Below the SC phase transition
at B =8 T, at temperatures 7' < 1 K, the ambient-pressure C(7')/T data increase as
—InT upon cooling, clearly indicating NFL behavior. In contrast, for p ~ 1.48 GPa
a nearly constant C'(T)/T is detected for T < 1 K, a dependence expected for a LFL.
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The gradual pressure-induced change from a logarithmic temperature dependence of
C(T')/T to a nearly constant C'(T")/T at low temperatures suggests that CeColns at
B =8 T (B || ¢ is tuned by application of pressure from a NFL to a LFL state.
These findings suggest that CeColns at p = 0 GPa and B =8 T (B || ¢) is located
close to a QCP, while by application of pressure is shifted away from it. This supports
our data presented in figure 3.11, where the p,,.(B) line was suggested to be a line
of QCPs.

In addition, the B = 0 T data in figure 3.12 illustrate that the SC coupling
strength, measured by the ratio of AC/(v,1¢)|r=r,, is decreasing upon increasing
pressure. The strong reduction of the low-temperature entropy with increasing pres-
sure, as well as the recovery of the entropy in the normal state, independent of the
value of B, over the entire pressure range of our experiment (p < 1.48 GPa), is

exemplified in the inset of figure 3.12.

3.2.3 Discussion - CeColns

We have studied the pressure (p < 1.5 GPa) and magnetic-field (B < 8 T)
dependence of the low-temperature (0.35 K < 7" < 7 K) specific heat of the HF
SC CeColns. At B = 0 T, the SC transition temperature, 7., is increasing with
increasing pressure from 7T, ~ 2.26 K at p = 0 GPa to a maximum value of about
T.~ 2.63 K at p ~ 1.4 GPa, from where it starts to decrease upon further increasing
the pressure. Due to the SC state in CeColns at low temperatures, as an estimate
for the Sommerfeld coefficient, v, we used the value of the specific-heat coefficient at
T =3 K (C/T|r=3k), a temperature which exceeds T, in the entire pressure range
of our experiment. Since the Sommerfeld coefficient is directly proportional to the
effective QP mass, m*, (v o« m*) we consider C'/T|r—3k as a direct measure of m*.
The HF character of CeColnj is suggested by the large values of C'/T| 73k obtained
over the entire pressure range of our experiment (e.g. C/T|r—sx=~ 0.353 J/(molK?)
at p = 0 GPa). It was shown that the effective QP mass in CeColn; decreases
continuously with increasing pressure, with dIn(C/T|r=3k)/dp ~ —0.263 /GPa. In
good agreement with the pressure dependence of m*, the Kondo temperature, Tk,
continuously increases with increasing pressure, both dependencies suggesting the
expected increase with pressure of the strength of the hybridization between the Ce 4 f
and the conduction electrons in CeColns. Moreover, for the entire measured pressure
range, 1/m* « T, is found in CeColns. This supports the prediction of the theory
of spin-fluctuation mediated SC (7, x Ty o< 1/m*) [Millis 1988, Lonzarich 1997,
Mathur 1998] and suggests that the SC state in CeColnj is likely to be mediated by

strong magnetic fluctuations.
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A AC(T)/T o T? dependence in the SC state of CeColns, in the low-tempera-
ture range of 0.4 K <T < 1 K, has been detected over the entire measured pressure
range (p < 1.5 GPa), hinting at the unconventional nature of the SC state in CeColns.
Moreover, the AC/(v,1¢)| 7=, ratio, a measure of the SC coupling strength, decreases
with increasing pressure and shows, over the entire pressure range of our experiment,
extremely high values, suggesting that Cooper pairs in the SC state of CeColns are
formed by strongly coupled heavy QPs.

The estimated residual specific-heat coefficient (at T'— 0 K), in the B =0T SC
state of CeColns, C'/T|r—ok, displays non-zero values and gradually decreases with
increasing pressure. The ratio between the residual specific-heat coefficient and the
Sommerfeld coefficient in the normal state, (C/T|r—ox)/(C/T|r=3x), decreases upon
increasing pressure, hinting at a gradual increase of the fraction of the F'S implied in
the SC state with increasing pressure. These results clearly suggest the gradual shift
of CeColns from a SC state in the vicinity of an AFM instability at ambient pressure
to a SC state at finite pressure, where the influence of the AFM fluctuations is much
less perceptible. A common mechanism implied in both phenomena, long-range AFM
order expected at a slightly negative pressure and SC, appears therefore likely.

The low-temperature entropy of CeColns at B = 0 T, over the whole measured
temperature range, is continuously decreasing with increasing pressure. At T =
6 K, the value of S(p = 0 GPa)|7—¢k~ 0.5 RIn2 obtained at ambient pressure is
gradually reduced to S(p ~ 1.48 GPa)|r—sk~ 0.3 RIn2 at the highest pressure of
our experiment. Consequently, the Kondo temperature of the system is increasing
from T ~ 12 K at p =0 GPa to Tk ~ 37 K at p ~ 1.48 GPa. The observed results
are consistent with the well-known behavior of Ce-based HF systems and are due
to a pressure-induced increase of the strength of the hybridization between the 4 f
electrons of Ce and the conduction electrons.

The large values of the upper critical field observed at ambient pressure, char-
acteristic to HF systems, are persisting with increasing pressure in CeColns. Further-
more, the anisotropy of the SC state found to be large already at ambient pressure
further increases with increasing pressure (p < 1.5 GPa): Bey(0)|p). decreases, while
Be2(0)|B|(ab) increases upon increasing pressure.

Our experiments have shown that over the entire pressure range p < 1.5 GPa,
the total entropy achieved in the normal state is independent of the value of the
external magnetic field (for B < 8 T). This conservation of entropy suggests that
the formation of the HF state, expected to take place continuously down to lower
temperatures (below T, for B = 0 T), is interrupted and replaced by the SC state in
CeColns.
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AFM spin-fluctuation theory suggests that at B = 0 T the critical pressure (p.)
where Ty is suppressed to Ty = 0 K is located in the pressure region where the SC
transition temperature T,(p) reaches its maximum value [Millis 1993, Nakamura 1996,
Lonzarich 1997, Mathur 1998, Monthoux 1999]. Since for B = 0 T the maximum
value of T,(p) for CeColnjs is obtained at p. ~ 1.4 GPa, we would expect the presence
of an AFM QCP in CeColns at this pressure. However, detection of this QCP is
difficult because of the SC state. Application of a magnetic field helps to suppress
the SC state. By defining ppq.(B) as the pressure where, for the case of B || ¢, the
T.(p) corresponding to each value of B is reaching its maximum value, we have shown
that there exists the possibility to have at pyq..(B) a line of QCPs (see figure 3.11).
We have seen that the p,,q.(B) curve obtained by our measurements is located right
where the line of QCPs has been detected by the resistivity measurements under
pressure and in magnetic field (B || ¢) of Ronning et al. [Ronning 2006]. Therefore,
we suggest that the above-mentioned prediction of the AFM spin-fluctuation theory
is valid in the case of CeColns also for magnetic fields B # 0 T (B || ¢). Due to
the fact that the presumable line of QCPs is almost completely located in the region
where the SC phase is present, observation of the QCPs is unlikely. The extrapolation
of the Py (B) curve to ppa. = 0 GPa leads to a value of the magnetic field of about
B~ 5T. Since at T =0 K, the B = 5T, ppnw = 0 GPa point is located right
at the border of the SC state, the presence of a QCP can be expected for CeColns
at ambient pressure and at B ~ 5 T (B || ¢). Several experiments performed at
ambient pressure and at low temperatures indeed hint at the existence of a QCP
at B~ 5T (B | ¢). Since this value of B nearly coincides with the value of the
upper critical field necessary to completely suppress SC, Be(0)|ge, the possibility
of a SC origin of the observed QCP cannot be excluded. However, we have shown
that our data help to eliminate the possibility of SC fluctuations as a source for the
observed magnetic-field-induced QCP in the ambient-pressure CeColns and suggest
that the observed QCP is of AFM origin. Ambient-pressure measurements in high
magnetic fields and at low temperatures by Ronning et al. have shown that there also
exists a magnetic-field-induced QCP for B || (ab) and the value of the critical field
also coincides with the upper critical field for B || (ab) [Ronning 2005]. Therefore, it
seems that the magnetic anisotropy of the SC state in CeColnjy is strongly linked to
the AFM fluctuations. These results also suggest that the same mechanism is implied
in the formation of both states in CeColns, AFM (at a slightly negative pressure) and
SC, and speak in favor of the magnetic-fluctuation mediated SC state in CeColns.

The predicted line of QCPS, pya(B) (B || ¢), nearly completely hidden in the

SC state of CeColns, exhibits a much stronger pressure dependence compared to
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the upper critical field of SC, Bes(0)|gje. Our pressure-dependent low-temperature
specific-heat data at a fixed value of B, B 2 5 T, show a clear shift from NFL
behavior at ambient pressure to LFL behavior at higher pressures, suggesting that
by increasing the pressure (at B 2 5 T) one is moving away from the quantum
critical region (respectively, line of QCPs) in CeColns. Since in the pressure range
of our experiment B (0)|p|. decreases only slightly with increasing pressure and the
Pmaz(B) line shifts to very low values of B upon increasing pressure, it is obvious
that the observed pressure-induced change from a NFL to a LFL behavior is not
related to SC, instead it is most probably linked to the py,q.(B) line. Therefore, it is
supposed that AFM critical fluctuations are most likely responsible for the observed
magnetic-field-induced QCP at ambient pressure, as well as for the line of expected
QCPs hidden by the SC state of CeColns. Whether these QCPs, predicted to be
located in the SC state, really exist or not is still an open question. Though CeColns
is apparently located very close to an AFM instability at ambient pressure, it is
worth noting that no long-range magnetic order has been detected in CeColns so
far. Moreover, a possible pressure-induced valence transition (at p,) in CeColns, not
very far from the AFM instability (at p.; p. < p,), though not yet observed, should
not be neglected. However, regarding the SC state in CeColns for p < 1.5 GPa, we
have provided strong evidence that this is an unconventional SC state and that the
mechanism mediating the formation of the Cooper pairs is most likely electronic in

origin, an AFM spin-fluctuation mediated SC state being strongly suggested.

3.3 Effect of pressure on the heavy-fermion anti-

ferromagnet Ce;Rhlng

3.3.1 Physical properties of Ce;Rhlng

CeyRhlIng belongs to the subfamily of Ce,Rh,,Ins, 2, compounds (n =2, m =
1) derived from the HF AFM Celng (cubic structure, n = co,m = 0,Ty ~ 10.1 K)
which becomes a SC with a maximum 7, ~ 0.25 K at p ~ 2.6 GPa [Walker 1997].
CeRhIny (n = 1,m = 1,7y ~ 3.8 K) can be described as a layered structure,
consisting of alternating layers of Celng and Rhln, along the ¢ axis [Hegger 2000].
CeRhlIns under pressure becomes a SC with a maximum 7, ~ 2.1 K at p. &~ 2.1 GPa
[Fisher 2002] being one order of magnitude larger than that of Celnz. The compound
presented here, CesRhIng (n = 2,m = 1,7y = 3 K), crystallizes in the tetragonal
Ho,CoGag structure (shown in figure 3.2, middle) consisting of alternating bi-layers of

Celng and one layer of RhIny [Thompson 2001]. Due to its crystal structure CesRhlng
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can be regarded as a magnetic hybrid between Celns and CeRhIns. Therefore, one
expects the physical properties of Ce;Rhlng to be located somewhere in between those
of Celns and CeRhlns.

Similar to the n = oo and n = 1 compounds, Celnz and CeRhlns, the physical
properties of CesRhIng result from the competition between magnetic exchange in-
teraction and Kondo effect. In addition, the effect of CEFs has to be considered. At
ambient pressure, CesRhIng is a HF AFM with a Néel temperature Ty ~ 3 K. Sus-
ceptibility data above T' = 200 K show that the high-temperature effective magnetic
moment exhibits a small anisotropy, but is almost equal to the Hund’s rule value of
pefr = 2.54 up per Cet expected for the J = 5/2 Ce multiplet (pesy = 2.53 up per
Ce for B || (ab) and picss = 2.47 pp per Ce for B || ¢) [Malinowski 2003]. Consistent
with the single-impurity Kondo behavior, the resistivity in the temperature interval
55 K < T <130 K follows a Ap(T') o —InT dependence [Malinowski 2003]. A max-
imum in the resistivity, indicating the onset of coherent Kondo scattering, is seen at
T* =~ 4.5 K [Nicklas 2003]. The Sommerfeld coefficient, estimated from Cg(T) at a
temperature slightly above the AFM phase transition, of v ~ 0.5 J/(K?*mol-Ce) proves
the HF nature of CesRhIng and is similar to the value of v ~ 0.4 J/(molK?) found for
CeRhIn; [Hegger 2000], but higher than the value of v &~ 0.12 J/(molK?) for Celng
[Satoh 1993]. The Kondo temperature of CesRhlng, estimated from specific-heat
measurements to be Tk ~ 10 K, similar to the situation in CeRhlIns, is of the same
order of magnitude as the Néel temperature, T ~ Ty, leading to interesting physical
properties in both compounds. Contrasting with the similarities between CesRhlIng
and CeRhlns seen in the Sommerfeld coefficient, T and Tk, the low-temperature or-
dered moment of CeyRhIng of piyrq & 0.55 pup per Ce [Bao 2001] is very close to that
for the n = co compound Celng (porq ~ 0.48 pup per Ce [Benoit 1980], piora =~ 0.65 pp
per Ce [Lawrence 1980]), while the ordered moment of CeRhIn; has a higher value
(tora = (0.75 — 0.80) up per Ce [Bao 2000, Llobet 2004]). The higher value of fiq
in CeRhlns suggests the possibility that Kondo screening is more effective in the
more 3D-like systems. It was found that the low-temperature magnetic moment of
CesRhlng points 52° from the (ab) plane [Bao 2001], while in the case of CeRhlns
the moments rotate in the (ab) plane showing a helical magnetic structure along the
¢ axis [Bao 2000]. To our knowledge, the direction of the magnetic moment for the
n = oo member Celns has not yet been determined [Benoit 1980, Lawrence 1980].

As already mentioned, the thermodynamic properties of Ce;RhIng at low tem-
peratures are dominated by the interplay of Kondo and RKKY interactions with
the Kondo temperature being of the same order of magnitude as the AFM ordering

temperature Ty. The partially Kondo-compensated magnetic state in CesRhlng is
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reflected by the reduced ordered moment. Moreover, the magnetic entropy released
at the ordering temperature, S (T ), represents only &~ 34% of the full entropy R In 2
associated with the CEF doublet ground state. The full entropy of RIn 2 is achieved
at T ~ 20 K, similar to what was found for CeRhlns (n = 1) [Cornelius 2001]. At
temperatures T' < Ty the ambient-pressure specific-heat measurements at B =0 T
show for the case of CeRhIng (n = 1) the existence of an anisotropic SDW gap opening
on the FS, while in the case of the more 3D compound Ce;Rhlng (n = 2) a behav-
ior consistent with a simple AFM magnon is detected [Cornelius 2001]. From fitting
the B = 0 T specific-heat data at T < Ty, a relatively large residual specific-heat
coefficient at T' = 0 K of v &~ 0.37 J/(K?mol-Ce) was extracted for Ce;RhIng in com-
parison to only o & 0.056 J/(molK?) for the case of CeRhIns [Cornelius 2001]. Tt was
therefore estimated that approximately 92% of the FS remains ungapped below Ty
for CeysRhlIng in comparison to only ~ 12% for the case of CeRhIns [Cornelius 2001].
This behavior hints at the more 2D-like electronic structure in the case of the n =1
member of this family, CeRhlns, in comparison to the n = 2 member, CeyRhlng
[Cornelius 2001]. The RKKY interaction in CesRhlng gives rise to the AFM ordered
state below Ty ~ 3 K, as well as to a very rich B —T phase diagram [Cornelius 2001].
For the magnetic field B || ¢, CesRhlng, similar to CeRhlns, shows a typical behavior
for an AFM as T decreases with increasing magnetic field. The situation appears
to be different for B || a, where in both compounds several magnetic-field-induced
phase transitions occur at temperatures below Ty [Cornelius 2001]. However, point-
ing to a less anisotropic situation in the case of CeyRhlng (n = 2), for B || a Ty also
decreases with increasing magnetic field in a manner similar to the case of B || ¢,
while in CeRhlng (n = 1) for B || a Ty slightly increases with increasing magnetic
field [Cornelius 2001]. In figure 3.13 the ambient-pressure B — T phase diagram of
CeyRhlIng is shown for B || a, as taken from Cornelius et al. [Cornelius 2001]. The
nature of the phase transitions which occur below Ty in external magnetic field B || a
in both Ce;RhIng and CeRhlns, as well as the order of the phase transitions, has not
yet been elucidated [Cornelius 2001]. However, despite of the similar B — T phase
diagrams for CeRhIns (n = 1) and Ce;Rhlng (n = 2) for both field orientations,
B || a and B || ¢, suggesting a similarity in the electronic dimensionality of the two
systems, a clear discrepancy is visible in the anisotropy of Ty (B). While in CeRhlInj
upon increasing B Ty shows a slight increase for B || a and decreases for B || ¢, in
the case of CesRhIng almost no anisotropy of Ty (B) can be observed, T decreasing
slightly with increasing B for both field orientations. This feature might suggest the
more 3D character of CesRhlIng.

At temperatures below T ~ 20 K, C,;/T and the thermal-expansion coefficient
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divided by temperature, /T, grow with decreasing temperature [Malinowski 2003],
a behavior consistent with the Kondo renormalization. Above T = 20 K the thermo-
dynamic properties of CesRhIng are not dictated anymore by magnetic order or by
Kondo renormalization, but are dominated by CEF effects [Malinowski 2003]. In the
presence of tetragonal crystal symmetry the Ce3t J = 5/2 multiplet splits into three
doublets: Fg) - ground state, I' 5” - first excited state situated at A; above the ground
state and I's - highest-lying state at Ay above the ground state (A; = (71 £6) K
and Ay ~ (195 £ 10) K for CesRhlng) [Malinowski 2003]. The CEF level scheme for
the three members of the Ce,Rh,,Ins, o, family is similar. The ground state is the
F(72) doublet while the four-fold degenerate 'y excited state of the cubic Celng is split
into two doublets, F(71) and I'g, in the tetragonal crystal symmetry, with a similar
value of A; in the two tetragonal compounds CeRhIns and Ce;RhIng, but with a
Ay approximately 40% higher in the case of the more anisotropic, 2D-like, CeRhInj
[Malinowski 2003].

Measurements of the electrical resistivity of CesRhlng under pressure revealed a
monotonic reduction of T upon increasing pressure up to p ~ 1.6 GPa. The observed

Tn(p) dependence extrapolated to Ty = 0 K yields a critical pressure of p. ~ 3 GPa
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[Nicklas 2003]. At p > 1.6 GPa SC was shown to be established in CesRhlng, with
a maximum resistive onset T,(onset) ~ 2 K at p ~ 2.3 GPa [Nicklas 2003]. The SC
phase transition detected by resistivity measurements is very broad in temperature.
For p ~ 1.63 GPa, the onset of SC appears already at T.(onset) ~ 1.1 K, while
the zero-resistance state, accompanied by the onset of the diamagnetic response seen
in a.c. susceptibility, sets in at 7. ~ 0.6 K [Nicklas 2003]. Unfortunately, due to
limitations in temperature and pressure, the zero-resistance state was not possible
to be followed over the whole pressure range presented in the work of Nicklas and
coworkers [Nicklas 2003]. The detected maximum in the resistive SC onset temper-
ature of T.(onset) ~ 2 K, together with the broad SC phase transition observed in
p(T), leads to the conclusion that the maximum bulk 7, in CeyRhIng should be at
temperatures lower than T = 2 K. Therefore, comparing the maximum values of
T, obtained in the three members of the Ce,Rh,,Ins, s, family suggests that the
bi-layer compound, Ce;Rhlng, is indeed situated somewhere in between the n = 1
and n = oo members, in agreement with the theory of magnetically mediated SC.
This theory predicts that 7. for the magnetic-fluctuation mediated SC should in-
crease upon reducing the dimensionality of the system [Monthoux 2001]. However,
the large residual resistivity in Ce;Rhlng, po &~ 65 pf2cm [Nicklas 2003], two orders of
magnitude larger than compared to those in CeRhIns and Celng, where pg &~ 1 ufdcm
[Hegger 2000, Mathur 1998], makes the comparison more difficult. dHvA measure-
ments together with LDA (local density approximation) calculations have revealed
that the topology of the FS at ambient pressure, mainly consisting of cylindri-
cal FS sheets, hints at an anisotropic, quasi-2D, electronic structure in Ce;Rhlng
[Ueda 2004]. The main physical properties presented above for the three members
of the Ce,Rh,,Ing, o, family are summarized in table 3.2. In the following part we
will present a pressure study on the low-temperature specific heat of Ce;RhIng. The
interplay of Kondo interaction, AFM order and SC, as well as the role of dimension-
ality on the possibly magnetically mediated SC in the Ce, Rh,,Ing, 2, family, will be

studied in more detail.

3.3.2 Experimental results - Ce;Rhlng

We have performed low-temperature (0.35 K < T" < 7 K) heat-capacity mea-
surements on single-crystalline CeaRhIng under hydrostatic pressure (0 GPa < p <
1.65 GPa) and in magnetic field (0 T < B < 8 T). The single-crystalline samples of
CeyRhlng used in our experiments were prepared by N. O. Moreno in the group of
J. L. Sarrao at Los Alamos National Laboratory, USA. The Ce;Rhlng single crystals

were grown from In flux. Powder X-ray diffraction patterns obtained on crushed single
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compound | n vy TN Pe maximum T¢ Hord q Po
(J/(K?*mol-Ce)) | (K) | (GPa) (K) (1B per Ce) (hk,1) (uQ2em)

CeRhIns | 1 0.40 3.8 2.1 2.1 0.75 - 0.80 | (3, 3,0.297) 1
(m=1) 1] (1] [2] (2] (31, 4] (3] (1
CeoRhIng | 2 0.50 3.0 3 2 0.55 (3, 3,0 65
(m=1) (5] [5] 6] | (onset of T.) 6] (7] (7] (6]
Celns 00 0.12 10.1 2.6 0.25 0.48; 0.65 (33 3) 1
(m = 0) (8] [o] [o] [0] [10],[11] [10],[11] [0]

Table 3.2: Physical properties of the Ce,Rh,,Ing, 2, compounds. The used sym-
bols are representing: v - Sommerfeld coefficient, T - Néel temperature, p. - critical
pressure where Ty — 0 K, T, - SC transition temperature, p,.q - low-temperature
ordered moment, g - AFM propagation vector and py - residual resistivity. Ref-
erences are indicated in brackets below each value and they correspond to: [1]-
[Hegger 2000], [2]-[Fisher 2002], [3]-[Bao 2000], [4]-[Llobet 2004], [5]-this work, [6]-
[Nicklas 2003, [7]-[Bao 2001], [8]-[Satoh 1993], [9]-[Walker 1997], [10]-[Benoit 1980],
[11]-[Lawrence 1980].

crystals confirmed the proper tetragonal HooCoGag structure (crystal structure shown
in figure 3.2, middle) with lattice parameters a = 0.4665(1) nm and ¢ = 1.2244(5) nm
at room temperature [Thompson 2001]. The heat-capacity measurements under hy-
drostatic pressure have been performed by the compensated quasiadiabatic heat-pulse
technique in a single-shot 3He evaporation cryostat equipped with a SC magnet. To
achieve hydrostatic pressure, a CuBe piston-cylinder type pressure cell with Fluo-
rinert FC72 as pressure transmitting medium was used. To monitor the pressure at
low temperatures, the SC transition temperatures of two small pieces of Sn, one fixed
outside and the second placed inside of the pressure cell, were inductively detected.
The outer Sn sample served as reference for ambient pressure, while the Sn placed
inside, next to the samples, was used for detecting the pressure in the cell. A more de-
tailed description of the experimental setup used for our measurements is contained in
Chapter 2. Several single crystals, with a total sample mass of about 0.4 g, were used
to perform the measurements under pressure. The different pieces had two specific
orientations with respect to the direction of the applied magnetic field, most of them
being placed with B || ¢ and only a few with B || (ab). Concerning the quality of the
samples, small amounts of In inclusions remaining from the flux and accounting for
approximately 4% of the total sample mass could be detected by a.c.-susceptibility
measurements. The heat capacity of the included In is negligible in comparison to the

heat capacity of the measured samples and therefore does not need to be subtracted.
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However, due to the correction to the total sample mass, a shift to higher absolute
values (by ~ 4 %) of the determined specific heat of CeyRhIng could be regarded
as error bar. The total amount of samples measured in the pressure cell contributes
only partly to the total measured heat capacity. Therefore, to estimate the accuracy
of the absolute values of C'(T") of CesRhlng obtained by our measurements we have
represented in figure 2.6 the relative contribution of the heat capacity of the samples
to the total heat capacity (Csampic/Crotar) OVer the entire pressure and temperature
range of our experiment. One can see that values of Ciumpie/Crotar ranging from about
4% to 28% are obtained for the measured temperature and pressure interval. These
values are relatively good for this type of heat-capacity measurements under hydro-
static pressure. Measurements of the low-temperature (0.5 K < T' < 4 K) specific
heat at ambient pressure and in applied magnetic field (B < 3 T, B || (ab)) on a
sample prepared from the same batch as the samples used in the pressure cell have
been carried out in a Quantum Design PPMS with a *He option by employing the
relaxation-time technique. In order to check for the appearance of pressure-induced
SC at low temperatures, measurements of a.c. susceptibility were also performed.
For temperatures down to T = 260 mK the *He evaporation cryostat (combined with
adiabatic demagnetization of the magnetic moments of Cu from the pressure cell)
was used, while for temperatures down to T" = 50 mK a Kelvinox 100 dilution refrig-
erator was employed. For the complete pressure range, the electronic contribution to
the specific heat (C;) of CeaRhIng was obtained by subtracting the lattice specific
heat obtained at ambient pressure from the isostructural non-magnetic reference com-
pound LasRhIng [Malinowski 2003]. The relatively small variation of the specific heat
of LasRhIng with pressure, in the temperature and pressure range of our experiment
(035 K< T < 7K, p < 1.65 GPa), was neglected. The nuclear Schottky contribution
of In to the specific heat of CesRhIng was not subtracted from the data since it is
considered small enough to be neglected in the temperature and magnetic-field range
of our measurements (7' > 0.35 K, B <8 T).

The low-temperature electronic contribution to the specific heat (C¢ (7)) and
the electrical resistivity (p(7T")) of CeoRhlng at ambient pressure and zero external
magnetic field are shown in figure 3.14. The specific-heat data are taken from the
present pressure experiment (with the samples placed in the pressure cell but without
an applied pressure), while the resistivity data are taken from the work of Nicklas et
al. [Nicklas 2003]. A pronounced anomaly in the specific heat is observed, indicating
the transition to an AFM ordered state at Ty ~ 2.99 K. When further lowering the
temperature a second anomaly is found at Ty, ~ 1.53 K which most likely marks the

transition from an incommensurate to a commensurate magnetically ordered state
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Figure 3.14: (a) Ambient-pressure electronic specific heat of CesRhlng as Cy(T')/T
versus 1" for B = 0 T. The inset shows the obtained ambient-pressure magnetic
entropy as Sg(T') versus 7. The dashed line marks the value of the entropy
(Set(Ty) =~ 0.34R1In2) reached at T, while the dotted line indicates the value of
Set(Tk/2) = 0.5RIn2 (S = 1/2) [Desgranges 1982]. (b) Low-temperature resistivity
of CeaRhlng versus T' obtained at ambient pressure and at B = 0 T [Nicklas 2003].
The corresponding derivative of the resistivity, as dp(T")/dT versus T', is shown in the
inset [Nicklas 2003]. In both panels arrows indicate the transition temperatures, Ty
and TNL-

[Llobet unpublished]. Due to the magnetic order in the system, the Sommerfeld
coefficient of CeyRhIng cannot be easily determined, but the value of C, /T taken
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at T' = 4 K, right above the AFM transition, is considered a good approximation.
At ambient pressure, CesRhlng exhibits Cy/T | 7—sx~ 0.5 J/(K?*mol-Ce), a value
which proves the HF nature of CesRhIng. The electronic contribution to the low-
temperature entropy is reaching a value of S¢;(Ty) ~ 0.34R1n2/Ce at T (see dashed
line in the inset of figure 3.14a), the remaining entropy up to S, = RIn2/Ce being
recovered only at 7' ~ 20 K [Cornelius 2001]. The low value of the entropy at the
AFM transition is showing that the full moment of Ce of about 2.54 up is strongly
reduced at low temperatures due to Kondo screening. The Kondo temperature of
the system is determined from specific-heat measurements according to the single-
impurity Kondo model [Desgranges 1982]. There it is estimated that at 7' ~ Tk /2
the entropy should reach half of the complete entropy of RIn2 per Ce atom (for spin
1/2) (Sa(Tk/2) = 0.5R1In 2, see dotted line in the inset of figure 3.14a). The value of
Tk ~ 10 K obtained from our heat-capacity measurements agrees satisfactorily with
T* ~ 4.5 K determined from the maximum in the electrical resistivity (see figure
3.14b) [Nicklas 2003].

As already mentioned in the previous section, the ambient-pressure low-tem-
perature B —T phase diagram of CeyRhlng is very complex, similar to the case of the
n = 1 relative, CeRhlns. For B || ¢, however, the phase diagram is relatively simple,
with the AFM transition gradually shifting to lower temperatures upon increasing
the magnetic field [Cornelius 2001]. In the case of B || a the situation is more com-
plicated, additional transitions showing up at finite magnetic fields [Cornelius 2001]
(see figure 3.13). Figure 3.15 displays the evolution of Cy(T") /T versus T for different
applied magnetic fields as detected from measurements in the pressure cell. As seen
in this figure, the high-temperature anomaly indicating T}y is slightly shifted to lower
temperatures upon increasing magnetic field, while the lower magnetic transition at
Ty is shifted to higher temperatures with increasing magnetic field. Due to the spe-
cific orientation of the samples (as described previously), we probably detect in our
measurements transitions from both directions, B || ¢ and B || (ab). However, as seen
in [Cornelius 2001}, for B || ¢ only Ty is detected in magnetic field, while for B || a
other transitions can be seen as well. Moreover, as indicated by the data of Cornelius
et al. [Cornelius 2001], the anisotropy of T versus B is very small. Therefore, we
can assume that for magnetic fields B < 8 T, no difference of Tl versus B for the two
different orientations of the magnetic field would be detected by our measurements.
Consequently, we suppose that the transitions observed in addition to that at Ty
are most probably corresponding to B || (ab). The phase transition at T is not
only shifting to higher temperatures, but also sharpens with increasing B, becoming

more first-order like. Moreover, the field-induced magnetic transitions detected in
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Figure 3.15: Cy(T)/T versus T of CesRhIng at ambient pressure and in different
magnetic fields, with the values of B indicated in the figure. The data were taken in
the pressure cell (using our pressure setup but without applying pressure), with part
of the samples oriented with B || (ab), while the others were oriented with B || ¢ (as
described in the text).

our measurements also seem to sharpen with increasing magnetic field, their shape
at high B suggesting a first-order character of these phase transitions too.
Measurements of the specific heat at ambient pressure and in magnetic field
B || (ab) on CesRhlng, carried out in a Quantum Design PPMS, reveal hysteresis
for the lower magnetic transition at Ty between the data taken upon warming and
cooling, respectively. Figure 3.16 presents the respective Cy(T)/T curves taken on
increasing and on decreasing the temperature, for B = (0,1,2,3) T (B || (ab)). The
hysteretic behavior is more pronounced in the low-magnetic-field region (B = 0 T and
B =1 T) where the transition is broader in temperature and its shape does not hint
at a first-order character of the transition. At B = 3 T, the shape of the anomaly
at Ty suggests a first-order nature of the phase transition though no hysteresis
can be resolved by our measurements, probably due to narrowing and sharpening of

the phase transition anomaly. However, as seen in many HF AFMs, the first-order
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Figure 3.16: Cy(T)/T versus T of CeyRhlng at ambient pressure and in different
magnetic fields (B || (ab)). The four panels, in order from (a) to (d), show data
for B=0T,B=1T, B=2T and B = 3 T, respectively. Data were measured
in a Quantum Design PPMS in two directions, on warming (open symbols) and on
cooling (full symbols). In all panels, the transition seen at higher temperatures (at
T ~ 3 K) corresponds to the AFM transition (Ty), while the transition at lower
temperatures (ranging from 7" ~ 1.5 K in (a) to 7" ~ 2.1 K in (d)) represents the
magnetic transition at T . The intermediate phase transitions are induced by mag-
netic field. Arrows indicate the hysteretic behavior at the lower magnetic transition,
TN, between warming, respectively, cooling the system.

character of the phase transition at Ty, a transition from an incommensurate to a
commensurate magnetic order, would not be surprising. A phase diagram obtained
from our specific-heat measurements at ambient pressure is shown in figure 3.17.
The electronic contribution to the specific heat of CeaRhIng (Cy;) at different
pressures up to p ~ 1.65 GPa and at zero magnetic field is shown as C(T')/T versus
T in figure 3.18. With increasing pressure, T decreases monotonically with an initial
slope of dT /dp ~ —1.09 K/GPa (see dashed line in figure 3.19), a slope slightly larger
than inferred from both, resistivity (d7/dp|gom p¢r) = —0.76 K/GPa) [Nicklas 2003]
and thermal-expansion (A7 /dp|tom a(ry = (—0.73£0.17) K/GPa) [Malinowski 2003]

measurements. At higher pressures (p > 1.3 GPa), Ty starts to decrease even more
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Figure 3.17: B — T phase diagram obtained at ambient pressure on Ce;Rhlng. Full
symbols are representing data measured in the pressure cell, while the data shown
by open squares are obtained from specific-heat measurements in a Quantum Design
PPMS. The dotted lines are used for guidance. For the measurements performed
in the Quantum Design PPMS the orientation of magnetic field was B || (ab). For
the experiments in the pressure cell the data were taken on a group of samples with
the magnetic field oriented either B || ¢ or B || (ab). The anisotropy of Ty(B)
between B || (ab) and B || ¢ is known to be very small [Cornelius 2001], therefore,
the Ty(B) data can be associated to either of the field directions and the additional
phase transitions at 7' < T are very probably corresponding to B || (ab) (see text
for details).

rapidly. In accordance with the predictions of the spin-fluctuation theory for an
itinerant AFM QCP, T should vanish in the vicinity of the critical pressure, p., as
Tn(p) x|p—pe|” with v = 2/3 for a 3D AFM [Millis 1993] (see details in section 1.2.2).
A fit to the measured Ty (p) data with the above-mentioned function (v = 2/3) is
shown by the dotted line in figure 3.19. The extrapolation of T (p) to Ty — 0 K,
adopting T (p) oc|p—pe/*® (see dotted line in figure 3.19), leads to p, =~ 2.03 GPa. The
obtained p, is slightly lower than the value of p;|qom o) = 3 GPa extrapolated from

resistivity measurements under pressure, where an exponent v = 1 (T (p) x|p — pe|?)
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Figure 3.18: Specific heat at B = 0 T of CeaRhlng, as Cy(T) /T versus T, for pressures
as indicated in the figure. The arrow indicates the direction of increasing pressure.

attributed to a 2D AFM [Millis 1993] was used to extrapolate the data to Ty =0 K
[Nicklas 2003]. However, due to the relatively high distance from our last measured
data point to the critical pressure at which Ty — 0 K, the obtained value of p. should
be regarded with caution. In contrast to the behavior observed for T (p), Tyy is
decreasing drastically upon increasing pressure. Within the temperature limit of our
cryostat (T, = 0.35 K), no second anomaly can be resolved already at p > 0.4 GPa
for B = 0 T. The obtained T' — p phase diagram, including the above-mentioned
extrapolation of T (p) to Ty = 0 K indicated by the dotted line, is shown in figure
3.19.

Application of pressure on CesRhIng also leads to the appearance of a region
in temperature, above Ty (the upper temperature limit is fixed by our experimental
setup to T' = 7 K), where AC,(T)/T o —/T, characteristic for NFL behavior (for
details see table 1.2 for 3D AFM). Moreover, with increasing pressure, this temper-
ature region, where a v/T type increase of Cy(T)/T with decreasing temperature is

detected, is broadening, suggesting that the system is approaching an AFM QCP.
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Figure 3.19: T versus p of CesRhIng (B = 0 T). The dashed line represents the
initial slope d7y/dp ~ —1.09 K/GPa. The dotted line corresponds to a fit to the
data with T (p) o|p — p.|?’®. The obtained fit was used at low temperatures to
extrapolate T (p) to Ty = 0 K. The obtained critical pressure - p,. - is indicated by
the arrow.

Further on, application of magnetic field up to B = 8 T does not change the observed
VT dependence of Cy(T)/T over the whole measured pressure range. This behavior
is as expected, since in this range of magnetic field (B < 8 T) Ty is nearly unchanged
by the application of magnetic field. It should be mentioned that no considerable
difference between the AC.(T)/T x —/T (3D AFM) and AC,(T)/T x —InT
(2D AFM) dependencies of C(T)/T at T > Ty can be observed in our pressure-
dependent measurements. Therefore, in our specific-heat data on CeyRhlng we ob-
serve NFL behavior, but to distinguish between the NFL type dependencies typical
for 3D or 2D AFMs is not possible (for details about NFL behavior see table 1.2).
The pressure dependence of the magnetic entropy is presented in figure 3.20.
The temperature at which the entropy, taken at different pressures, reaches the value
of S = 0.5RIn2 per Ce, indicated by the horizontal line in figure 3.20, represents
about half of the characteristic temperature Tk (p) of the system (S(Tk/2) = 0.5R1n 2
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Figure 3.20: Evolution of the magnetic entropy of Ce;RhIng with increasing pressure,
as S (T') versus T, for different pressures indicated in the figure. The dashed line, at
Se = 0.5R1n 2 per Ce, marks the value of entropy which should be reached at about
Tk /2 according to the single-impurity Kondo model (for S = 1/2) [Desgranges 1982].
The inset shows the variation with pressure of the obtained Kondo temperature, Tk.

according to the single-impurity Kondo model - S = 1/2 -) [Desgranges 1982]. The
inset of figure 3.20 shows the estimated T versus p. In order to obtain T at higher
pressures, where the system does not reach the entropy value of S, = 0.5RIn2
per Ce in the measured temperature range up to 7' = 7 K, the data were linearly
extrapolated to higher temperatures. As expected for Ce-based HF systems, Ty
increases with increasing pressure from T ~ 10 K at ambient pressure to Tk ~ 16 K
at the highest pressure of our experiment of p ~ 1.65 GPa. The increase of T at lower
pressures is relatively uniform with increasing pressure and a tendency to saturation
is visible at p > 1.3 GPa. However, the slight decrease of Tk at very low pressures
(p < 0.5 GPa) prior to a gradual increase upon increasing pressure, as detected by
resistivity measurements |[Nicklas 2003], is not seen in our data. At temperatures

above Ty, the total entropy of the system is decreasing with increasing pressure. The
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magnetic entropy obtained right at the AFM phase transition is gradually shifted
to lower temperatures with increasing pressure and its value of Sg(T) ~ 0.34R1n 2
per Ce atom obtained at ambient pressure is continuously reduced upon increasing
pressure to a value of Sg(7x) ~ 0.1RIn2 per Ce atom at p ~ 1.65 GPa. This effect
of pressure is typical for Ce-based HF systems and is resulting from the reduction of
the low-temperature magnetic moment of Ce under pressure due to the increase of

the Kondo screening of the f electrons by the conduction electrons.
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Figure 3.21: Pressure dependence of Cg /T taken at T = 4 K (full symbols), a
temperature which is greater than T over the whole measured pressure range, and
Ce/T obtained by extrapolation of Cy(T)/T at T' < Ty to T'= 0 K (open symbols)
obtained for CesRhlng (B =0 T).

Due to the presence of the AFM phase transition at low temperatures in
CeyRhIng and due to its robustness against the external magnetic field for B < 8 T,
the values of C /T at a temperature above Ty (e.g. T = 4 K) were taken as
an approximate measure of the Sommerfeld coefficient. As shown in figure 3.21
(full symbols), C/T taken at T = 4 K, a temperature higher than Ty over the
whole pressure range, also decreases with increasing pressure at an initial rate of
d(Ce/T| r=4x)/dp ~ —0.139 J/(K?*mol-CeGPa). Qualitatively, this is attributed to
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the increasing hybridization between the Ce 4f and the conduction electrons. How-
ever, at p > 0.95 GPa, the pressure-induced decrease of Cy;/T|r—4x deviates from the
almost linear behavior and becomes less pronounced, leading above p ~ 1.3 GPa to a
nearly pressure-independent Cy; /7| 7—4x up to our highest pressure of p ~ 1.65 GPa.
Spin-fluctuation theory suggests that the spin-fluctuation temperature, 75y, increases
as the effective mass of the QPs decreases in the system, Ty o< 1/m* [Moriya 1995].
Moreover, it was proposed that the appearance of magnetically mediated SC in the
vicinity of an AFM instability leads to a SC transition temperature 7, oc Tss (see for
details section 1.2.2 and equation 1.1) [Millis 1988, Lonzarich 1997, Mathur 1998]. In
the case of CesRhlng, pressure-induced SC is shown to set in at about p ~ 1.6 GPa,
with T, initially increasing with increasing pressure [Nicklas 2003]. Therefore, the
nearly pressure-independent value of C¢;/T|r—4k obtained from our measurements at
high pressures (Cy/T|7-4x~ v o< m*), in the pressure range where T, is supposed
to increase, may leave an open question with regard to the theory of magnetically
mediated SC. However, as shown in figure 3.18, the suppression of the AFM phase
transition by pressure gives way to a v/T-like increase of Cyy(T')/T upon cooling in
the paramagnetic state, typical for NFL behavior. The enlargement of the tempera-
ture region in which C(T")/T deviates from the behavior of a LFL upon increasing
pressure can be interpreted as getting closer to a QCP. Therefore, NFL behavior at
T > Ty, appearing at high pressures while approaching an AFM QCP, could be taken
as an explanation for the slight increase of Cy;/T| r—4x above p &~ 1.5 GPa. As seen in
figure 3.18, concomitant to the decrease of Ty with increasing pressure, the height of
the anomaly in C(T")/T at the AFM phase transition also decreases and the phase
transition becomes broader in temperature. The ratio of AC/(7Ty), measured at the
AFM phase transition, decreases monotonically upon increasing pressure from a value
of AC/(YT)| 11y~ 1.16 at p = 0 GPa to AC/(YTy)| r—ry~ 0.114 at p =~ 1.65 GPa.
Cu(T)/T data of CesRhIng at B = 0 T show a Cy(T)/T = 7y + bT? dependence
for T' < Ty. The residual electronic specific-heat coefficient at 7" = 0 K in the AFM
state and at B =0 T, Cy/T| =0k, was obtained for each pressure by extrapolating
the detected Cy(T)/T = 7o + bT? dependence to T = 0 K (Ce/T|r=0x= 7). The
pressure evolution of Cg /T |r—ok is shown in figure 3.21 (open symbols). A steep
increase of Cy/T| 7—ox With increasing pressure is visible for low pressures, while at
higher pressures (0.95 GPa < p < 1.65 GPa) a nearly pressure-independent value of
Cu/T| =0k can be detected. Both curves presented in figure 3.21 suggest that the
system is approaching an AFM QCP upon increasing pressure.

As seen in many Ce-based AFM HF systems, like in the n = oo, Celng,
[Walker 1997] and n = 1, CeRhlIns, [Hegger 2000] members of the Ce,Rh,,Inz, 9,
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family, SC appears in a region around the critical pressure at which Ty is sup-
pressed to Ty = 0 K. Indeed, electrical-resistivity measurements under pressure on
CeyRhlng revealed the appearance of the SC state in the vicinity of the AFM insta-
bility [Nicklas 2003]. At p =~ 1.6 GPa, a state with zero resistance was found below
T =~ 0.6 K, a temperature where also a.c.-susceptibility measurements showed the
entrance into a diamagnetic state [Nicklas 2003]. Upon further increasing pressure,
T, was found to increase, but the determination of its accurate pressure dependence
was not possible due to the fact that data were not taken at low enough tempera-
tures [Nicklas 2003]. Nevertheless, guided by the onset of the SC phase transition
in resistivity data, a maximum value of T.(p) could be detected for p ~ 2.3 GPa
[Nicklas 2003]. This pressure is close to the estimated critical pressure where AFM
is expected to vanish [Nicklas 2003]. Another important issue in the investigation of
SC in the Ce,Rh,,Ing, o, family is the magnitude of T,. The T, values for CeyRhlIng
presented in [Nicklas 2003], taken at the onset of the SC transition in p(7"), can be
considered an upper limit, a bulk SC state being reached probably at substantially
lower temperatures. Indeed, our measurements of the heat capacity under pressure
up to p =~ 1.65 GPa, do not show any evidence of SC down to 7' = 0.35 K. Moreover,
in order to detect the pressure-induced SC state, measurements of a.c. susceptibility
under pressure were also performed on the samples in the same setup (total mass of
~ 0.4 g) as used for the specific-heat measurements. At p ~ 1.65 GPa, x,.(T) data
down to 7' = 50 mK do not show any diamagnetic signal, indicating that no SC was
established in any sample down to this temperature.

Application of a magnetic field leads to a very rich B — T' phase diagram at
ambient pressure (see figure 3.17), but leaves the AFM phase transition temperature,
T, nearly unchanged up to the highest magnetic field of B = 8 T accessible in our
measurements. This behavior seems to change little upon increasing pressure. The
multiple magnetic phase transitions seen in magnetic field below T at p = 0 GPa
(figure 3.15) merge and are gradually suppressed with increasing pressure, leading, at
high enough pressure, to the presence of only the AFM phase transition even at B =
8 T. On the other hand, the transition temperature Ty (p, B) from the paramagnetic to
the AFM state remains nearly unaffected by application of a magnetic field B < 8 T
over the whole measured pressure range p < 1.65 GPa. Figure 3.22 shows as an
example the effect of B = 8 T in comparison to B = 0 T on the low-temperature
specific heat of CeyRhIng for three different pressures. Compared to the data at
ambient pressure, where several transitions are visible at 7' < Ty and B = 8 T,
at p =~ 0.40 GPa only one anomaly at T < Ty can be detected at B = 8 T. At

pressures p > 0.67 GPa, no additional phase transition is seen in magnetic field (see
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Figure 3.22: C(T')/T versus T of CeyRhIng at three different pressures at B =0 T
(open symbols) and B = 8 T (full symbols). As described in the text, in our setup
part of the samples were oriented with B || (ab) while the other samples were placed
with B || ¢. At p =0 GPa and B = 8 T several magnetic transitions are visible at
T <Ty. At B=28T, for p ~ 0.40 GPa the multiple magnetic transitions merge
in one transition at T' < Ty, while for p &~ 0.96 GPa no anomalies, additional to
that at T, can be seen. The inset shows the effect of magnetic field on Cy(T")/T of
CeyRhlng at p =~ 0.96 GPa, a pressure where only Ty is observed.

p ~ 0.96 GPa data in figure 3.22). Remarkably, even with increasing pressure up
to p =~ 1.65 GPa, where Ty is already suppressed to more than one third of its
ambient-pressure value, the AFM phase transition at T remains nearly unchanged
by the application of magnetic fields up to B = 8 T. Furthermore, the AFM phase
transition anomaly sharpens in magnetic field over the entire measured pressure range.
As already discussed earlier, our samples, specifically oriented with respect to the
direction of the applied magnetic field (either B || ¢ or B || (ab)), should also yield
information about the anisotropy of the AFM phase transition temperature, Ty, when
magnetic fields B < 8 T are applied. Measurements in magnetic field do not show

any detectable split at T over the whole measured pressured range (p < 1.65 GPa)
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even at B = 8 T. Therefore, the unresolvably small anisotropy of T in B < 8 T

seems to remain unchanged when increasing the pressure up to p ~ 1.65 GPa.

3.3.3 Discussion - Ce;Rhlng

We have studied the temperature, pressure and magnetic-field dependence of the
low-temperature electronic specific heat of the HF AFM Ce;RhIng. We have observed
that upon increasing pressure Tl is decreasing and its pressure dependence fits very
well to the theoretical predictions for an itinerant 3D AFM (T (p) | p—p. |7, v = 2/3
[Millis 1993]). This yields a critical pressure p. ~ 2.03 GPa, a value situated in the
region where in electrical-resistivity measurements the SC transition temperature,
T.(p), was found to reach its maximum value [Nicklas 2003]. The second anomaly at
Tnp, observed in CeysRhIng at ambient pressure, which is attributed to a transition
from an incommensurate to a commensurate magnetically ordered state, shifts to
higher temperatures upon increasing the magnetic field and disappears rapidly with
increasing pressure. This transition at T, shows hysteretic behavior and, there-
fore, appears to be a first-order phase transition. Additional magnetic-field-induced
phase transitions detected at ambient pressure merge and gradually disappear with
increasing pressure.

Regarding the strength of the AFM correlations, we find the AFM state in
CesRhlng to be very robust against application of external magnetic field. Our heat-
capacity measurements up to B = 8 T show almost no effect of the magnetic field on
Ty even at our highest pressure of p ~ 1.65 GPa. Moreover, the phase transition at
Ty sharpens in magnetic field in the entire measured pressure range. This robustness
against applied magnetic field is also found in the related compound CeRhIns. The
anisotropy of Ty as function of B (between B || ¢ and B || a) up to B = 8 T remains
undetectably small in our measurements over the whole pressure range.

Our results also show that CeyRhlIng is approaching an AFM QCP upon increas-
ing pressure. NFL behavior, observed in the system at T' > Ty, stays unchanged by
application of external magnetic fields up to B = 8 T and becomes more and more
pronounced while increasing the pressure. The magnetic entropy obtained at Ty
gradually decreases with increasing pressure (from Sg(7Ty) ~ 0.34RIn2 per Ce at
p = 0 GPa to Sy(Tn) =~ 0.1RIn2 per Ce at p ~ 1.65 GPa) showing the grad-
ual reduction of the low-temperature ordered moment in CeyRhIng due to increased
Kondo screening of the f electrons of Ce by the conduction electrons. The electronic
specific-heat coefficient, Cy; /T| r—4k, considered to be a measure of m*, decreases with
increasing pressure and becomes constant as the system is approaching the magnetic
QCP. Assuming the possibility of magnetically mediated Cooper pairing in CesRhlng,
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the appearance of SC and the increase of T, with pressure should be connected to a
continuous decrease of m* [Millis 1988, Moriya 1995, Lonzarich 1997, Mathur 1998].
This, however, is not observed in CesRhIng. Instead, the value of m* is nearly pres-
sure independent in the region where SC is expected to appear [Nicklas 2003]. How-
ever, the pronounced NFL behavior found upon approaching the AFM QCP may
be considered to be responsible for the observed effective mass enhancement. At a
fixed temperature well below Ty, C;/T increases gradually with increasing pressure.
However, for p < 1.65 GPa no evidence for a phase transition into the SC state is
observed by our measurements of either the specific heat above T' = 0.35 K or the
susceptibility above T'= 0.05 K.

These results lead us to conclude that Ce;Rhlng, the n = 2 member of the
Ce, Rh,,Ing, o, family of HF AFMs, shows quantum critical behavior similar as it is
observed in both the n = 1 and n = oo members, CeRhIn; and Celns, respectively.
Due to the crystal structure of CeyRhlng, the physical properties of this compound
are expected to be located somewhere in between those of Celng (3D) and CeRhlng
(more 2D like). We found that the pressure dependence of Ty in CeyRhlIng is typical
for a 3D itinerant AFM. Electrical-resistivity measurements [Nicklas 2003] detected a
relatively low value of T, when compared to T, observed in CeRhlns. Moreover, bulk
SC was not observed in our measurements in the pressure range p < 1.65 GPa and
down to T~ 50 mK. Altogether, these findings suggest that the physical properties
of CesRhlng are situated somewhat closer to those of the cubic (3D) Celns. However,
it is well known that the effect of disorder is detrimental to the appearance of SC and
it leads to a decrease of the SC transition temperature as well. The residual resis-
tivity of CeaRhlIng is one to two orders of magnitude larger than the very low values
found for Celnz and CeRhIng [Nicklas 2003, Mathur 1998, Hegger 2000]. Therefore,
the possibility of disorder as pair-breaking mechanism in Cey;Rhlng should not be
neglected. It is also worth mentioning that because of a more complex magnetic in-
teraction between the Ce atoms due to the non-symmetric vicinity of each Ce atom,
to consider CesRhlIng just as the n = 2 member of the Ce,Rh,,Ing, 2, family of HF
AFMs and to locate its physical properties in between those of the n = 0o (Celng -
3D) and n = 1 (CeRhIns - more 2D like) members might be too simple. However, in
order to better understand the role of dimensionality on SC and AFM in this family
of HF compounds and to learn more about the interplay between magnetism and SC
in HF systems, measurements of the heat capacity of CesRhlng at higher pressures
are needed. Moreover, whether a QCP exists or not in CesRhIng under pressure as-
sociated with the continuous or sudden vanishing of Ty upon increasing pressure is

still an open question.
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Chapter 4

The heavy-fermion antiferromagnet

and superconductor CeCusSis

4.1 Short overview

CeCuySiy, discovered as the first HF SC [Steglich 1979], is a compound offering
the chance to study a multitude of challenging physical properties. In the case of
rare-earth-based HF systems, such as CeCusySis, the low-temperature physical prop-
erties are dominated by their 4f electrons. The electronic configuration of Ce is
[Xe|4f15d'6s*. In Ce-based intermetallic compounds the d and s electrons of the
outer shells of Ce are hybridizing to form the conduction band. In a simple picture
the 4 f electron of Ce could either remain localized to the Ce atom, forming the Ce?*
state, or could become delocalized entering the conduction band, giving rise to the
Ce*t configuration. Therefore, it is obvious that the f electron of Ce is defining the
magnetic Ce3* or the non-magnetic Ce** state. At ambient pressure, the Ce ions of
CeCusSiy are mostly in the Ce3t configuration. This compound is a bulk SC below
T. ~ 0.6 K. It is well known in the classical BCS theory of SC that a very small
amount of magnetic impurity suppresses the SC state. Surprising was therefore in
1979 the discovery of SC in CeCusSi; where one deals with a dense lattice of magnetic
Ce3* ions. Furthermore, it was found that the isostructural non-magnetic compound
LaCu,Siy is not a SC and already a small concentration of non-magnetic La3" ions
in Ce;_,La,CusSis is enough to destroy the SC state (e.g. > 0.1) [Ahlheim 1988].
These clearly indicate that the SC state in CeCusSisy is not a conventional BCS-like
state, where phonons mediate the formation of the Cooper pairs. However, the mech-
anism for the formation of the SC state in CeCusySiy is still not fully understood.

Like in the materials discussed in the previous chapters, magnetic-fluctuation medi-
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ated Cooper pairing is likely to occur. Besides its unconventional SC, CeCusySis also
shows a rather rich magnetic phase diagram upon cooling from room temperature. At
high enough temperatures the 4f electrons of the Ce3" ions have their full magnetic
moment, the magnetic susceptibility showing the typical Curie-Weiss-like tempera-
ture dependence. While lowering the temperature the localized magnetic moments
interact with the conduction electrons giving rise to the two major competing effects
which take place in HF systems: the Kondo effect and the RKKY interaction (see
section 1.1). The former one leads to the magnetic screening of the Ce* ions by
the conduction electrons well below the Kondo temperature Tk (on-site effect), while
the second one tries to establish AFM order due to the indirect exchange interaction
of the neighboring f electrons via the conduction electrons (inter-site effect). As a
resulting effect, an A/S-type crystal (for details about the different crystal types see
section 4.2) of CeCusySiy at low temperatures shows the characteristics of a HF system,
orders AFM with a very low magnetic moment and superconducts below a tempera-
ture which is slightly lower than Ty. Knowing that the low-temperature properties
of CeCuySiy are mainly determined by the 4f electron of Ce and knowing that the
system at ambient pressure is located close to a borderline between AFM and SC, one
can imagine to tune the system from the Ce®*1°l (|§|< 1) valence state to an IV state
with larger |§| (]d|< 1). A suited tuning parameter has to be used to change the
strength of the hybridization between the conduction electrons and the 4f electrons
of Ce. Appropriate tuning parameters are the chemical doping on the Cu and/or Si
site or externally applied hydrostatic pressure. Figure 4.1 shows a schematic phase
diagram of CeTyXs compounds (where T = (Ni, Co, Cu, Ru, Au, Rh, etc.) and X =
(Si, Ge)), indicating the succeeding low-temperature physical properties which might
appear while tuning the 4 f electrons of Ce through different hybridization states.

In the following section we will focus on the description of the physical properties
of CeCusSi, and some of the related compounds. The experimental results obtained
from the specific-heat measurements under hydrostatic pressure on single-crystalline

CeCuySiy will be presented in section 4.3. The chapter will be closed with a discussion.

4.2 Physical properties

CeCusSiy crystallizes in the tetragonal ThCrySiy structure (I4/mmm) (see fig-
ure 4.2). The single crystals are grown in aluminum-oxide crucibles by a modified
Bridgman technique using Cu excess as flux medium [Jeevan 2007]. Powder X-ray
diffraction patterns confirmed the proper tetragonal ThCr,Siy structure with lattice

parameters a =~ 0.4099 nm and ¢ ~ 0.9923 nm at room temperature [Jeevan 2007].
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Figure 4.1: Schematic phase diagram of CeTyXy compounds (where T = (Ni, Co,
Cu, Ru, Au, Rh, etc.) and X = (Si, Ge)). The different compounds are placed in
the phase diagram at the positions corresponding to their low-temperature properties
at ambient pressure. The references corresponding to each compound are, in order
from left to right: [Bohm 1988, Boer 1987, Quezel 1984, Steglich 1979, Knopp 1988,

Sampathkumaran 1986, Dhar 1987].

Systematic investigations on the ternary chemical Ce-Cu-Si phase diagram re-
vealed that in the narrow homogeneity range of the 1:2:2 phase, which allows for an
exchange between Cu and Si atoms by not more than 1 at%, four different ground
states exist [Modler 1995, Geibel priv. comm.] (see figure 4.3a). The four ground
states are driven by a small difference in the hybridization of the 4 f and the conduc-
tion electrons. Therefore, strong coupling induced by Cu excess leads to the formation
of “S-type” superconducting samples. Cu-deficient samples (weak coupling) exhibit a
magnetic phase - “A type”, while a higher Cu deficiency produces samples - “X type”
- showing neither the A-phase nor superconductivity down to the lowest accessible
temperature. In an intermediate range, in between the S- and the A-type samples,
one finds so-called “A/S-type” CeCusSiy which exhibits an AFM phase transition at a
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Figure 4.2: ThCr,Siy structure of CeCuySiy (I4/mmm group). Ce atoms are located
in the body-centered tetragonal positions.
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Figure 4.3: (a) Ternary chemical Ce-Cu-Si phase diagram in the vicinity of the ho-
mogeneity range of CeCuySis. The differently hatched areas indicate the four regions
where the stoichiometric CeCusSis with the four different ground-state properties (A,
A/S, S, X) is formed. Figure taken from [Modler 1995, Geibel priv. comm.]. (b)
Generic phase diagram of CeCusSiy combining data obtained from polycrystalline,
pure and Ge-doped CeCuy(Si;_,Ge,)s. The undoped CeCusSiy (x = 0) is a sto-
ichiometric 1-2-2 compound (see the four hatched regions in panel (a)). Sectors
I, IT and IIT indicate samples of type A, A/S and S, respectively. T4 represents
the transition temperature to the AFM ordered state. The coupling constant ¢ is

shown on the abscissa and is assumed to be linear in (1 — z). Figure taken from
[Gegenwart 1998b, Steglich 2001].
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Figure 4.4: Specific-heat data on the four different types of CeCuySiy. The AFM (Ty),
respectively the SC (T) transition temperatures, indicated by arrows, as well as their
relative positions depending on the sample type, suggest the systematic evolution
from A-, via A/S-, to S-type CeCuySis. The X-type sample does not show any
phase transition, neither to the A nor to the SC phase. The data for the A-, A/S-
and S-type CeCusSiy are obtained on single-crystalline samples (data for the S-type
crystal from [Jeevan 2007]), while the data for the X-type CeCuySiy were taken from
a polycrystalline sample [Hellmann 1997].

transition temperature Ty and upon further cooling becomes superconducting at a SC
transition temperature T, (T, < Ti). It is worth mentioning that the true stoichiom-
etry point, with the most perfect crystallinity, is located within the A/S region of the
phase diagram [Steglich 2001]. Furthermore, among the stoichiometric CeCuySis, the
A/S-type crystals show the lowest residual resistivities [Steglich 2001, Jeevan 2007].
With all the properties presented above, it is obvious that CeCusySis is located just
at the border of magnetism and SC, offering a good opportunity to study the low-
temperature properties of HF systems. Figure 4.4 shows the heat-capacity data of the
above-mentioned four different types of existing CeCusSiy compounds. The transition

temperatures to the different ordered states are indicated in the figure. The X-type
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samples are known to have the worst stoichiometry among all these stoichiometric
samples. The other three types mainly differ by the hybridization strength between
the 4f and conduction electrons (see figure 4.3b). In other words, upon applying a
very small pressure of a few kilobars to an A-type sample one can shift gradually from
an A- to the A/S- and further to the S-type behavior. The gradual decrease of the
Néel temperature with increasing hybridization, accompanied by the appearance of
SC, indicates the existence of a magnetic QCP but does not give a clear hint about
the interplay of the two existing ground states in CeCusySis.

Extensive studies have been done in the past years to clarify the interplay be-
tween the magnetic phase and the HF SC phase in CeCuySiy. Coexistence or com-
petition between the two phases was for long time an open question. Isoelectronical
doping of CeCuySi; with Ge on the Si site combined with application of hydrostatic
pressure allows to study a broad range of the temperature - coupling strength phase
diagram of CeCuySis. Application of hydrostatic pressure has the role of increasing
the hybridization strength of the Ce 4f and the conduction electrons, while doping
with Ge acts like negative pressure, reducing the hybridization strength and stabiliz-
ing the magnetic ground state. Although the chemical doping with Ge induces small
atomic disorder in the system, the application of pressure on the two stoichiometric
compounds CeCuyGey and CeCusSiy leads to very similar temperature - coupling
strength phase diagrams (see figure 4.5).

CeCuyGey at ambient pressure shows an incommensurate (IC) AFM order with
Ty ~ 4.1 K, magnetic ordering vector @ =~ (0.28,0.28,0.53) and magnetic mo-
ment of g ~ 1.05 pp per Ce site [Knopp 1989]. The nature of the A-phase in
CeCuySiy was for a long time mysterious. Recently, large single crystals of CeCuySiy
with well-defined ground-state properties became available [Jeevan 2007] facilitat-
ing neutron-diffraction experiments. Neutron-diffraction studies on Ge-substituted
CeCuy(Si;_,Gey)a (x > 0.25) have shown that the magnetic order is the same as in
pure CeCusGes, with a continuous decrease of the magnetic moment upon decreasing
the Ge concentration [Stockert 2005]. Stockert and coworkers have clarified in this
way the origin of the A-phase of CeCusySiy as a magnetic phase evolving continuously
from the magnetic phase of CeCuyGey. Therefore, the A-phase of CeCuySiy has been
identified as an IC spin-density-wave (SDW) phase with the magnetic ordering vector
@ = (0.215,0.215,0.530) and with a low magnetic moment of about fi.q ~ 0.1 up
per Ce atom [Stockert 2004]. The ordering wave vector @ found in the experiment
agrees well with the nesting vector of the F'S sheets in CeCuySiy found by Zwicknagl
et al. [Stockert 2004, Zwicknagl 1993] (see figure 4.6). Figure 4.6a shows the neutron-
diffraction intensity in the reciprocal (hhl) plane at T = 50 mK and at T = 1 K,
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Figure 4.5: The temperature - volume, respectively pressure, phase diagram for
polycrystalline CeCusSiz [Thomas 1996] and CeCuyGes [Jaccard 1999]. The start-
ing point of the arrow indicates the zero-pressure volume of CeCuySip, while the
length of it, as indicated in the figure, scales the pressure to the volume of the unit
cell for both systems. As Ty is suppressed by pressure, CeCuyGey shows similar
SC properties as CeCuySiy. In both compounds SC continuously exists over a wide
pressure range (Ap ~ 10 GPa).

corresponding to a temperature below and above the magnetic phase transition, re-
spectively. The magnetic peak appears at ¢ = (0.215,0.215,1.470) corresponding to
the above-mentioned IC SDW vector @) [Stockert 2004]. The main FS sheet, corre-
sponding to the heavy QPs, obtained by renormalized band structure calculations
[Zwicknagl 1993] is shown in figure 4.6c. The FS of the heavy electrons consists,
additional to the small ellipsoidal pockets, of columns along the ¢ direction with flat
parts on the columns connected by a nesting vector @ (for details see also figure 4.6d).
The strong nesting feature seen in the FS, suggesting the formation of a SDW ground
state, together with the strong dependence of the topology of the F'S on the f-level
occupancy shown by Zwicknagl and Pulst [Zwicknagl 1993], suggests instabilities of
the correlated LFL state at low temperatures. In good agreement with the experi-
mentally obtained @) vector is also the calculated static magnetic susceptibility x(q)
shown in figure 4.6b [Stockert 2004, Thalmeier 2005a], which exhibits a maximum at
g = Q. More than this, it was found in neutron-diffraction experiments that with
lowering the temperature below Ty in A-type CeCusSisy, the propagation vector is

temperature dependent and becomes smaller while the temperature is reduced to a
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Figure 4.6: (a) Neutron-diffraction intensity map of the reciprocal plane (hhl) around
g = (0.215,0.215,1.470) in CeCusSiy at T' = 0.05 K (below Ty) and at ' = 1 K
(above Ty). The resulting IC SDW vector is @ = (0.215,0.215,0.530). Figure from
[Stockert 2004]. (b) Contour map of the theoretically obtained static magnetic suscep-
tibility, x(¢), at 7= 100 mK (value increasing from dark to bright) in the reciprocal
(hhl) plane in CeCuySiy [Stockert 2004, Thalmeier 2005a]. x(g) shows its maximum
at the same wave vector @) as obtained from neutron-diffraction experiments. (c) FS
of the heavy QPs in CeCusSi; obtained by theoretical calculations using the renormal-
ized band method [Zwicknagl 1993]. It consists of ellipsoids and modulated columns
which are oriented parallel to the tetragonal axis. (d) Enlargement of the columns
of the FS, showing their nesting property. The indicated nesting vector, @, is in a
good agreement with the ordering wave vector obtained by neutron-diffraction exper-
iments. The nesting property of the FS confirms the IC SDW nature of the magnetic
transition. Figures (b), (¢) and (d) are taken from [Thalmeier 2005a].

temperature equal to roughly T /2 from where it remains constant down to low tem-
peratures. This “lock-in” transition at about Ty /2, also visible in thermal-expansion
and specific-heat measurements, is a first-order phase transition. Based on neutron-
diffraction measurements, this anomaly was attributed to a transition to a probably
commensurate low-temperature magnetic phase [Stockert 2004]. Furthermore, the

isostructural compound CeNiyGesy - a HF located slightly on the non-magnetic side
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of the magnetic QCP (see the schematic phase diagram shown in figure 4.1) and ex-
hibiting NFL behavior at low temperatures in both the resistivity and the specific
heat - exhibits, at roughly the same wave vector where the IC SDW in CeCusSiy was
found, high-energy spin fluctuations which do not show any critical slowing down as
the temperature is lowered to 7' = 0 K [Knopp 1988, Fak 2000]. These fluctuations
appear, nevertheless, to be related to the maximum of the static susceptibility and
are probably not related to the NFL behavior, since the energy scale is too high.
Low-energy spin fluctuations, possible to appear at some other competing wave vec-
tor, have not yet been observed in CeNiyGes [Knopp 1988, Fak 2000]. In conclusion,
the whole family of CeCuy(Si;_,Ge, )2, with 0 < z < 1, appears to show the existence
of an AFM QCP at the same pressure where the AFM phase transition is tuned to
T =0 K.
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Figure 4.7: B —T phase diagram of an A/S-type single crystal of CeCuySis obtained
by magnetization measurements at ambient pressure [Tayama 2003]. The upper (a)
and the lower (b) figures show the phase diagram for B || a and B || ¢, respectively.

The ground-state properties of CeCuySip are strongly affected not only by
the composition but also by the application of magnetic fields. Upon increasing
the magnetic field, the AFM and SC phases are gradually suppressed and another
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high-field phase, the so-called “B-phase”, appears [Bruls 1994]. At ambient pres-
sure, the low-temperature B — T phase diagram of CeCusSiy is very rich and shows
a certain anisotropy. Single-crystalline samples of CeCuySiy were studied in de-
tail at ambient pressure and in magnetic field by specific-heat [Langhammer 2002],
electrical-resistivity [Gegenwart 1998b], ultrasound [Bruls 1994], muon-spin-rotation
[Feyerherm 1997], thermal-expansion [Lang 1999] and magnetization measurements
[Tayama 2003]. In figure 4.7 the B — T phase diagram for an A/S-type single
crystal obtained by magnetization experiments is shown for B parallel to the two
crystallographic directions a (a) and ¢ (b) [Tayama 2003]. It is worth mention-
ing that the appearance of the magnetically-induced B-phase is not dependent on
whether one is dealing with A-, A/S- or S-type samples. The nature of the B-
phase is not yet completely understood, but it is believed to be magnetic in origin
[Thalmeier 2005b, Stockert unpubl.]. However, there exists a theoretical suggestion
related to the origin of the B-phase. The above-mentioned renormalized band struc-
ture calculations [Zwicknagl 1993] indicated that the topology of the FS sheets asso-
ciated with the heavy QPs in CeCuySiy is strongly influenced by the occupancy of
the f level. Reducing the occupancy of the f level from 95% by only ~ 2% implies
a strong change in the FS topology, leading to a splitting of the FS sheets along
the ¢ direction [Zwicknagl 1993]. External magnetic field can strongly influence the
f-level occupancy. Due to Zeeman splitting of the heavy QP bands, the structures
of the QP density of states (DOS) are moved relative to the Fermi energy. The val-
ues of the critical magnetic fields for which the structures of the QP DOS meet the
Fermi energy were estimated for B parallel to both the a and ¢ direction by renor-
B¢..,). It was found that the obtained

crit
values, B2 ., =8 T and B¢, = 6.5 T, are in good agreement with the experimentally

cri cri

malized band structure calculations (B2,

obtained values for the magnetic field necessary to induce the B-phase in CeCuySis
of B .(exp) =~ 7 T and B¢

crit

(exp) ~ 4 T, respectively. Therefore, it was suggested
that the observed transition to the B-phase in CeCusSis might be driven by a drastic
topological change in the FS of the heavy QPs [Zwicknagl 1993]. Further experiments
are in progress in order to shed light onto the nature of the B-phase.

Several Ce-based HF SCs (e.g. CePd,Si, [Grosche 2001]) exhibit a generic phase
diagram where the HF SC appears under a narrow “dome” centered around the AFM
QCP, where the AFM ordering temperature is suppressed to Ty = 0 K. Two decades
ago a broad SC region was found in the 7" — p phase diagram of the two stoichiomet-
ric compounds CeCuySiy [Bellarbi 1984, Thomas 1993, Thomas 1996] and CeCusGey
[Jaccard 1999] (see figure 4.5). This SC region extends well beyond the magnetic

QCP and has its maximum at a pressure much higher than the critical pressure
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Figure 4.8: Schematic phase diagram of CeCuy(Si;_,Ge,)s for low concentrations
of Ge. As Si is replaced by low amounts of Ge, the single wide SC region existing
in CeCuySiy starts to become weaker, showing first a minimum for a certain range
of doping ¢; < x < ¢9, collapsing then in two distinct regions for higher doping
co < x < c3, and finally vanishes completely for a concentration of Ge of x > 0.25.
The presented evolution of the SC is explained by the role of impurities, induced by
chemical doping, in breaking the Cooper pairs. Figure taken from [Yuan 2004].

where the AFM QCP is supposed to be. Therefore, it was for a long time believed
that CeCusSiy and CeCuyGey do not fit into the “universal” phase diagram of the
Ce-based HF SCs where the SC shows up in the region where the magnetic phase
transition is tuned to zero temperature. However, it became clear that this anoma-
lously shaped SC region and this unexpected maximum of 7, at high pressure in the
two above-mentioned compounds is due to the presence of a weakly first-order va-
lence transition of Ce [Yuan 2003]. High-pressure studies on the non-stoichiometric
compounds CeCuy(Si;_,Ge,)s (x # 0,1), where non-magnetic disorder introduced
by doping on the Si/Ge site plays a crucial role in destroying the Cooper pairs (see
section 1.2.1 and table 1.1 - unconventional SC) and in reducing the SC transition
temperature T, (see also in equation 1.1 the dependence of T, as function of &y/l;.),
revealed the existence of two well separated SC regions in the T — p phase diagram.
Ge-substituted single crystals of CeCuy(Si;_,Ge,)s with different but low Ge con-
centrations (z = 0.01, 0.1 and 0.25) were studied by resistivity measurements under
pressure [Yuan 2004]. It was found that for = 0.01, 7, shows a minimum around

p ~ 3 GPa. With further increasing the Ge concentration to x = 0.1, which implies an
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increase of the induced atomic disorder, the continuous SC region existing in the pure
and slightly doped compounds breaks up into two disconnected SC domes. Further-
more, for z = 0.25 SC vanishes completely (see figure 4.8). The SC dome existing at
low pressure is located around the AFM QCP (around p, - see also figure 4.8), in good
agreement with the observations for other Ce-based HF compounds, while the SC re-
gion at the high-pressure side is related to the existence of a low-temperature critical
end point for the valence transition of Ce (at p, - see also figure 4.8). However, in
the two stoichiometric compounds CeCusSis and CeCuyGe, the two SC regions seem
to merge into a single wide SC region. In the following part we will focus on the SC
region on the high-pressure side.

From the first discovery of this anomalously shaped SC region in the stoichio-
metric compound CeCusSiy [Bellarbi 1984] speculations arose concerning a correlation
between the appearance of the maximum of 7T, under pressure and a possible valence
instability of the Ce ions. Therefore, a magnetic phase boundary and its interplay with
SC were not the only physical peculiarities seen in the CeCus(Si;_,Ge,)s systems.
Metallic Ce under pressure undergoes an isostructural phase transition, called the
~ — « transition, which involves a volume collapse of ~ 17% at room temperature and
p ~ 0.8 GPa [Koskenmaki 1978]. This transition was attributed to the instability of
the 4f electrons, more precisely, to the delocalization of a fraction of the 4f! electrons
accompanied by a valence change. Analogous to the metallic Ce, increasing pressure
in CeCuy(Si;_,Ge,)o reduces the interatomic distances, leading to a transition from a
nearly trivalent Ce**1%l state (|§|< 1) with Kondo coupling to a Ce®*l%l state, where
0 <|0|< 1, characteristic for an IV system, where the Ce ion fluctuates between the
4f! and the 4f° electronic configurations (see details in section 1.1.3). In addition
to the mentioned v — « transition in metallic Ce, there exists experimental evidence
which hints at the possibility of a pressure-induced change of the valence of Ce in
intermetallic CeCua(Si;_,Ge,)2. At room temperature, CeCuySis under pressure un-
dergoes a first-order valence transition from a valence of Ce of about 3.10 to about
3.14 [Rohler 1988]. The observed valence change occurs at about the same pressure
where the SC transition temperature is reaching its maximum value. Moreover, it
was found by X-ray diffraction measurements that CeCusGey under pressure exhibits
a volume discontinuity of about 2% at T"= 10 K [Onodera 2002]. This anomaly was
not detected at room temperature [Onodera 2002]. Since like in the case of elemental
Ce no change of the crystal structure was observed to be associated with the volume
collapse, a change of the Ce valence is considered to cause the observed volume dis-
continuity. Similar to the case of CeCusSiy, the pressure where the volume collapse

takes place in CeCuyGey coincides with the pressure where a maximum of T, is ob-
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served in CeCuyGey [Jaccard 1999]. It is worth mentioning that the above-described
experimental evidences for a pressure-induced valence change of Ce in CeCuySis and
CeCuyGes show a relatively weak change in the valence of Ce. Due to the fact that the
maximum value of T, is observed at the same pressure where the valence transition
is detected for both CeCusySiy and CeCuyGesy, a connection between the presence of
SC in the high-pressure region (far away from the AFM instability) and the valence
change of Ce is suggestive.

Since the SC in CeCuy(Si;_,Ge,)s (0 < x < 1 and z being in the range where
SC is still formed) most likely has an unconventional nature over the whole range of
pressure, it is also unlikely that in the SC state the formation of the Cooper pairs is
mediated by phonons. Formation of Cooper pairs in a system implies the need of a
certain amount of condensation energy necessary to overcome the mutual repulsion
between electrons. In the case of HF's, where the charge carriers are heavy QPs, it
is likely that the Cooper pairs are formed by the heavy QPs. Due to the strong
difference existing in the energy and time scales between the conduction electrons in
a simple metal and the heavy QPs in HF compounds it is very probable that also
the condensation energies are very different (for details see table 1.1 in section 1.2.1).
Therefore, appropriate conditions are needed for the formation of a SC state in HF
systems. It was proposed that the strong (nearly) critical spin or valence fluctuations
of the f electrons, which exist in HF systems close to a magnetic instability or to a
weak valence transition with low-lying critical end point, may fulfill the needs for the
formation of Cooper pairs [Monthoux 2001, Monthoux 2004] (see for details section
1.2.2). SC mediated by magnetic fluctuations in the low-pressure region, close to
the AFM instability (around p.), as well as SC mediated by strong (nearly critical)
valence fluctuations in the high-pressure region (around p, ), is expected to form in the
CeCuy(Si;_,Ge,)s family of compounds. The SC pairing state in both of the above-
mentioned situations has to be of non-s-wave type [Monthoux 2001, Monthoux 2004].

Still after nearly 30 years of intensive research focussing on the physical proper-
ties of CeCuySiz, many open questions are existing, giving a good motivation to scien-
tists to further study this compound in order to get more insight into the interesting
physics of HF systems. In the following part we will present our ambient-pressure, as

well as pressure-dependent, experimental results obtained on A/S-type CeCusSi,.

4.3 Experimental results

We have performed specific-heat measurements under hydrostatic pressure on

single-crystalline A/S-type CeCuySis in the pressure range 0 GPa < p < 2.1 GPa
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and in the temperature range 0.26 K < 7" < 7 K. The measurements were carried
out utilizing a compensated quasiadiabatic heat-pulse technique in a single-shot 3He
evaporation cryostat equipped with a SC magnet providing a magnetic field up to
B =8 T. The temperatures below the typical temperature achieved in the 3He cryo-
stat, of about T' ~ 0.35 K, were obtained by adiabatic demagnetization of the mag-
netic moments of Cu from the pressure cell. Simultaneously with the specific-heat
measurements, the SC transition in CeCuySi; was monitored by a.c.-susceptibility
measurements under pressure. For this purpose the coil used for determining the
pressure, while detecting the evolution of the SC transition temperature of Sn placed
inside of the pressure cell, was used. The resolution of the detecting coil is good
enough to determine any SC transition (either from the pressure gauge - Sn - or from
the sample), but detection of an AFM phase transition is not possible. Additional
data points for the B—T phase diagrams of CeCuySis were obtained by monitoring the
sample temperature while slowly sweeping the magnetic field (magnetocaloric effect,
T(B)). For obtaining the above-mentioned pressure range, two types of pressure cells
were used. Measurements at low pressures (p < 1.1 GPa) were done in a CuBe piston-
cylinder type pressure cell, while for the high-pressure range (1.1 GPa < p < 2.1 GPa)
a double-layer Ni-Cr-Al/CuBe piston-cylinder type pressure cell was used. For the
entire experiment Fluorinert FC72 was used as pressure transmitting medium. A
more detailed description of the technique used is contained in Chapter 2. Due to the
strong improvements in the last years concerning the growth of large single-crystalline
CeCuySip with well-defined ground-state properties [Deppe 2004, Jeevan 2007], a sin-
gle piece of A/S-type CeCuySis weighing about m ~ 400 mg and with dimensions of

3 was used for the experiment. Using a large sample

approximately (11 x 4 x 4.5) mm
for the measurements under pressure made possible to have a unique well-defined
orientation with respect to the magnetic field, B || ¢, for the entire pressure range.
Measurements of the electrical resistivity and specific heat at ambient pressure and
various magnetic fields were also done in a Quantum Design PPMS with 3He option
on different samples prepared from the same batch from which the sample measured
under pressure was taken. Concerning the quality of the samples used, a residual
resistivity of pp ~ 10 pf2em has been measured at ambient pressure. The single-
crystalline samples used in our experiments were prepared by H. S. Jeevan in the
group of C. Geibel at MPI-CPfS, Dresden, Germany.

For the entire specific-heat data on CeCusSiy presented in this chapter (p <
2.1 GPa), the electronic specific heat (C;) is obtained by subtracting the ambient-
pressure lattice specific heat of the isostructural non-magnetic reference compound

LaCusSiy [Hellmann unpubl.]. Since we are not aware about any pressure-dependent
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heat-capacity data of LaCusSiy, we have neglected the pressure dependence of the
lattice heat capacity over the entire measured pressure range (p < 2.1 GPa) by using
for the lattice contribution to the specific heat the ambient-pressure heat capacity of
LaCuySiy (in the temperature range 0.26 K <7 < 7 K).

The pressure-dependent heat-capacity measurements on CeCuySis were per-
formed by measuring the sample encapsulated in the pressure cell (see details in
Chapter 2). Therefore, in order to evaluate the errors introduced to the obtained
data by the technique employed to perform the measurements, in figure 2.7 the
pressure and temperature dependence of Cyumpre/Clotar Obtained for CeCuySiy over
the entire temperature and pressure range of our experiment (0.26 K < T < 7 K,
p < 2.1 GPa) is presented. Clyampie/Crotar signifies the contribution of the sample to
the total measured heat capacity and represents the ratio between the heat capacity
of the measured sample and the heat capacity of the complete ensemble consisting
of the measured sample loaded in the pressure cell (see details in Chapter 2). In
the temperature range 0.26 K < 7' < 2 K, values of Csumpie/Clotar ranging from
Csampie/Crota = 10% at the highest pressure of our experiment, p ~ 2.03 GPa, to
Csampie/Ctotar = 64% at ambient pressure were obtained. It is worth noting that the
obtained values of Cyumpie/Crotar are rather good for this type of pressure-dependent
specific-heat measurements and they prove the good accuracy of the absolute values
of our specific-heat data obtained on CeCusySi,.

The remainder of this section is divided into three parts. The first two parts
describe our main experimental results obtained under pressure on single-crystalline
A/S-type CeCuySip. In the first part, focusing on the interplay of AFM and SC in
CeCusSis, our data at ambient pressure, as well as at low pressures, are presented. In
the second part the results obtained at higher pressures, away from the AFM insta-
bility, are described. Both of these parts contain at the beginning a short overview of
some related experimental and theoretical results known from the literature. In the
third part we interpret the afore-presented data. A study of the evolution of the SC

properties in the different pressure regions is also contained in this part.

4.3.1 Interplay of antiferromagnetism and superconductivity
in CeCusSi,

Nowadays it is widely accepted that HF SC in the vicinity of an AFM ordered
region is mediated by the existing magnetic fluctuations. However, the interplay of
AFM and SC is a motivating subject for both experimentalists and theoreticians.

In the SC state the gauge symmetry is broken, in the AFM state the spatial sym-
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metries and possibly the spin-rotational and time-reversal symmetries are broken
[Thalmeier 2005a]. Which of the two states is more favorable depends on the mo-
mentum and energy dependence of residual QP interactions and on the geometric
properties of the FS and usually cannot be strictly predicted for real materials. The
coexistence of the two ordering phenomena is well understood in those materials where
they occur in different electronic subsystems which, in addition, are not coherently
coupled (e.g. rare-earth borocarbides, RNiyByC) [Thalmeier 2005a]. In the case of
HF SCs, where both ordering phenomena (AFM and SC) are carried by the strongly
correlated charge carriers, the situation is not yet clarified. Some experimental results
obtained on CeCuySiy were in favor of the coexistence of AFM order and SC (e.g.
[Kitaoka 2001, Kawasaki 2001, Kitaoka 2002, Koda 2002, Kitaoka 2005], while others
were supporting the picture of competition between AFM and SC in this compound
(e.g. [Feyerherm 1997, Stockert 2004]). In addition, theoretical models exist in order
to support either of the results.

Coexistence of AFM and SC in CeCu,Si,

Results obtained from muon-spin-rotation measurements performed on poly-
crystalline samples of CeCuySiy have suggested the microscopic coexistence of AFM
and SC in CeCuySiy [Koda 2002]. Ambient-pressure, as well as pressure-dependent,
Cu-NQR measurements on polycrystals of CeCuySiy [Ishida 1999, Kawasaki 2000,
Kawasaki 2001] and slightly doped CeCus(Si;_,Ge, )2 (0 < z < 0.02) [Kawasaki 2002,
Kawasaki 2004] have identified two different behaviors of the nuclear spin-lattice re-
laxation rate, 1/77, in the SC region located close to the magnetic QCP. Depending on
pressure or composition, in the region where the AFM and SC transition temperatures
are becoming equal (Ty = T.) a systematic change of the temperature dependence of
1/T) below T, has been observed. By considering p} the pressure where at B =0 T
TN =T, it was found that for the pressure range p < p¥, where AFM order still exists
in the system (T > T.), 1/T1(T) < T below T, suggesting an “exotic” type of gap-
less SC in this region. For pressures above p?, where a transition to the AFM ordered
state is not anymore detected, a 1/T1(T) o T? dependence below T, was observed,
a behavior which is typical for many HF systems and indicates a SC gap with line
nodes. The appearance of 1/Ty(T) o< T? below T, upon application of pressure, leads
to the exclusion of the possibility that impurities would produce the 1/T(T) o T
behavior observed below T, in the low-pressure range in CeCusSis. These findings led
the authors to consider that the “exotic” SC emerges below T, where AFM critical
fluctuations remain active even below T,.. They argue in favor of the coexistence of

AFM order and SC and of the existence of a common mechanism producing the “ex-
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Figure 4.9: (a) T—p phase diagram obtained by NQR measurements on pure CeCuySiz
and slightly doped CeCuy(Si;_.Ge,)s. Ty and T, represent the AFM and SC transi-
tion temperatures. T, represents the temperature below which the slowly fluctuating
AFM spin waves develop, while T, denotes the temperature below which 1/(73(7)T)
becomes constant (LFL behavior). Figure taken from [Kitaoka 2005]. (b) Theoretical
prediction of the SC transition temperature near the AFM QCP. pSS and dSS are
notations for p- and d-wave spin-singlet SC, respectively. ¢ and n are parameters
used for representing the distance from the AFM QCP measured on the AFM and
PM side, respectively. The pSS SC has gapless nature and is realized only near the
QCP, while away from the QCP, on both the AFM and PM sides, the dSS SC with
line nodes is present. Figure taken from [Fuseya 2003].

otic” SC and magnetism in CeCusySis. It is worth mentioning that a behavior similar
to that seen in CeCuySiy, consisting in a change of the 1/7}(T") dependence below T,
from 1/T1(T) o< T on the AFM side of p* to 1/T1(T) o< T? at p > p, has been also
observed in the pressure-induced SC state of CeRhIns [Kawasaki 2003, Kitaoka 2005].

In support of the above-described experimental results, theoretical work was
done by Fuseya and coworkers [Fuseya 2003]. Similar to the model used by Monthoux
and Lonzarich [Monthoux 1999] in explaining the magnetically mediated Cooper pair-
ing, the theoretical model of Fuseya and coworkers is based on a phenomenological
treatment of the SC interactions in the vicinity of the AFM order [Fuseya 2003]. The
realization of a gapless p-wave spin-singlet SC, mediated by AFM spin fluctuations, in
the close vicinity of the AFM QCP, both on the paramagnetic as well as on the AFM
side of the QCP, was suggested. With increasing distance from the AFM QCP, on each
side of the QCP the formation of the “conventional” anisotropic d-wave spin-singlet

SC with line nodes was proposed [Fuseya 2003]. For the spin-singlet p-wave symmetry
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a SC gap function A? o sin(k,a) or A} o sin(k,a) was chosen [Fuseya 2003]. The
A{ o (cos(kya) — cos(ky,a)) gap function (d,2_,» type) was considered for the case of
the d-wave type SC state [Fuseya 2003|. Apart from the gapless p-wave spin-singlet
type SC state proposed for the close vicinity of the AFM QCP, the suggestion of
a d-wave spin-singlet type Cooper pairing for the SC state near the AFM phase in
CeCuySis has been frequently made in other theoretical models considering the SC
state as mediated by magnetic fluctuations (e.g. [Monthoux 2001]).

Figure 4.9 summarizes the main results of the experimental and theoretical
works mentioned above. The T'—p phase diagram of CeCusSi, obtained by NQR mea-
surements [Kawasaki 2002, Kitaoka 2005] is shown in figure 4.9a, while 4.9b presents
the evolution of SC around the AFM QCP, obtained by the theoretical calculations
performed by Fuseya et al. [Fuseya 2003]. As seen in panel (b) of figure 4.9, the
gapless p-wave spin-singlet SC (pSS) is realized very close to the AFM QCP, while
away from it the d-wave spin-singlet SC (dSS) is formed. The pSS state has the
particular property of a gapless SC state and coexists with the AFM order, being
probably generated by the same mechanism which generates AFM order. The dSS
state is the common SC state observed in many HF SCs, exhibiting a gap function
with line nodes [Fuseya 2003]. It was mentioned that a condition for the emergence of
the p-wave singlet pairing is that the F'S is not nested [Fuseya 2003]. However, it was
considered by the authors that their theoretical model can be proposed to explain the
“exotic” type of SC which coexists with the AFM order in CeRhln; and CeCusSis,
where the unusual behavior of the NQR relaxation rate below T, of 1/T1(T) « T,
was detected on the AFM side of the QCP.

Next to the results of the theoretical model of Fuseya et al., the interplay of AFM
and SC in CeCusySiy, as obtained from the NQR measurements described earlier, is
depicted in the T'—p phase diagram shown in figure 4.9a. The presented data were ob-
tained on pure as well as on Ge-doped CeCusSiy [Kawasaki 2002, Kitaoka 2005]. The
area marked with the “AFM+SC” label corresponds to the region where 1/77(T) o< T
was observed in the SC state (p < p%). On the right-hand side of this region, in the
SC state at p > pi, 1/T1(T) o T? below T. was detected. The appearance of the
different SC states with different symmetry types in the vicinity of an AFM QCP
predicted theoretically [Fuseya 2003] and described in panel (b) of figure 4.9 seems to
qualitatively explain the case of CeCuySis. However, the possible pSS state, meant
to explain the experimentally observed unusual 1/77(7T") o< T' dependence below T,
was predicted to extend on both sides of the AFM QCP (see figure 4.9b). In the case
of both compounds, CeCuySi; and CeRhIns, 1/71(T) o T below T, was observed
only on the AFM side of a possible QCP and in a pressure region limited to p < pi.
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Due to the presence of the SC state at low temperatures, the existence of an AFM
QCP (in the SC phase) could not be experimentally observed in neither of the two
compounds. However, the critical pressure, p., where the AFM QCP is supposed to
be located, should be higher than the pressure p; where Ty = 71.. In the case of
CeCusSiy pi and p. seem to be relatively close to each other, while in CeRhIn; the
two values are well separated [Shishido 2005, Knebel 2006, Park 2006] leading to a
stronger discrepancy between the experimental findings and the theoretical estima-
tion of Fuseya et al.. Anyhow, the possibility of the existence of two different SC
states in the close vicinity of the AFM QCP in CeCuySiy (as well as in CeRhlns)
can be considered. The critical AFM fluctuations, existing only in the vicinity of the
AFM QCP, are supposed to produce the “exotic” (predicted to be gapless p-wave
spin-singlet) SC state observed around the AFM QCP. This SC state seems to be
robust against the critical AFM fluctuations. Once T, becomes comparable to Ty,
though those AFM critical fluctuations are still active also below T, the onset of
magnetic order could be prevented by the existence of some SC fluctuations. How-
ever, when a magnetic field is applied to suppress SC, a phase transition from the
SC to the AFM order is observed while increasing the magnetic field. This phase
transition, from SC to AFM, was identified as first-order like by thermal-expansion
measurements on CeCuySiy [Bruls 1994]. Application of pressure, necessary to sup-
press the AFM order, leads to the appearance of the typical HF d-wave SC with
line-node gap [Fuseya 2003, Kitaoka 2005]. It was also suggested that the uniform
coexistence of AFM and SC could produce the broadening of the SC phase transition
seen in resistivity measurements on CeRhlns under pressure [Hegger 2000] around
the quantum critical region [Kitaoka 2005]. The presence of some fluctuations of the
AFM order parameter or magnetic density fluctuations could induce the fluctuations
of the SC order parameter, the latter leading then to the broadening of the phase
transition. It was proposed that the SC state characterized by a broad phase transi-
tion and located in the close vicinity of the AFM order is not in the “conventional”
regime with a SC gap around the Fermi level, but in a gapless regime [Kitaoka 2005].
It is worth mentioning that a broad phase transition into the SC state of CeRhlns in
the pressure region p < p’ has been also observed by a.c.-susceptibility measurements
[Kawasaki 2003, Knebel 2004]. A narrowing of the SC phase transition anomaly for
p > p’ has been also reported [Kawasaki 2003, Knebel 2004].

Using symmetry as a property which governs, and therefore can unify, different
physical phenomena, an earlier phenomenological approach based on the SO(5) the-
ory, constructed on the basis of quantum-field theory, unifying AFM and SC, also ar-

gues in favor of the coexistence, at microscopic level, of AFM and SC order in a certain
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pressure/doping interval in CeCuy(Si;_,Ge, )2 [Zhang 1997, Hu 2000, Kitaoka 2001].
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Figure 4.10: Phase diagram obtained by the 2D mean-field model described in the
text. “A” denotes AFM SDW phase, “d-SC” a SC phase with d,, - symmetry and
“A4SC” a phase with coexistence of SDW and d-SC. The dashed line represents a
first-order phase transition, while the solid lines correspond to second-order phase
transitions. t.;s represents the effective tight-binding hopping integral used in the
model and it scales linearly with pressure (or doping with Ge, respectively). The
inset shows the FS topology with two bands. The main FS sheet, around the I" point,
and the additional F'S piece closed around the M point are shown. The dotted line in
the inset shows the location where the constant SDW gap opens. Figure taken from
[Steglich 2001].

Also arguing for the coexistent AFM and SC states in CeCuySiy, a different
theoretical approach based on a simplified 2D mean-field model for a SDW ground
state competing with a d-wave SC state characterized by a d,, symmetry was used
in order to obtain the phase diagram shown in figure 4.10 [Steglich 2001]. It was
speculated that not only the main columnar heavy FS sheets of CeCuySis should
be involved in the conduction but also the second, relatively small, F'S pieces well
separated from the former ones (two-band model) (see figure 4.6¢ and inset of figure
4.10 - ellipsoidal F'S centered at point M in the reciprocal lattice). The second, nearly
spherical, F'S was supposed to contain approximately 13% of the charge carriers.
The theoretical estimation, though based on a rather simple model, seems to offer a
relatively good explanation for the experimentally obtained phase diagram shown in
figure 4.3b. The main conclusions of the model are as follows: i) the phase transition
from the AFM phase into the SC state is expected to be of first order in a certain
region of the phase diagram (see dashed line in figure 4.10); ii) a SC gap function
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with d,, type symmetry is favored (A/A¢ = sin(k,a)sin(kya)); iii) the constant
SDW gap which opens below Ty along the dotted line seen in the inset of figure
4.10 leads to a gap only on part of the columnar FS (approximated to ~ 40% of the
FS), allowing the remaining charge carriers to form a SC state coexisting with the
magnetic phase at low temperatures. The charge carriers from the smaller F'S pieces
are only involved in the formation of the SC state. They are mainly responsible for
the coexistent AFM and SC states because they remain unaffected by the SDW gap,
making the coexistence of AFM and SC stable down to low hybridization strengths,
i.e. in CeCuy(SiggGep )2 [Steglich 2001].

Competition between AFM and SC in CeCu;Si,
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Figure 4.11: (a) Integrated neutron-diffraction intensity versus temperature of the
AFM SDW satellite of the A/S-type CeCuySis, corresponding to the ordering wave
vector (Q =~ (0.215,0.215,0.530), proportional to the square of the AFM order pa-
rameter. Once SC sets in, the magnetic order parameter is continuously suppressed
to zero. Figure taken from [Thalmeier 2005b]. (b) Temperature dependence of the
AFM (M) and SC (A) order parameters calculated for the A;, o< (cos(kya)—cos(kya))
symmetry of the SC order parameter (d,2_,2) for Ty = 0.8 K and T, = 0.7 K. At
Tn, M starts to increase. Upon further cooling, at T, first SC is suppressed by the
magnetic order, until an effective transition temperature Tt ,, < T, from where, in a
short temperature interval, M is completely suppressed and the SC order parameter
is increasing to its full value. The temperature region where AFM and SC coexist is
relatively narrow. Figure taken from [Neef 2004]. The estimations of the theoretical
model (b) nicely agree with the experimental result obtained by neutron-diffraction
measurements (a).

Most recent results obtained from neutron-scattering experiments [Stockert 2004,
Thalmeier 2005b], together with recent theoretical calculations [Neef 2004], are sup-
porting the picture where AFM and SC are competing in A/S-type CeCusSiy. Ev-
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idence that AFM order and SC do not spatially coexist, but rather do compete,
has been also shown by muon-spin-rotation and relaxation experiments performed on
polycrystalline CeCuySis [Feyerherm 1997].

A theoretical model, based on renormalized band structure calculations, has
been used in order to try to elucidate the interplay of the AFM order and SC in
CeCuySis [Neef 2004]. The real FS, obtained on the basis of renormalized band struc-
ture calculations and used for the theory presented in the following, is depicted in
figure 4.6¢ [Zwicknagl 1993]. Tt mainly consists of columns parallel to the tetragonal
axis and small nearly spherical pockets. The topology of the FS suggests that the
strongly correlated Fermi-liquid state should become unstable at low temperatures.
The pronounced nesting features are responsible for the formation of a ground state
with a spin-density modulation. As already mentioned in section 4.2, the topology
of the main columnar sheet of the FS depends rather sensitively on the position of
the Fermi energy and, hence, on the occupancy of the Ce f level. The model is
based on mean-field approximation and is described in detail in [Neef 2004]. For
the unconventional SC state, only the possible spin-singlet paired states, allowed
for a tetragonal structure [Volovik 1985] (see also legend in figure 4.12, S = 0),
were taken into account due to the Pauli limiting reported formerly in CeCusySis
[Rauchschwalbe 1982, Assmus 1984]. It was concluded that only for two allowed SC
order parameters, namely Ay o< kyky (k2 — k2) and Ay oc (cos(kya) — cos(kya)), the
experimentally seen A, A/S and S phases are possible to be realized. For the other
order parameters taken in the calculations, it was shown that only the realization of
the A-phase is possible. Figure 4.11b shows the temperature dependence of the AFM
SDW (M) and SC (Ay) order parameters calculated for T = 0.8 K, 7. = 0.7 K and
a SC order parameter with Ay o (cos(kza) — cos(kya)) type symmetry (d,2_,2 type).
It can be seen that upon cooling, from T the AFM order parameter, M, starts to
develop. Upon further cooling, at T, SC is first suppressed by the magnetic order
until an effective transition temperature Tt ,, < T, from where SC sets in, M starts
to decrease and the SC order parameter, A, develops. The region where AFM and
SC coexist is very narrow and corresponds to a temperature interval of approximately
20 mK. Outside of the coexisting region, either only SC or only AFM exists in the
system. It is worth mentioning, that in the case of the SC order parameter with
Ay, o koky (k2 — k) type symmetry, the interplay of AFM and SC is developing in a
similar manner like in the case of the Ay o< (cos(kya) — cos(kya)) symmetry. For the

same transition temperatures, Ty and T, T, .., where SC starts to develop, is smaller

eff?
in the case of Ay o kyky (k2 — k7) symmetry, while the value of Ag is higher for the

Ay, o koky (k2 — k) symmetry. Figure 4.11a shows the integrated neutron-diffraction
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intensity of the SDW satellite as function of temperature, obtained on an A/S-type
single crystal [Thalmeier 2005b]. It is visible that upon cooling, at T the integrated
neutron-diffraction intensity, which is proportional to the square of the AFM order
parameter, starts to increase. Upon further lowering the temperature, in the region
where SC sets in, the integrated neutron-diffraction intensity drops to zero. The
experimental findings are in good agreement with the theoretically obtained results,
suggesting that in an A/S-type CeCuySis, the AFM order coexists with SC in a very
narrow temperature range below 7., being then completely suppressed by the stable
SC state. Moreover, muon-spin-rotation measurements performed on the same single
crystal like the one used in the neutron-diffraction studies presented in figure 4.11a
show no magnetic volume fraction at temperatures well below T, (T' < 0.3 K), con-
firming the above-described picture of competition of AFM and SC order in A/S-type
CeCuySia [Stockert 2006].

It is worth noting that in each of the theoretical models described above, only
spin-singlet pairing states were taken into account due to the strong Pauli limitation
suggested by experimental studies [Rauchschwalbe 1982, Assmus 1984]. Having in
mind the different experimental results and theoretical approaches presented above,
it seems important to carefully study the evolution of the SC properties of CeCusySiy
in the very close vicinity of the AFM QCP.

Symmetry of the SC order parameter - theoretical concepts

Phase transitions with the appearance of a spontaneous symmetry breaking are
characterized by order parameters. Many physical properties are directly determined
by the symmetry of the order parameter. The possible types of order parameters are
restricted by crystal symmetry. In the case of AFM order, the existence of magnetic
order and the symmetry of its order parameter can be detected in neutron-diffraction
experiments. The SC order parameter does not correspond to the expectation value
of any classical observable. Therefore, its experimental detection is more difficult.
Many experimental techniques offer information about physical properties obtained
by averaging the SC gap function (Ay) over the whole FS (e.g. measurements of the
specific heat), therefore, their interpretation is not always complete. In the case of
conventional SC, characterized by a constant gap function (Ay = Ay = const. for any
k), conventional techniques, like specific heat, are precisely determining the symmetry
of the order parameter [Thalmeier 2005a]. For unconventional SCs with momentum-
dependent gap functions (A # const., depending on k), for the precise determination
of the positions of gap zeros, field-angle resolved measurement of specific heat and

thermal conductivity in the SC state are appropriate to elucidate the symmetry of
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Figure 4.12: Calculated specific heat for all allowed SC gap symmetries in a system
with tetragonal crystal structure. A single spherical FS was assumed for the calcu-
lations. The symmetry type of the SC gap function (given by A?/AZ), the parity of
the SC state (singlet - S = 0 or triplet - S = 1) and the expected power-law (respec-
tively exponential) behavior of the electronic specific heat, C¢(T'), for temperatures
T < T,, are shown in the figure. The curves are taken from the work of Hasselbach
et al. [Hasselbach 1993]. For their calculations, the SC gap symmetries presented in
[Volovik 1985] were considered.

the order parameter. Several theoretical estimations, based on the BCS theory, were
performed in order to model the temperature dependence of the SC gap function
and of the electronic specific heat in the SC state for different possible symmetries
of the SC order parameter (e.g. [Tachiki 1985, Volovik 1985, Hasselbach 1993]). It
was proposed that in the case of triplet SC the type of zeros in the energy gap al-
ways correspond to points on the FS, whereas lines of zeros are possible in singlet
pairing [Volovik 1985]. The heat capacity at low temperatures (T' < T, - in order
to have a nearly temperature-invariant gap function) Cy(T) oc T2 for gap functions
having zeros on lines on the FS (singlet pairing) and Cy(T) oc T? for gap functions
having zeros on points on the FS (triplet pairing) [Volovik 1985]. In figure 4.12 the

120



4.3. Experimental results

calculated specific heat for all SC gap symmetries allowed to appear in a tetragonal
crystal structure are shown [Hasselbach 1993]. The allowed SC gap symmetries pre-
sented in the work of Volovik and Gor’kov [Volovik 1985] have been considered in
calculating the temperature dependence of the specific heat. A single spherical FS
has been assumed when estimating the specific heat [Hasselbach 1993]. We will later
use the above-calculated specific heat in order to try to estimate the possible order
parameter symmetry for the broad SC region in CeCuySiy. The discrepancy between
the spherical F'S assumed to calculate the Cy(7T) presented in figure 4.12 and the
more complex F'S known for CeCu,Si, has to be kept in mind.

In the following part we will focus on analyzing our experimental data at am-
bient pressure, as well as under finite pressure, on A/S-type CeCuySiz. This will
offer us the possibility to extract information about the interplay of AFM and SC, as
well as about the possible order parameter in the SC state and its evolution in the

low-pressure range.

A/S-type CeCu,Si; at ambient pressure

Ambient-pressure resistivity, a.c. susceptibility and electronic specific heat
of our A/S-type CeCusSiy are shown in figure 4.13. The specific-heat and a.c.-
susceptibility data are measured in the pressure cell, while resistivity data are taken on
a small sample prepared from the same batch as the sample used for measurements
in the pressure cell. Transition temperatures obtained from the different measure-
ment techniques are marked by arrows. The inset shows the normalized resistivity
at ambient pressure measured up to room temperature. Two consecutive maxima
are visible in the high-temperature resistivity, at 7" and at Tepr. The maximum
at T* ~ 20 K represents the onset of the coherent scattering of the conduction elec-
trons due to the periodic Kondo lattice formed by the 4f electrons, while that at
Teer ~ 100 K originates from the interplay of Kondo scattering and crystalline-
electric-field (CEF) excitations. It should be noted that the current direction in the
resistivity measurement is not known. However, when the current is applied in the
(ab) plane or perpendicular to it, the high-temperature resistivity curves show quite
a large anisotropy, increasing with decreasing temperature from Togr to T%, both
maxima being more pronounced in the case of I || (ab) [Holmes 2004a]. Further-
more, this anisotropy vanishes with increasing pressure at the same pressure where
the two maxima merge, the QP-QP correlations become weak and the valence change
is supposed to take place [Holmes 2004a].

Upon decreasing the temperature below 7' = 1 K, the A/S-type single crystal

undergoes two consecutive phase transitions at ambient pressure, a first one at the
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Figure 4.13: Low-temperature ambient-pressure properties of A/S-type single-

crystalline CeCuySiy as Ce(T') /T, Xa.c.(T) and p(T) versus T are presented. Specific-
heat and a.c.-susceptibility data were measured in the pressure cell, while resistivity
data are taken in the PPMS on a small sample cut from a larger piece prepared from
the same batch as the sample measured in the pressure cell. The inset shows the
normalized resistivity up to 7'= 300 K. Arrows indicate the transition temperatures
obtained from the different types of measurements.

Néel temperature, Ty ~ 0.69 K, to an IC AFM SDW type of order and a second one at
a slightly lower temperature, marking the onset of SC at T, ~ 0.46 K. The resistivity
data shown in figure 4.13 are not accurate enough to resolve the transition to the AFM
state due to its closeness to the SC transition, but the transition to the SC state is
clearly determined at 7, ~ 0.63 K. A residual resistivity of py &~ 10 pf2cm has been
obtained. A.c.-susceptibility data, similar to the heat-capacity data, show a quite
broad transition into the SC state. The transition temperature, taken as the midpoint
of a nearly 180 mK broad phase transition in x,.(7), 7. ~ 0.545 K, is in good
agreement with the results from the other measurements. Due to the nearness of the
two phase transitions, it is quite difficult to accurately separate them, but the shape
and broadness of the phase transitions, both in specific heat and susceptibility, can
be used as good measures for a further characterization of the system under pressure.

The increased value of the electronic specific-heat coefficient at low temperatures
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of Cy/T ~ 0.73 J/(molK?) taken at T = 0.9 K indicates the HF behavior of the
system. A Kondo temperature of T ~ 13 K can be determined by analyzing the
entropy of the system in the view of the single-impurity Kondo model which predicts
in the case of a spin 1/2 system a total entropy of S, = 0.5RIn2 for a temperature
T ~ Tk /2 [Desgranges 1982]. The obtained value is in fairly good agreement with
the characteristic temperature determined from resistivity measurements, 7% ~ 20 K.
At Ty, the entropy reaches a value of only S (Ty) ~ 0.11RIn 2, in relatively good
agreement with the low ordered magnetic moment of .. ~ 0.1 up per Ce atom
detected by neutron-diffraction experiments [Stockert 2004].

At ambient pressure, the A/S-type CeCuySis shows for the case of the phase
transition to the AFM ordered state at B = 0 T a ratio of AC/(yTn)|r=ry~ 0.50.
Estimation of the AC/(7,T:)| r—r, ratio in the case of the SC phase transition is more
complex. Since the issue of competition or coexistence of the two ordered states, AFM
and SC, in CeCuySi, is not yet completely clarified, for determining the jump height
of Cg(T) at the SC phase transition, as well as the AC'/(v,T.)| r=r, ratio, one has to
consider both possibilities. The scenario of coexisting AFM and SC states in A/S-
type CeCusSiy leads at ambient pressure to AC/ (7, T..)| r=r.~ 0.79 (B =0 T). In this
case, the value obtained by summing up the two ratios for the two phase transitions
is AC/(YI'N)| r=1y +AC/(7nT.)| =1~ 1.29. This value is close to that estimated by
mean-field (e.g. BCS) theory, of AC/(vT)|r=1,,,.,~ 1.43, where participation of the
whole FS in the ordered state is considered. Considering the case where the AFM
state is completely suppressed from the system at the temperature where the SC state
is formed (competing AFM and SC), we obtain at B = 0 T AC/(v,T¢)| r=1.~ 1.08,
a value slightly lower than the value of 1.43 known from mean-field theory. In both
scenarios, due to the closeness in temperature of the AFM and SC phase transitions,
the estimation of AC/(v,1.)| r=r, for the SC phase transition is not very accurate.

Application of a magnetic field B || ¢ leads to the slow destruction of the AFM
phase, to the appearance of the B-phase (at Tp) and to a rapid suppression of the
SC state (see figure 4.14). Figure 4.15 shows the B — T phase diagram obtained at
ambient pressure (B || ¢). The values are taken from our measurements of specific
heat, C(T, B), a.c. susceptibility, xa.. (T, B), and magnetocaloric effect, T'(B). The
different lines used in the figure serve as guides to the eye. Due to our lowest tem-
perature of T' ~ 0.35 K which is accessible in high magnetic fields, the onset of the
B-phase has been resolved only for B = 8 T (see figure 4.14). An estimated critical
field of B.(0) ~ 4 T is necessary to completely suppress AFM, while a much lower
value of B (0) ~ 1.05 T is needed to destroy SC in the system. The origin of the
second phase line, appearing in the AFM phase and marked with Ty, is not yet
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Figure 4.14: Effect of magnetic field on the low-temperature electronic specific heat
of A/S-type CeCusSiy at ambient pressure.

clear. The data used to construct this phase line are taken from magnetocaloric mea-
surements while specific-heat measurements do not clearly resolve this anomaly due
to the closeness of the phase transition temperatures. In figure 4.14 a tiny anomaly
indicated by an arrow at Ty ~ 0.39 K can be seen at B = 2 T, an anomaly which
could be associated to this phase line. However, the real shape and origin of the Ty,
line in figure 4.15 is not clearly determined by our measurements. One possibility
for the origin of this transition could be the first-order phase transition, reported
in literature from thermal-expansion, specific-heat and neutron-scattering measure-
ments [Stockert 2004 on an A-type CeCuySiy single crystal, attributed to a transition
to a commensurate low-temperature magnetic phase [Stockert 2004] (see also section
4.2). However, this first-order phase transition to a commensurate magnetic phase,
observed also in several Ge-doped CeCuy(Si;_.Ge,)s compounds, is already visible
at B = 0 T and was not detected by neutron-scattering experiments for A/S-type
CeCusSiy at B = 0 T [Thalmeier 2005b, Stockert 2006]. These suggest that, if the

origin of Ty, is a transition to the commensurate magnetic state, then the proposed
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Figure 4.15: B — T phase diagram (B || ¢) of single-crystalline A/S-type CeCusSis
at ambient pressure. The lines are used as guides for the eyes.

shape of the Ty, phase line drawn in figure 4.15 needs to be modified. Unfortunately,
this Tz line cannot be followed clearly by our measurements at higher pressures
due to the narrowing of the temperature range between the transition temperatures
into the AFM and SC phases. Low-temperature magnetization measurements on
single-crystalline A/S-type CeCuySis have revealed in the case of B || ¢ an additional
phase line within the AFM phase in the ambient-pressure B — T' phase diagram
[Tayama 2003]. Figure 4.7 shows the corresponding B — T" phase diagram obtained
by magnetization measurements. For B || a (see figure 4.7a) no such phase line in
the AFM phase was reported. This additional phase line was attributed to a first-
order phase transition and was observed at temperatures lower than 7' < 0.2 K only
[Tayama 2003]. For the case of B || a, the phase transition from the AFM phase
to the B-phase was reported to be of first order at low temperatures, while in the
case of B || ¢ the transition from the AFM phase to the B-phase was shown to be
of second order and a first-order phase transition of yet unclear origin was detected

within the AFM phase [Tayama 2003]. Since for the case of B || ¢ no observation of
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this phase transition at 7' > 0.2 K was reported [Tayama 2003], the possibility of the
same origin for the phase line at Ty obtained by our measurements and the phase
line at T' < 0.2 K reported from magnetization measurements should be considered
with care. A more detailed analysis of the possible origin of the phase line at Ty,

will be given in section 4.3.3.

A/S-type CeCu,Si, at low pressures

Application of low pressure on the A/S-type CeCusSi, single crystal leads to
a rapid shift of the AFM phase transition to lower temperatures, with a slope of
dT/dp =~ —1.17 K/GPa, and to a strong increase of the SC transition temperature
(dT./dp ~ 2.33 K/GPa for p < 0.06 GPa). A small pressure of about p ~ 0.06 GPa
is enough to shift the two phase transitions very close to each other to T ~ 0.62 K
and T, ~ 0.60 K. Further increasing pressure leads to a much slower increase of the
SC transition temperature. Once T, becomes larger than Ty the presence of the
AFM order cannot be detected anymore, except by application of a magnetic field
high enough to suppress SC in the system. Figure 4.16 shows the low-temperature
B = 0 T electronic specific heat in the pressure range 0 GPa < p < 0.4 GPa. This
pressure range was chosen to emphasize the interplay of the two basic phenomena,
AFM and SC, in A/S-type CeCusSiy. Very small steps in pressure were used in order
to follow the rapid changes taking place and to try to solve the controversial question
about the coexistence or competition of the two phenomena in this material. Parallel
to the specific-heat measurements we have detected the SC transition of CeCuySis
by a.c.-susceptibility measurements. In figure 4.17 the evolution of the SC phase
transition, namely of its temperature and of its width, is presented as seen from
a.c.-susceptibility measurements. The symbols in the two figures, 4.16 and 4.17, are
chosen to be the same for a given value of pressure.

The surprisingly rapid evolution of the physical properties under pressure gives
rise to a broad phase transition anomaly in the specific heat at p ~ 0.06 GPa, including
both phase transitions AFM and SC, with Ty > T.. An additional tiny increase in
pressure to p &~ 0.09 GPa already leads to the crossing of the two phase lines, T, > Tl .
The phase transition anomaly seen in specific heat becomes sharp and represents
only the transition to the SC state. For temperatures below T, =~ 0.61 K no further
anomaly corresponding to the entrance into the AFM phase can be resolved at this
pressure, indicating that AFM is expelled once SC has been established. Application
of a magnetic field of B =2 T (see figure 4.18), higher than the critical field needed
to suppress SC at this pressure, shows that the system enters the AFM phase at
Ty =~ 0.4 K. The electronic specific heat displayed in figure 4.18 for p ~ 0.09 GPa
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Figure 4.16: Low-temperature electronic specific heat of A/S-type CeCuySiz mea-
sured at zero magnetic field and very low pressures, 0 GPa < p < 0.4 GPa.

shows the evolution of the SC phase transition as function of magnetic field. T,
is gradually shifted to lower temperatures upon increasing the magnetic field. The
phase transition seen for B = 2 T has been identified as a transition to the AFM
phase. Since measurements of specific heat solely can only identify the existence of a
phase transition without elucidating its origin, we have simultaneously measured the
a.c. susceptibility of the system in magnetic field. As seen in the inset of figure 4.18,
for B = 1.5 T one can easily detect the SC phase transition in the a.c.-susceptibility
measurements, but already at B = 2 T no indication for a transition to a SC state is
visible down to the lowest measured temperature of 7' = 0.26 K. Therefore, the phase
transition in the B = 2 T specific heat occurring at a temperature of 7'~ 0.40 K is
due to the onset of the AFM phase. Moreover, it is becoming clear that while lowering
the temperature, once SC is established in the system (7. > T) the AFM order is
expelled. This is in contrast to the situation existing at lower pressures, when upon
cooling first the AFM order appears in the system (T > T.) followed by the entrance
into the SC state. The reappearance of the AFM order and its gradual suppression to
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Figure 4.17: Low-temperature a.c. susceptibility of A/S-type CeCuySiy measured at
B =0T in the pressure range 0 GPa < p < 0.4 GPa. The pressure values, as well as
the symbols corresponding to the different pressures, are the same as those used in
the case of the specific-heat data shown in figure 4.16.

T = 0 K once SC is destroyed by a magnetic field lead to the following conclusions:
i) AFM is expelled once SC is stabilized (T, > Ty) in CeCuySiy (for p < p., where
p. represents the critical pressure where at B = 0 T the AFM phase transition is
suppressed to Ty = 0 K); and ii) magnetic-field and pressure-induced QCPs should
exist.

Figure 4.19 presents the low-temperature 7' — p phase diagram obtained by
specific-heat and a.c.-susceptibility measurements at B = 0 T. By extrapolating the
obtained Ty (p) to lower pressures, the Ty (p) and T.(p) phase lines are expected to
meet at the pressure p: ~ 0.07 GPa (Ty(p%) = T.(p%)). At B =0T, the p < p
pressure region is characterized by T. < Tx. Above p’, T, becomes larger than Ty
and Ty is not detectable anymore at zero magnetic field. Due to the proximity in
temperature of the AFM and SC phase transitions, the objective interpretation of
the specific heat data is difficult. A.c.-susceptibility measurements, detecting only

the SC phase transition in this setup, are a good tool to have a closer look inside the
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Figure 4.18: Low-temperature specific heat of CeCuySis at p = 0.09 GPa in different
magnetic fields, B = (0,0.5,1,2) T. The evolution of the SC transition temperature
in magnetic field, B = (0,1.5,2) T, measured by a.c. susceptibility is shown in the
inset. xac(7T) at B = 2 T does not show any transition to a SC state down to
T ~ 0.26 K, suggesting that the transition seen in Cy(T")/T at B = 2 T corresponds
to a transition to the AFM ordered state.

measured physical phenomena. In figure 4.19 the width of the SC phase transition,
possible to be detected by the a.c susceptibility measurements only, is shown by the
error bars. T, (from x,. (7)) is taken at the midpoint of the phase transition anomaly,
while the error bars are constructed as the distance from 7T, to the onset (7.F) and to
the full transition (7. ), respectively. It is seen that the width of the phase transition
is very large in the low-pressure range (e.g. AT ~ 180 mK at p = 0 GPa) where
AFM is present above T, and is gradually decreasing upon increasing the pressure
until the pressure where at B = 0 T AFM is not detected anymore (p ~ p}). With
further increasing the pressure (above pf) the transition width stays more or less
constant at a strongly reduced value of about AT ~ 50 mK (see also figure 4.17).
The broadening of the SC phase transition seems to be intrinsic to the studied system

and cannot be attributed to any pressure inhomogeneity in the setup, due to the fact
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Figure 4.19: Low-pressure 7' — p phase diagram of A/S-type CeCuySis at B =0 T.
AFM and SC transition temperatures (T, 7.) obtained from specific heat (Ce(T")/T)
and T, obtained from a.c.-susceptibility (xa.. (7)) measurements are presented. The
error bars shown for 7T, determined from x,. (7") are obtained as the distance from
the onset, at T.", respectively from the full transition, at 7., to the midpoint of the
transition at T..

that it is largest at ambient pressure and is decreasing upon increasing pressure. In
the pressure region where the AFM transition precedes SC upon cooling, T, taken
from specific-heat measurements is always lower than that detected by x,. (7). In
this pressure range, due to the closeness of the two phase transitions the entropy-
balance technique used to determine the transition temperatures from Cy(T)/T is
not very accurate. However, once the AFM order is expelled by SC the accuracy in
determining T, is very good, the SC transition being very sharp up to the highest
pressure achieved in our experiment. As a particular feature of the interplay of AFM
and SC in A/S-type CeCusSis one can mention that at B = 0 T the presence of the
AFM order in the system leads to the broadening of the SC phase transition, the
broadest SC transition being observed at ambient pressure. Once AFM is expelled

at B =0 T by increasing pressure (T < T.) the SC phase in the system becomes
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more stable, the SC phase transition anomaly showing no additional broadening over
the entire measured pressure range, suggesting that the broadening of the SC phase
transition in A/S-type CeCuySiy is due to the presence of the AFM order. Similar
results have been reported for the pressure-induced SC state of CeRhIng [Hegger 2000,
Kawasaki 2003, Knebel 2004]. A broad phase transition from the AFM to the SC
state in the pressure region p < p: where both AFM and SC are observable at
B =0 T has been detected by a.c.-susceptibility [Kawasaki 2003, Knebel 2004] and
by electrical-resistivity [Hegger 2000] measurements. The broad phase transition in
the low-pressure SC state, in the vicinity of the AFM order, is replaced by a narrower
SC phase transition in the pressure region p > p’ [Hegger 2000, Kawasaki 2003,
Knebel 2004]. Moreover, like in the case of our results on A/S-type CeCusSis, the
same type of evolution of the SC transition temperature depending on the type of
the measurements has been observed in CeRhlns. For A/S-type CeCuySiy we do
not observe any significant difference between 7T, obtained from Cy(T")/T or Xq...(T)
measurements at pressures p > pi. On the other hand, at p < pf, T.(from x,.) >
T.(from C,;/T) and the difference between the two values for T.. is gradually decreasing
with increasing pressure (see figure 4.19). A similar behavior has been reported for
CeRhlIns under pressure [Knebel 2006], further suggesting a similarity of the interplay
between AFM and SC in these two compounds.

Concerning the interplay of AFM and SC in CeCusSia, the AC/(AT)|r=r. 1\
ratio is an interesting quantity. As described in more detail in the case of the results
obtained on A/S-type CeCusSis at ambient pressure, the accuracy in estimating
AC/(YT) | r=r. 1y is strongly reduced by the narrow distance in temperature be-
tween the AFM and SC phase transitions. However, for the AFM phase transition
AC/(YTy)|r=Ty can be more precisely determined, while for the case of the SC phase
transition the value of AC/(v,T.)| 77, is much stronger affected by the narrowing of
the distance between T and T,.. Application of pressure is therefore even leading to
the increase of the errors in determining the AC/(yT')| r—r. 1, ratios. Moreover, the
coexistence or competition of the two ordered states, AFM and SC, also has to be
considered for the SC phase transition when estimating AC/(7,,T..)| r=r,. In a similar
manner as described earlier for the p = 0 GPa data on A/S-type CeCuySis, the values
of AC/(¥T')| r=1. 1y have been determined also for pressures p < p: where AFM and
SC are both detectable by specific-heat measurements at B =0 T (p ~ 0.04 GPa and
p ~ 0.06 GPa). Table 4.1 contains the values of AC/(vTn)| r=ry and AC/(v,T0.)| r=1.
obtained at B =0 T on A/S-type CeCusSis for pressures p = 0 GPa, p ~ 0.04 GPa
and p ~ 0.06 GPa, respectively. The AC/(y,T¢)|r=r, values shown in the third col-

umn are obtained by considering the coexistence of the AFM and SC states down to
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lowest temperatures, while the values shown in the fourth column were estimated by
considering that at T, the AFM order is completely replaced by SC (competition).
Either by looking to the sum of AC/(YTn)|r=ry +AC/(vTe)| r=r. (where the value
of AC/(vnTe)| r=r. is taken for the scenario of coexisting AFM and SC states) or sepa-
rately to each value of the AC'/(yT)| r—r, 1,y ratios, one can observe that independent
of the pressure the obtained values are smaller than that obtained by mean-field (e.g.
BCS) theory, AC/(4T)|1r=1,,4.,
paramagnetic to the AFM ordered state, the value of AC/(vTy)| r—r,~ 0.50 obtained
at p = 0 GPa is slightly decreasing upon increasing pressure up to p =~ 0.06 GPa.

~ 1.43. In the case of the phase transition from the

At higher pressures a phase transition to the AFM ordered state cannot be detected
anymore at B = 0 T. Assuming that different parts of the F'S are implied either in the
AFM or in the SC state and that therefore the two states coexist down to the low-
est temperatures, the mentioned sum of AC/(YI'n)| =1y +AC/(7T¢)| r=1. indeed
shows, for p < 0.06 GPa, values close to the theoretical value of 1.43. In this case, the
ratio between AC/(YTn)| r=ry and AC/(YIn)| 7=y +AC/(vT¢)| 7=1,, which could
be considered as an estimate for the percentage of the FS implied in the formation
of the AFM state, is gradually decreasing with increasing pressure, from about 0.39
at ambient pressure to about 0.36 at p &~ 0.06 GPa. Though slightly lower than the
values of AC/(YTn)| =1y +AC/(ynT¢)| r=1. considered for the case where the AFM
and SC states are supposed to coexist, the values of AC/(v,T¢.)| r=r, estimated for
the competing AFM and SC orders (assuming that the AFM state is destroyed at
the temperature where the SC state is formed, leading to the fact that only the SC
state survives below T,) are also comparable to the theoretical value of 1.43. Based
on these results and also by considering the relatively large errors in obtaining all
these values, it is difficult to decide in favor of either of the scenarios of coexisting
or competing AFM and SC orders in CeCuySiy. Concerning the SC state at p > p?,
an analysis of the AC/(v,T.)| r=r, ratio obtained up to the highest pressure of our
experiment, p ~ 2.03 GPa, will be done later.

The overall interplay of magnetic order and SC in A/S-type CeCusSiy is shown
in the four panels of figure 4.20. The pressure is increasing gradually in small steps
from the top to the bottom panel (p = (0,0.04,0.06,0.09) GPa). Pressure and mag-
netic field have a similar effect of destroying the AFM order. In the case of SC pressure
is stabilizing the SC state, while magnetic field is destroying it. AFM order is strongly
suppressed by the application of pressure, while in contrast to SC it is relatively ro-
bust against application of magnetic field. T and T, for B = 0 T are indicated in
the figure by arrows. Where the two phase transitions are very close to each other

in temperature, making their separation in C(T")/T difficult, the x,.(7") data were
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p (GPa) | AC/(YIN)|1=1y | AC/(WTe) =1 AC/ (nTe)| r=r.
(AFM and SC coexisting) | (AFM and SC competing)

0 0.50 0.79 1.08
~ 0.04 0.45 0.77 1.25
~ 0.06 0.47 0.83 1.12

Table 4.1: AC/(vTy)| r=1, and AC/(v,T¢)| r—r, obtained for A/S-type CeCuySiy at
B = 0 T. The different pressure values are indicated in the first column. In order
to determine AC/(v,T.)|r=r,, coexistence (third column), respectively competition
(fourth column), of the AFM and SC states were considered.

used for a more precise determination of the relative position of the phase transitions.

The effect of magnetic field (B || ¢) on the low-pressure T'— p phase diagram
of A/S-type CeCusSis is presented in figure 4.21. The AFM phase is detectable
in the system only when, for certain values of p and B, Ty is larger than 7,.. For
the pressure values (p > p’) where AFM order does not appear at B = 0 T above
T,, the detection of the AFM phase is only possible in magnetic fields high enough
to suppress SC. In figure 4.21 it is emphasized that for a certain value of B the
measured T (p) phase line never crosses the T.(p) phase line. The spin-fluctuation
theory predicts that T vanishes near the critical pressure p. as Tn(p) | p — pe |7
with 7 = 2/3 for a 3D itinerant AFM [Millis 1993] (see details in section 1.2.2). In
order to estimate the critical pressure p. where T is suppressed to Ty = 0 K, we
have fitted our data of Ty (p) at B = 0 T with the theoretically expected dependence
for an itinerant 3D AFM, of Tiv(p) o<| p—p. [¥/3. A critical pressure of p.(B = 0T) ~
0.39 GPa was obtained. The extrapolation of the fit to low temperatures is shown by
a dashed line in figure 4.21. The same procedure has been used for the Ty (p) data
at different values of the applied magnetic field (B = (0.5,1,2) T). The obtained
values of the critical pressure, p., for each value of B are indicated in figure 4.21.
The dashed lines, corresponding to the T (p) curves obtained for various values of
B, are extrapolations of the corresponding fits. Remarkable is that at B = 0 T, the
obtained value of p.(B = 0 T) &~ 0.39 GPa coincides with the pressure where 7.(p)
obtained for B = 0 T is reaching its maximum value of T, ~ 0.628 K, a result in
good agreement with the predictions of the theory of AFM spin-fluctuation mediated
SC [Millis 1993, Nakamura 1996, Lonzarich 1997, Mathur 1998, Monthoux 1999] (for
details see section 1.2.2). As mentioned earlier, the evolution of T, under pressure and
in magnetic field (B || ¢) is also presented in figure 4.21. The relatively low values of
T. at B =2 T are not very precisely detected due to the fact that the transitions seen

in the specific-heat data and a.c.-susceptibility measurements are not complete at
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Figure 4.20: Cy(T)/T versus T of A/S-type CeCuySis in low magnetic fields, B =
(0,0.5,1,2) T (B || ¢), and at four different pressures.
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Figure 4.21: Effect of magnetic field (B || ¢) on the low-pressure 7'— p phase diagram
of A/S-type CeCusSiy. Full symbols are used to represent Ty, while open symbols
mark 7T,.. The values of B and the corresponding symbol types are shown in the
figure. Dotted lines are used to extrapolate 7T, and they are only serving as guiding
lines. For each value of B, the dashed line is constructed by extrapolating the curve
obtained by fitting the existing Tiv(p) data by using Tw(p) | p — pe [¥?, with p.
as fitting parameter. The values of p. corresponding to each B are indicated in the
figure (see arrows and the table containing p.(B)).

the lowest accessible temperature of 7' = 0.26 K. In a.c.-susceptibility measurements
performed at B = 2 T, the onset of the SC transition is clearly detectable only for
two pressure values, p ~ 0.14 GPa and p ~ 0.26 GPa, proving the SC origin of the
phase transition seen in the C(T")/T measurements. For values of p < 0.09 GPa and
p > 0.4 GPa, no transition to the SC state (for 7' > 0.26 K) could be observed by
Xa.c.(T) measurements at B = 2 T (see for example p ~ 0.09 GPa shown in figure
4.18, where the anomaly seen in C(T")/T at low temperatures at B = 2 T does not
correspond to the formation of a SC state but is due to the entrance to the AFM
ordered state). The dotted line used to extrapolate the T,(p) curve for B = 2 T is

not obtained experimentally and serves only as guide to the eyes. Similar to the case
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of B =0 T, the maximum value of T.(p) for B = 2 T is expected in the pressure
interval 0.14 GPa < p < 0.26 GPa, in the vicinity of the critical pressure obtained
for B =2T of p.(B =2 T) ~ 0.22 GPa. A similar finding, that the value of p.
obtained (by fitting the experimental data with T (p) o<| p — pe |*/?) for a certain
value of B is situated in the pressure region where the experimentally obtained 7.(p)
for the corresponding B is reaching its maximum value, holds also for the case of
B =05 T and B = 1 T. Therefore, it seems that the afore-mentioned prediction
of the theory of AFM spin-fluctuation mediated SC made for the case of B = 0 T
[Millis 1993, Nakamura 1996, Lonzarich 1997, Mathur 1998, Monthoux 1999 is valid
also for the case when a magnetic field B # 0 T (in our case B || ¢) is applied to
the system. These results also hint at a strong connection between the mechanisms
leading to the formation of both ordered phases in CeCuySis, AFM and SC. A similar
study for the case of B || (ab) could help to shed more light onto the relation between
AFM and SC in CeCusySis and the mechanism inducing the unconventional SC state
in CeCuySi,.

By assuming the same Bu(T) dependence (see equation 4.2) for the whole
pressure range, the maximum value of the upper critical field, B.(0), seems to be
obtained at p € [0.14,0.26] GPa. With further increasing pressure, B.(0) seems
to decrease. A more detailed analysis of the pressure dependence of the effect the
magnetic field has on SC in CeCusSis will be presented later.

The low-pressure (0 GPa < p < 0.09 GPa) B — T phase diagram (B || ¢) il-
lustrating the interplay between magnetism and SC in A/S-type CeCusySis is shown
in figure 4.22. The AFM phase transition is detected by specific-heat measurements,
while the SC transition temperatures are taken from specific-heat (C(T, B)), a.c. sus-
ceptibility (xa.. (T, B)) and adiabatic temperature versus magnetic field scans (T'(B)).
In order to estimate the 7' — 0 K values of the critical field for the AFM ordered state,
B.(0), and of the upper critical field for SC, B.2(0), we have fitted the experimentally

determined T (B) and T.(B) curves for each pressure value.

5.(1) = 5.0)[1- (1) | (1)

for AFM order and

Balt) = B20) 1 - (1) ] (12)

for SC were used as fitting functions. As free fitting parameters B.(0) (B.2(0)) and
n for the AFM (SC) transition were chosen, while for 7 and 7. the values obtained
from specific-heat measurements at B = 0 T were used as fixed values. In the case

of SC, the continuous lines shown in figure 4.22 represent the obtained fits. For
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Figure 4.22: Low-pressure, 0 GPa < p < 0.09 GPa, B — T phase diagram (B || ¢)
of A/S-type CeCusSiy. For the SC state, continuous lines are corresponding to the
fits done to the obtained B.(T') data, according to equation 4.2. In the case of the
transition to the AFM ordered state, the dashed lines in the high-temperature region,
where the data points are shown, are guides for the eyes. The corresponding dashed
lines in the low-temperature region, where no experimental data are available, were
obtained by extrapolating the fits done to the B.(T") data by using equation 4.1 to low
temperatures. The dotted line in the SC phase, not detectable experimentally due to
the suppression of AFM by SC, corresponds to the extension of the fit obtained for
B.(T) for p ~ 0.09 GPa (see text for details). The arrows indicate the direction of
increasing pressure.

the AFM state, the dashed lines used to describe the low-temperature dependencies
of B., in the region where no experimental data for B.(T') are available, were con-
structed by extrapolating the fits obtained on the existing data by using equation
4.1. However, the obtained fits underestimate the initial slope of B.(T) (at Ty).
Therefore, the dashed lines shown on the high-temperature side of the phase dia-
gram depicted in figure 4.22, where experimental data for B.(T") exist, are just drawn
to guide the eyes. Due to the low number of data points, the fits used for B.(T)

are considered only as guidance for the critical field curves. However, for ambient
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pressure more data exist also from magnetocaloric measurements, T'(B) (see figure
4.15), and the obtained fit, together with the obtained B.(0)|,—ocpa=~ 4 T, is in very
good agreement with other experimental results (cf. the results of magnetization
measurements shown in figure 4.7b). The fits obtained for the data shown in figure
4.22 for B.(T') for the next three pressures (p ~ (0.04,0.06,0.09) GPa) are taken by
using only one free fitting parameter, namely B.(0), and fixing the exponent n to
the value obtained for the ambient-pressure data. As also indicated by the arrows
in figure 4.22, AFM is gradually suppressed with increasing pressure, while SC is
stabilized. Application of magnetic field causes a relatively moderate suppression of
the AFM phase transition, leading to an estimate of the critical field at p = 0 GPa
of B.(0)|p=ocpa~ 4 T. This critical field is gradually decreasing upon increasing pres-
sure, leading to B.(0)|p~0.00cPa~ 2.6 T. Already at this pressure of p ~ 0.09 GPa,
the AFM transition at B = 0 T cannot be detected anymore since it is expelled by
the SC state (see also figure 4.18). Therefore, the dotted line used in the SC phase
is not detectable experimentally and represents the extension of the fit obtained for
Bo(T)|p~0.09GPa- The second phase line visible at ambient pressure inside the AFM
phase (not shown in figure 4.22; see figure 4.15 for details), detected in our measure-
ments only by adiabatic T'(B) scans, cannot be followed anymore at higher pressures
because the AFM and SC phase transitions are coming too close to each other in
temperature/magnetic field. In the case of SC, though T, is strongly increased by
increasing the pressure, the magnetic field destroys SC much more rapidly than it
destroys AFM. At ambient pressure, the data shown for the SC transition reveal
B (0)|p=ocpa= 1.05 T, a value which is gradually increasing with increasing pressure,
reaching B (0)|p~0.00apa~ 1.67 T. Unfortunately, due to the restricted temperature
range of our measurements (7" > T,,;, = 0.26 K) the interplay of magnetism and SC
at lower temperatures and higher pressures (p > 0.09 GPa), the real shape of the crit-
ical field curves for both AFM and SC transitions and the existence of magnetic-field
and pressure-induced QCPs cannot be precisely determined.

The appearance of the field-induced B-phase (at Tg), at ambient pressure seen
only for B = 8 T (B || ¢), shifts to lower temperatures upon increasing pressure.
In the limits of our setup, it is still partly detectable at p ~ 0.04 GPa and B =
8 T and completely disappears from our experimental window at higher pressures.
The decrease of Tg at B = 8 T with increasing pressure to p ~ 0.04 GPa hints at
pressure-induced shifting of the B-phase in the B —T phase diagram to higher values
of the magnetic field. Since the AFM phase is moved by application of pressure
towards lower values of B in the B — T phase diagram of A/S-type CeCusSis, a
complete separation of the AFM and B-phase in the B —T" plane might appear under
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application of pressure for B || ¢. Upon increasing pressure, a shift of the critical
field where the B-phase appears at T = 0 K, BZ-7"**(0), to lower values of B,
accompanied by a narrowing in temperature of the region of the B-phase in the B—T
phase diagram, could also be considered as a possible scenario. However, electrical-
resistivity measurements on polycrystalline samples of CeCusSis have shown a gradual
splitting of the AFM and B-phase at 7'~ 0 K when going from the A- to A/S- and
then to the S-type polycrystals [Gegenwart 1998a]. As mentioned at the beginning
of section 4.2, a systematic shift from A- to A/S- and further to S-type CeCusySiy
can be seen as pressure is applied to the system (see for details figure 4.3). It was
shown that in the case of the A/S-type polycrystalline sample the critical magnetic

field necessary to suppress the AFM phase to Ty = 0 K, B.(0), and the critical field

necessary for the appearance of the B-phase at T = 0 K, BZ7"*°(0), are coinciding
[Gegenwart 1998al. In the case of the S-type polycrystalline sample the AFM and
the B-phase were found to be well separated in the B — T" phase diagram (AFM in

this S-type sample appears at B > B.), B.(0) being shifted to lower values while

B—phase
Bcrit

(0) being moved to higher values of B compared to the case of A/S-type
CeCuySip [Gegenwart 1998a]. Therefore, our results related to the evolution of the
B-phase with increasing pressure seem to be in good agreement with the evolution
of the B-phase observed by systematically shifting from polycrystalline A/S-type
CeCuySiy to polycrystalline S-type CeCusSis. Thus, a pressure-induced splitting of
the AFM and B-phase at T'= 0 K in the B || ¢ B — T phase diagram of A/S-type
CeCuySiy from B.(0) &~ BZ P"*¢(0) at ambient pressure to B.(0) < B2 Ph*¢(0) at

crit crit
B—phase
B crit

higher values of p is suggested (with B.(0) decreasing and (0) increasing
upon increasing pressure). For a more precise study of the evolution of the B-phase
and of the AFM — B-phase interface (where exists) with increasing pressure, pressure
experiments at lower temperatures are needed.

Application of both magnetic field and pressure lead to a gradual suppression of
AFM order in A/S-type CeCusSis. In the case when Ty is continuously suppressed to
Ty =0 K (QCP), quantum critical fluctuations are expected to occur. Even though
T = 0 K is not reachable experimentally, strong deviations from the typical LFL
behavior (NFL) are observed already at higher temperatures around the QCP (see
for details section 1.3). The extrapolations of the T (B, p) phase lines, presented
in figures 4.21 and 4.22, to Ty = 0 K mark the expected AFM QCPs in A/S-type
CeCusSiy (B || ¢). In order to follow the pressure and magnetic-field dependence of
the expected line of AFM QCPs, we have summarized the values of critical pressure
(p.) and critical magnetic field obtained by the above-mentioned extrapolations to

Tn(B,p) =0 K in a plot shown in figure 4.23. In this plot, the data are presented in
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Figure 4.23: p — B phase diagram of A/S-type CeCuySiy for T'= 0 K and B || c.
Closed circles represent the (p, B) points obtained by extrapolating the T (p, B) data
to Tn(p, B) = 0 K. The extrapolations of Tx(p, B) shown in figures 4.21 and 4.22
were used. The dashed line serves as a guiding line. The gray area, marked by “SC”,
indicates the p — B region where the system is expected to be in the SC state at
T =0K (B | ¢) (drawn by using the estimated B.(0) as function of p). “AFM” and
“PM” mark the regions where the system is supposed to be AFM or PM at T'= 0 K.
The arrow is located at B = 6 T and indicates the direction of increasing pressure.

a p — B plane at T'= 0 K. The full circles mark the estimated AFM QCPs (B || ¢).
The dashed line is used to schematically show the evolution of the AFM quantum
critical region in A/S-type CeCuySis. As seen in this figure, at ambient pressure
B ~ 4 T is the critical field needed for a complete suppression of the AFM phase
transition to Ty = 0 K. Increase of pressure leads to a gradual decrease of the critical
field necessary to suppress Ty to Ty = 0 K. At p =~ 0.4 GPa the critical field is
B ~ 0 T. The gray area in figure 4.23 represents the region where CeCuySis is in
the SC state at T" = 0 K. We have constructed this region by using the pressure
dependence of the estimated upper critical fields at 7= 0 K, B.(0)(p). The border
of this region is delineated by the corresponding p(Be(0)). The regions where the
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system is in the AFM or PM state at T = 0 K are marked in the figure by “AFM”
and “PM”, respectively. As mentioned earlier, for any value of magnetic field and
pressure, we do not detect the presence of a phase transition to the AFM ordered
state below the temperature where SC has already set in (we have never seen any
anomaly at T when Ty is expected to be smaller than T,). Therefore, the existence
of AFM QCPs in the region where SC is present at 7' = 0 K (gray area) is improbable.
However, the AFM QCPs estimated to be located outside of the gray region in figure
4.23 are very likely to exist and, therefore, should be observable. Any fixed value of
B larger than the critical field of B ~ 4 T obtained for p = 0 GPa (e.g. B =6 T,
marked by the arrow in figure 4.23) is located closest to the line of AFM QCPs at
ambient pressure. Upon increasing pressure, the distance from that value of B to the
line of QCPs is gradually increasing. In order to provide evidence for the existence of
the estimated pressure and magnetic-field-induced AFM QCPs in A/S-type CeCusySiy
(B || ¢) we expect that at any fixed magnetic field, slightly higher than the critical
field of B =~ 4 T obtained for p = 0 GPa, the increase of pressure would lead to a
gradual shift from NFL to LFL behavior.

As suggested by the arrow in figure 4.23, the magnetic field of B = 6 T, where no
phase transition can be detected over the whole measured pressure and temperature
range, was used to follow the change from NFL to LFL properties. Figure 4.24 shows
the evolution of the electronic specific heat at B = 6 T as function of pressure, on a v/T'
temperature scale. At ambient pressure, Coy(T)/T increases as ACy(T)/T o —/T,
showing a clear deviation from the prediction of the LFL theory (for details see table
1.2 for 3D AFM). Upon increasing pressure, the v/T' dependence of Cy(T) /T becomes
less and less pronounced, until Cy(T')/T =~ const. at sufficiently high pressure (p ~
1 GPa). At B =6 T, the deviation from the LFL behavior at low pressures indicates
the proximity of the system to a QCP, while at higher pressures (away from the
QCP) LFL behavior is recovered. Variation of both pressure and magnetic field can
be used to move along the line of AFM QCPs. As suggested by figure 4.23, with
increasing pressure the estimated magnetic-field and pressure-induced QCPs shift to
lower values of B. The data presented in figure 4.24 clearly show that increase of
pressure stabilizes the LFL state, a result expected for a system which is gradually
driven away from the line of QCPs. These results argue in favor of the existence of
the line of AFM QCPs suggested in figure 4.23. Since in the SC region no AFM can
be detected, the QCPs shown in the gray area of figure 4.23 are unlikely to exist.
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Figure 4.24: Effect of pressure on the specific heat of A/S-type CeCusSiy taken at
B=6T (B c). The data are presented as function of v/T. The shown temperature
range corresponds to 0.36 K < T' < 2.25 K. The dotted lines are linear fits, in v/T,
to the data (AC,(T)/T < —/T).

4.3.2 Superconductivity in the high-pressure range

As already mentioned in section 4.2, CeCuySis shows a rather unconventional
temperature - hybridization strength phase diagram. SC, supposed to exist under a
“dome” centered around the AFM QCP, is indeed extending much further away from
the magnetic instability. Therefore, magnetic fluctuations, most likely responsible
for SC in the region located around the AFM QCP, are not very likely to induce
SC in the region far away from the magnetic fluctuations. In analogy with metal-
lic Ce [Koskenmaki 1978], an isostructural volume discontinuity associated with the
valence change of Ce is expected to take place in intermetallic Ce-based compounds
too. With increasing pressure, the 4f electron of the Ce atom is transferred to the
conduction band. Strong valence fluctuations between the 4f! and 4f° configura-
tions, if they exist at low enough temperatures, might eventually cause SC far from

the magnetic region. In the case of Ce-based HF compounds, the partial delocaliza-
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tion of the 4f electron, perhaps mediating the formation of Cooper pairs, replaces
the HF state by an IV state. The transition from the HF to the IV state usually
is a first-order phase transition accompanied by a symmetry-conserving collapse of
the unit-cell volume. The isostructural v — « transition, involving a volume collapse
of about 17%, takes place in metallic Ce at room temperature and p ~ 0.8 GPa
[Koskenmaki 1978]. CeCuyGey, the isostructural relative of CeCusySis, shows a vol-
ume discontinuity of about 2% at T = 10 K, at the same pressure where the SC
transition temperature reaches its maximum value [Onodera 2002]. Rohler et al.
[Rohler 1988] have shown that CeCusySis undergoes a first-order valence transition at
room temperature, at about the same pressure where 7, shows its maximum value.
The above-mentioned experimental evidences (also briefly described in section 4.2)
strongly hint at the involvement of nearly critical valence fluctuations in the forma-
tion of SC in Ce-based HF systems. Valence-fluctuation mediated Cooper pairing is a
subject of recent theoretical work. A short introduction to a phenomenological model
explaining both, spin- and valence-fluctuation mediated SC, is given in section 1.2.2
[Monthoux 1999, Monthoux 2004]. In the following part we will briefly introduce
the theoretical approach of Onishi and Miyake [Onishi 2000], where a microscopic
model was implied in order to explain the formation of SC in the vicinity of a valence
instability.

A
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/ band
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Figure 4.25: Schematic representation of the energy levels as used in the theoretical
model of Onishi and Miyake [Onishi 2000]. With increasing pressure the energy of
the f level, €f, shifts towards the Fermi energy, Er. D represents the conduction
bandwidth.

A valence transition does not break any spatial symmetry but is strongly coupled
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to the volume. Therefore, a pressure-induced valence transition is very likely to exist
in many systems. In the case of Ce-based HF systems, where the valence transition
is generated by the expulsion of the 4f electron of Ce into the conduction band,
a strong Coulomb repulsion between the conduction electrons and the f electrons
raising from this transition could strongly enhance the valence fluctuations, leading
in this way to the formation of a SC state [Onishi 2000]. Onishi and Miyake have
elaborated a microscopic theory, where the strong Coulomb repulsion between the f
and conduction electrons, Uy., was additionally introduced in the periodic Anderson

model. The model is based on the following Hamiltonian:

H:Z(Ek_ﬂ)CLO_CkO—_FEfZ flio,fk;o—‘i_UffZ n{Tnzfl—l—VZ(cLofka—i—h.c.)#—Uch nfgnfol,
ko ko i ko oo’

(4.3)
where fis, ke (fi, ¢l ) are the annihilation (creation) operators for the f and
conduction electrons with wave vector k£ and spin index o. Uj. denotes the f —
¢ Coulomb interaction, while Uy; is the on-site Coulomb repulsion between the f
electrons. V' represents the hybridization matrix element between the conduction
electrons and the f electrons, p is the chemical potential and €¢ denotes the energy
of the f level relative to the Fermi level (see figure 4.25). nsz, n{ L nzfg and n , are
particle number operators. The first two terms represent the energy of the conduction
electrons and of the f electrons, respectively. The third term is associated to the
on-site correlation energy. The fourth term takes into account the hybridization of
the f and conduction electrons, while the fifth term is the extra term introduced to
the extended periodic Anderson Hamiltonian, incorporating the short-range repulsive
Coulomb interaction between the conduction electrons and the f electrons. Increase
of pressure leads to an increase of V' and a shift of the f level, ef, towards the
Fermi energy. When €7 + (ny)Us. ~ Ep (where ny represents the number of f
electrons per site), the 4! and 40 states are nearly degenerate giving rise to valence
fluctuations. Therefore, the introduction of Uy, produces a rapid charge transfer of
the f electrons to the conduction band. The associated fluctuations can produce
an attractive interaction in the d-wave channel, leading to SC [Onishi 2000]. SC
was investigated within the weak-coupling theory. The SC transition temperature,
T,., calculated by the use of the slave-boson and large-N expansion approach, was
shown to have a finite value only for the d-wave pairing. The variation of T, as
function of €; (which practically represents pressure) estimated for the d-wave SC
channel is shown in figure 4.26 for different values of the interaction potential Uy,
[Onishi 2000]. For convenience, values of T, and €, are normalized to D, where D

represents the conduction bandwidth. T, versus ¢; displays a sharp maximum at the
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same point where ny starts to show a rapid decrease. The increase of Uy, leads to
a more pronounced maximum in 7, as well as to a more dramatic, more and more
first-order-like valence change (more drastic drop of ny). In the region where n;
has decreased enough, T, is strongly suppressed. As another important result of this
model, one should mention that the scattering processes of (f, f) — (f,¢) and (f,c) —
(f, f), in which the valence of f electrons is changed directly, play the most important
role in the formation of Cooper pairs. Moreover, the estimation of the Sommerfeld
coefficient, ~, of the electronic specific heat leads to the relation v oc (Tx) ™! (T
(€ — p)). The v versus Tk curves show a universal behavior, lying on the same
line independent of the value of Uy.. It was shown that the enhanced scattering
due to valence fluctuations is nearly independent of the momentum transfer, ¢, for
q < 3kp/2, indicating that the valence change is a local phenomenon. This model has
several shortcomings, e.g. a simplified, single spherical FS is used for the conduction
band and the spin fluctuations which exist near the AFM QCP are neglected. The real
change in ny across the valence transition will be certainly much less than theoretically
estimated. Therefore, in real systems only the overall behavior and not the absolute
numbers must be taken in consideration (usually n; does not drop below 0.8 - 0.85

in the case of Ce-based intermetallic compounds [Malterre 1996]).
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Figure 4.26: T, dependence for a d-wave SC as function of the f-level position € for
different Coulomb interaction potentials Uy.. Values are normalized to the conduction
bandwidth, D. The right axis shows the associated variation of the valence, ns. 1y
represents the number of f electrons per site and spin (ny = ns/2). Figure taken
from [Onishi 2000].
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Miyake and Maebashi [Miyake 2002] predicted that the existence of critical va-
lence fluctuations in Ce-based HF systems causes an enhancement of the residual resis-
tivity, po, in the region of valence instabilities, p,. This enhancement of p, is expected
to be much stronger than that seen around the magnetic QCP [Miyake 2002]. Exper-
imental evidence for a strong increase of py around the critical pressure, p,, can in-
deed be seen in measurements of the electrical resistivity under pressure in CeCusGes
[Jaccard 1999] and CeCuySip [Holmes 2004b]. A linear temperature dependence of the
electrical resistivity and an enhancement of the electronic specific-heat coefficient, ~,
in the vicinity of p, were found experimentally [Holmes 2004b]. A theoretical expla-
nation for the observed behavior is given in the same paper [Holmes 2004b]. However,
a small shift of the maximum of v to a pressure lower than the critical pressure where
the maxima of py and 7T, are found was predicted [Holmes 2004b].

In the strongly correlated limit, the effective mass of the heavy electrons is
drastically changed due to the gradual delocalization of the 4! electrons of Ce under
the effect of pressure, leading to a less correlated state. The effective mass will be

reduced according to:

m_ M) (4.4)
m 1—mny
when ny, the number of localized f electrons per Ce atom, is significantly reduced
below its Kondo-limit value, ny < 1 [Rice 1986]. According to the change of the
effective mass of the heavy QPs (respectively of v, v o« m*), the A coefficient of the
T? term to the resistivity (p = po + AT?, A < +?) and the Kadowaki-Woods ratio,
A/~?, should also decrease across the valence transition. The Kadowaki-Woods ratio
is expected to change through the valence transition from a strongly to a weakly

correlated limit [Kadowaki 1986, Miyake 1989]:

Y = Yoand T Yeorr; (45)

in the strongly correlated limit, veorr > Yoand:
A A

-~

> 5 ~ 1.0 x 107°uQem(molK /mJ)?, (4.6)

(’Vcor'r)
in the weakly correlated region, vVeorr < Voand:

A A A
o — CEE—r < EE ~ 1.0 x 107°uQem(molK /mJ)?. (4.7)

Figure 4.27 presents the experimental results obtained by measurements of elec-
trical resistivity and a.c. calorimetry under pressure on CeCuySis done by Holmes et

al. [Holmes 2004b] together with data from electrical-resistivity measurements under
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Figure 4.27: (a) - T., (b)-left axis - electronic specific-heat coefficient, 7, (b)-right
axis - residual resistivity, po, and (c) - A coefficient of the T2 term to the resistivity
(p = po + AT?) as function of logarithm of T{"%*  the characteristic temperature
of the system, for CeCuySi; and CeCuyGey (only in panel (c)). The inset shows
the way how T/"** is defined. The straight lines in (c¢) mark the expected scaling,
A oc (Tj"**)~2. The maximum of T, coincides with the start of the region where the
scaling relation of A is broken, while the maximum in pq is situated at the middle of
the collapse of A. The maximum of v is situated at a lower 77"**. The pressure is
increasing as log(77"**). Figure taken from [Holmes 2004b] (for data on CeCuyGey
see [Jaccard 1999]).

pressure on CeCuyGey from [Jaccard 1999]. The abscissa shows the coherence tem-
perature, 77" taken from the low-temperature maximum in resistivity (see inset
panel (c)) on a logarithmic scale, a scale which corresponds to an approximately lin-
ear increase of pressure from left to right. A maximum of T,, py and -, respectively,

a drastic reduction of the A coefficient, marking also a change of the value of the
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Kadowaki-Woods ratio, A/42, (TI"** o Tk oc v~Y), are accompanying the valence
instability in CeCuySis; and CeCuyGey under pressure.

H. Kontani [Kontani 2004] has derived a generalized Kadowaki-Woods ratio for
the case of systems where the f-orbital degeneracy, IV, takes values N > 2. It was
shown that, depending on N:

% = 110X—105 pQem(molK/mJ)? (N > 2). (4.8)

7 NIV -1)
The second maximum in the temperature-dependent electrical resistivity, observed
in the high-temperature region and marked by 7;"** in the inset of figure 4.27c, is
attributed to the excited CEF levels. Pressure-dependent electrical-resistivity mea-
surements performed on CeCuyGe, have shown that at p > 7 GPa, a strong increase
of T (T7"**  Ty) with increasing pressure is accompanied by a slight decrease
of Ty (T3 = Acgr) [Jaccard 1999]. At the pressure p, where T.(p) exhibits its
maximum value, most likely associated to a valence change of the Ce atom, the two
maxima observed in p(7T") merge into a single maximum which is further increasing
upon increasing pressure [Jaccard 1999]. At this pressure, due to the fact that the
system crosses the region where T ~ Acgr, a change of the ground-state degener-
acy from N = 2 (for Tx < Acgr) to the full N = 6-fold degeneracy of the J = 5/2
41 multiplet (for Tx > Acgr) is expected. According to relation 4.8, a change of
the f-orbital degeneracy from N = 2 (at p < p,) to N = 6 (at p > p,) implies
a strong reduction of the Kadowaki-Woods ratio at p,, in good agreement with the
sharp drop of A/~? at p, found in the case of CeCuySiy [Holmes 2004b] and CeCuyGes
[Jaccard 1999] under pressure (see figure 4.27c).

Our measurements of the specific heat under pressure show that application of
pressure on single-crystalline A/S-type CeCuySis leads to a rapid suppression of the
AFM order and to a steep increase of the SC transition temperature from its ambient-
pressure value to T, =~ 0.628 K at about p =~ 0.4 GPa. Upon further increasing
pressure T, decreases slightly up to p =~ 1.5 GPa, from where it starts to increase
again, marking the entrance into the second (high-pressure) SC region. Figure 4.28
shows the overall behavior of the B = 0 T specific heat, for the pressure range
0 GPa < p < 2.1 GPa. Two distinct SC regions, corresponding to the vicinity of the
AFM (region SC1 - low-p region) and valence (region SC2 - high-p region) instability,
respectively, are expected to exist in CeCuySis. As the border between these two SC
regions we chose the pressure p ~ 1.5 GPa at which T,.(p) has its minimum value at
B = 0 T. Since the SC1 region, located in the vicinity of the magnetic instability,
was already discussed in the previous part, in the following we will focus on the SC
properties of CeCusSiy in the SC2 region. The detailed evolution of the electronic
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Figure 4.28: Low-temperature Cy(T')/T versus T of A/S-type CeCuySiy at B=0T
for different pressures covering completely the measured pressure range, 0 GPa < p <
2.1 GPa. The visible anomalies correspond to the SC phase transitions, except in the
curve corresponding to p = 0 GPa, where also the AFM phase transition (Tk), at
a temperature higher than 7 is seen. The arrow marks the direction of increasing
pressure.

0.75

specific heat and of the SC transition in the SC2 region, where T, is continuously
increasing upon application of pressure, can be seen in figure 4.29. With increasing
pressure, Cy; /T taken just above the transition temperatures (e.g. at 7' = 0.9 K) is
continuously decreasing. The data at pressures above p = 1.1 GPa were collected in a
double-layer pressure cell, having the advantage of reaching higher pressures but with
the disadvantage of a higher addenda and of a smaller volume available for the sample
(for details see Chapter 2). Therefore, for the pressure range 1.1 GPa < p < 2.1 GPa
a smaller piece (m ~ 340 mg) was cut from the original single crystal (m & 393 mg)
used in the measurements at pressures below p = 1.1 GPa. Though the heat capacity
of the measured sample in the 1.1 GPa < p < 2.1 GPa pressure range was strongly
reduced in comparison to the heat capacity of the loaded cell, the resolution of the

measurement still remained in an acceptable range (for details about the accuracy of
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Figure 4.29: Low-temperature Cy(T')/T versus T of A/S-type CeCuySiy at B=0T
for different pressures corresponding to the high-pressure SC region, SC2.

the measurements see figure 2.7). Therefore, accurate absolute values of the specific
heat, but with slightly increased scattering, were obtained. The SC phase transition
is clearly detectable and is very sharp proving the good hydrostatic conditions in the
pressure cell even at these high pressure values. The a.c.-susceptibility data displaying
the SC phase transition are shown in figure 4.30. The data taken at p ~ 1.39 GPa
(dashed line) are used as a reference for the width of the phase transition anomaly
obtained for the pressures below p ~ 1.5 GPa (region - SC1). It can be seen that
there is no apparent broadening of the SC transition when going from the region SC1
to the region SC2.

The application of magnetic field leads to a suppression of the SC phase tran-
sition in a more rapid manner than observed in the low-pressure range. Though the
value of T, at B = 0 T does not change much in the pressure region starting from
where the AFM transition is suppressed at B =0T (p > p}), already B = 1 T shifts
T. to only 69% of its B = 0 T value in the case of p ~ 1.96 GPa, in comparison to
83% for the case of p ~ 0.73 GPa. As an example, figure 4.31 shows the effect of
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Figure 4.30: Low-temperature y,. (7") versus T of A/S-type CeCuySip at B =0 T,
for pressures as indicated in the figure. The last four pressure curves (p =
(1.71,1.87,1.96, 2.03) GPa - shown by symbols) are depicting the transitions to the SC
state in region SC2 and are corresponding to the same values of pressures as used for
Cyu(T)/T shown in figure 4.29. As explained in the text, the curve at p ~ 1.39 GPa,
drawn by the dashed line, is used as reference for the width of the SC phase transition
anomaly.

applied magnetic field (B || ¢) on the SC phase transition for p ~ 1.96 GPa. Upon
increasing B, once the SC phase transition cannot be followed anymore in our exper-
imental window, no other anomaly can be detected in C¢(T")/T up to B =8 T. The
system shows LFL behavior in the normal state (C¢(T)/T =~ const.) in the whole
pressure range corresponding to the high-pressure SC region, SC2 (p < 2.03 GPa).
The evolution of Cyy(T)/T in the pressure range 1.5 GPa < p < 2.1 GPa is shown in
figure 4.32 for B = 2 T, a magnetic field sufficiently high to suppress SC in this pres-
sure range. Despite of the increased scattering of the data (as explained before), it is
still clearly detectable that the value of C¢;/T taken at a certain temperature contin-
uously decreases upon increasing pressure. Furthermore, for each pressure Cy(T')/T
stays temperature independent (Cy(T)/T = const.) below T ~ 1 K, indicating LFL
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Figure 4.31: Magnetic-field dependence (B || ¢, B < 2 T) of the low-temperature

Cu(T)/T of CeCuySip at p ~ 1.96 GPa. The values of B are indicated in the figure.
The observed phase transition anomalies correspond to the transitions to the SC
state.

behavior in this pressure range.

4.3.3 Comparison of the evolution of the superconducting

properties in the different pressure regimes

Figure 4.33 displays the evolution of magnetism and SC under pressure in single-
crystalline A/S-type CeCusSiy as obtained by specific-heat and a.c.-susceptibility
measurements under hydrostatic pressure and in magnetic field B || ¢. Ty (p) obtained
from specific-heat measurements and its extrapolation to T (p.) = 0 K (described in
section 4.3.1) are shown only for B = 0 T, while 7.(p) determined from C,(7") and
Xa.c(T) are shown for B = (0,0.5,1) T. The critical pressure, p. ~ 0.39 GPa, and
the pressure p ~ 1.5 GPa separating the low-pressure (SC1) from the high-pressure
(SC2) SC region are indicated in the figure. Upon increasing pressure at B = 0 T,

Tn(p) decreases rapidly while T,.(p) quickly increases reaching a maximum value of
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Figure 4.32: Temperature dependence of the low-temperature C/T of CeCusSis
obtained for B = 2 T, B || ¢, at different pressures. The values of p and the corre-
sponding symbols are indicated in the figure.

T, ~ 0.628 K at about p. ~ 0.39 GPa. Following a slight decrease up to p ~ 1.5 GPa,
T.(p) increases again, marking the entrance into the SC2 region. T in this region is
suppressed much stronger by a magnetic field than in the SC1 region (see data at
B =0.5Tand B=1T in figure 4.33). In addition, with increasing B, the minimum
of T,(p) shifts to higher pressures.

The effect of a magnetic field B || ¢ on the SC in A/S-type CeCuySis is shown in
figure 4.34 for the whole pressure range 0 GPa < p < 2.1 GPa. The lines are obtained
by fitting the data by using the function described in equation 4.2. For each pressure,
the fitting procedure was carried out with B.(0) and n as variables, while T, was
fixed to the value of T,.|g—or obtained at B = 0 T from specific-heat measurements.
The values obtained for B.,(0) are used as estimates for the upper critical fields and
are presented as function of pressure in figure 4.35¢c. Due to the limited temperature
range accessible in our measurements (down to approximately 0.47.), the errors for
the determined upper critical fields are relatively large, but a still good estimation of

the overall pressure dependence of B.(0) can be obtained.
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Figure 4.33: Evolution of AFM and SC in single-crystalline A/S-type CeCuySis under
hydrostatic pressure. Variation of T under pressure and its extrapolation to T —
0 K (dotted line) are shown only for B = 0 T. The estimated critical pressure is
indicated by the arrow at p. ~ 0.39 GPa. The evolution of T, determined from
specific-heat (solid symbols) and a.c.-susceptibility (open symbols) measurements is
shown for B = (0,0.5,1) T (B || ¢). The vertical dashed line indicates, at p ~ 1.5 GPa,

the estimated border between the low-pressure (SC1), respectively the high-pressure
(SC2) SC regions.

The initial slope of the upper critical field, d B (T)/dT| r=7., was calculated for
each pressure from the derivative of the function (cf. equation 4.2) used for fitting

the experimental B (7)) data. Accordingly:

dBer(T) (from fit) = _ B0

SVANE T.

(4.9)

with B.2(0) and n obtained from the fitting procedures. As mentioned earlier, for
T, the value obtained from the B =0 T Cy(T)/T data was taken. We have chosen
this way to estimate the initial slope of the upper critical field, due to the fact that
CeCuySis has a relatively low B (0) over the whole measured pressure range and our

experimental data both from specific-heat and from y, . measurements are available
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Figure 4.34: B.o(T") versus T for different pressures for A/S-type CeCusSis for B || c.
The open symbols represent the data from adiabatic 7'(B) scans, the gray symbols are
used for the values obtained from specific-heat measurements and the black symbols
correspond to data from a.c.-susceptibility measurements. The lines correspond to
the fits obtained by using the function described in equation 4.2.
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only for B > 0.5 T. However, as a lower estimate for dB(T")/dT| 7=7, we have also
calculated this value from specific-heat data by using values of T, obtained at B =0T
and B=0.51T:

dB.(T)

 (0—05)T
T - (from C/T)

B Tc|B:OT - Tc|B:0.5T ‘

(4.10)

The full symbols in figure 4.35b display (—dBe(T)/dT|r=r.) versus pressure ob-
tained for B || ¢ by using equation 4.9. For comparison, the pressure dependence
of (—=dBx(T')/dT|7=1,) calculated by using equation 4.10 is shown by open circles.
The absolute value of the initial slope of the upper critical field for B || ¢ shows
a rapid increase under pressure up to p =~ 0.06 GPa to (—dBw(T)/dT|r=1,) ~
22.9 T/K, from where it decreases gradually with increasing pressure. At p ~
2.03 GPa (—dBu(T)/dT|r=1,) ~ 8.4 T/K, a value close to the value detected at
ambient pressure of (—dB.o(T')/dT | r=r1,) ~ 7.8 T /K. Except for the steep increase of
(—dBeo(T)/dT| r=r,) at very low pressures (p < 0.06 GPa; p < p}), which is similar to
the increase of T, in this pressure region, (—dBe(T)/dT|r=r1,) ox m* is characterizing
the system for pressures p > 0.09 GPa (p > pi). In the dirty-limit approxima-
tion (—dBe(T)/dT|r=1,) X Ynpn was predicted by Orlando et al. [Orlando 1979],
with 7, being the normal-state electronic specific-heat coefficient and p,, the low-
temperature normal-state electrical resistivity. Using this dirty-limit approximation
for p > 0.09 GPa, we find a nearly pressure-independent p,, ~ 30 uf2cm. A very light
tendency of p, to decrease upon increasing pressure has been found for the mentioned
pressure range. Since we have measured a value of p,, = 12 ufdcm at ambient pressure,
the value of p, =~ 30 puQ2cm estimated for higher pressures appears to be too high. It
might be possible that the dirty-limit approximation is not the most appropriate.
As mentioned earlier, the upper critical field, B.»(0), was estimated for each
pressure by fitting the data with the function described by equation 4.2. The pressure
dependence of B.y(0) over the whole measured pressure range is displayed in figure
4.35¢ for B || ¢. The magnetic field couples to the orbital motion of the charge
carriers, yielding an orbital-limiting field, B,,;(0), defined by:
4B (T)

Bo(0) = h*(0)T | =

, (4.11)

T=T.
where h*(0) ranges from 0.69 in the dirty limit (/;, /&y < 1) to 0.73 in the clean limit
(lyr /&0 > 1), with [, and & representing the mean-free path and the SC coherence
length, respectively [Helfand 1966]. The Pauli limit, Bpau;(0), estimated by Yang
and Sondhi [Yang 1998] for a SC with d,2

IdILyz = %Ao = (178 T/K)Te, Ay =2.14kpT., (4.12)

_,2 sSymmetry is given by:

BPauli(())
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Figure 4.35: (a) Ty and 7, versus pressure obtained at B = 0 T for A/S-type
CeCusSiy. The dotted line describes the extrapolation of Ty (p) to Ty = 0 K. The
critical pressure, p. =~ 0.39 GPa, is indicated by an arrow. The estimated border
line between the two SC regions, SC1 and SC2, at p = 1.5 GPa is marked over all
panels by the vertical dashed line. (b) Pressure dependence of the initial slope of the
upper critical field, as (—=dBw(T)/dT|r=r,) versus p (B || ¢). Full circles show the
values obtained by utilizing equation 4.9, while the open symbols describe the values
estimated by using equation 4.10 (for details see text). (c) Pressure dependence of
the estimated upper critical field - B (0) (B || ¢). (d) Pauli-limiting field - Bpgui(0)
(left axis - full triangles) and the orbital-limiting field - B,,;(0) (right axis - open
triangles) versus pressure (B || ¢).
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while for the s-wave SC Clogston [Clogston 1962] proposed:

1
\/§,UB

Although the symmetry of the SC order parameter is not known, we have estimated
the Bpgu;(0) for the case of d2_,
for h*(0) an intermediate value in between the clean and dirty limit of 2*(0) = 0.71.
For dBu.o(T)/dT | r—r, the values calculated from the fits were used. Figure 4.35d
contains the pressure dependence of Bpg,;(0) (left axis) and B,(0) (right axis).

Bpaui(0)], = Ao = (184 T/K)T., Ao =1.76kgT,. (4.13)

» symmetry. For calculating B,,;(0) we have used

For p < 2.1 GPa, the values of the Pauli-limiting field are slightly lower than the
estimated values for the upper critical field (Bpau;(0) < Be2(0)), while the values of
the orbital-limiting field are 3 to 4 times higher than B.(0). These results suggest
that in A/S-type CeCusySis the upper critical field is strongly Pauli limited over the
entire pressure range of our measurements, p < 2.1 GPa. This indicates that in this
pressure range the Cooper pairs in A/S-type CeCusSiy are most likely in a spin-singlet
state.

In order to try to estimate the SC order parameter in A/S-type CeCuySis and
its evolution under pressure we have normalized the specific-heat data at B = 0 T
and compared them with the normalized specific heat calculated theoretically for
different order parameters [Volovik 1985, Hasselbach 1993]. In these calculations a
single spherical F'S was considered [Hasselbach 1993]. A more detailed description
of the theoretical estimation was done in section 4.3.1 (see also figure 4.12). Figure
4.36 shows the B = 0 T normalized specific-heat data under pressure of A/S-type
CeCusySiy together with the theoretically determined data for all SC order parameters
allowed for tetragonal symmetry. The figure presents the data as Coy(T)/(v,T) versus
T/T., where v, is Cy/T| p_r+ in the normal state (right at 7¢). The three panels in
figure 4.36 refer to different pressure ranges, the calculated curves being the same in
all three panels. The symmetry type of the SC gap (A2/A2), the singlet (S = 0) or
triplet (S = 1) character of the SC state, as well as the expected Cy(T") dependence
at very low temperatures (" < T,.), are indicated in the legend of panel (b). The
low-pressure data of panel (b), where both AFM and SC anomalies are present in
Cu(T)/T, are not very precise, due to the low accuracy in determining 7, and ~,. The
above-mentioned theoretical estimation is more precise at low temperatures, because
there the SC gap function is nearly temperature independent. Therefore, to accurately
establish the SC order parameter, experimental data at low temperatures are needed.
Our measurements are available only down to approximately 0.57,.. Therefore, our
results could give just a hint about the character of the SC order parameter. However,

the evolution of the SC order parameter under pressure can be determined better.
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Except for the data at very low pressures (p < 0.06 GPa, p < p%), we observe a
ACy(T)/T < T dependence in the SC state at B = 0 T over the entire pressure
range of our measurements (0.09 GPa < p < 2.03 GPa, p > p}). For p < 0.06 GPa,
due to the presence of the AFM phase transition at Ty > T, and to the yet unclarified
type of interplay between AFM and SC, as well as due to the low number of data below
T., we cannot estimate the Cyy(T)/T dependence at T < T.. The linear temperature
dependence of C.(T)/T in the SC state of CeCuySis suggests an unconventional SC
gap function with line nodes [Volovik 1985]. Formation of a spin-singlet type SC state
in CeCuySiy (0.09 GPa < p < 2.03 GPa, p > p) is thus concluded [Volovik 1985] (see
also introductory part of section 4.3.1). This agrees with the strong Pauli limiting
of the upper critical field observed over the entire range of pressure measured, which
also suggests a spin-singlet SC state in A/S-type CeCuySis.

Along with the normalized specific-heat data shown in figure 4.36, the nor-
malized upper critical field curves Buo(T)/T. versus T/T. are presented for differ-
ent pressures in the three panels of figure 4.37. The two figures (4.36 and 4.37)
show a clear similarity in the evolution of SC as function of pressure. Two out-
standing groups of data under pressure can be observed in both, normalized specific-
heat and normalized upper critical field data, both of them presented in panels (a)
of figures 4.36 and 4.37. The normalized specific-heat data in the pressure range
0.09 GPa < p < 0.4 GPa scale to a single curve located in the vicinity of the theoret-
ically calculated data for the SC gap symmetries characterized by A2 /AZ o< k2 + kf/
(triplet pairing, S = 1) and Af/A§ oc 4kZ(k2 + k7)) (singlet pairing, S = 0). For the
high-pressure range, 1.71 GPa < p < 2.03 GPa, the measured data scale as well to
one curve, that is in the vicinity of the curves theoretically estimated for SC with
gap symmetries A7/Af oc (ky + ky)? (triplet pairing, S = 1) and A7/AF o 4k2k;
(singlet pairing, S = 0). The data at very low pressures (p < p}) shown in figure
4.36b are located between these two groups. At intermediate pressures, starting from
p ~ 0.73 GPa, the experimental curves are located in between the other two groups
and they shift systematically with increasing pressure from the group at lower pres-
sures to the group at high pressures (see figure 4.36¢). A similar behavior can be
detected from the normalized upper critical field (B || ¢) under pressure presented in
figure 4.37. A clear difference in the SC properties seems to exist between the low,
0.09 GPa < p < 0.4 GPa, and high, 1.71 GPa < p < 2.03 GPa, pressure ranges. This
strongly suggests different SC order parameters in the SC regions below (SC1) and
above (SC2) p = 1.5 GPa. The intermediate-pressure region, from p =~ 0.73 GPa to
p ~ 1.39 GPa, (figures 4.36c and 4.37c) may be explained by a superposition of two

distinct SC domes, with two different order parameters, existing in the regions around
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Figure 4.36: Calculated specific heat for different SC gap symmetries allowed for a
tetragonal crystal structure (black lines) compared with the experimental data for
A/S-type CeCusySiy under pressure (gray symbols). Calculated curves are the same
in each of the three panels and were already presented in figure 4.12 [Volovik 1985,
Hasselbach 1993]. The corresponding symmetry type of the SC gap function, the
parity of the SC state and the expected low-temperature (7' < T.) behavior of Cy(T')
are indicated in panel (b). For the experimental data, the different pressures and the
corresponding symbols are shown in each panel of the figure. Data at low pressures,
presented in panel (b), at T/T. > 1 show the presence of the AFM phase transition.
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Figure 4.37: Bw(T)/T, versus T/T, for different pressures obtained for A/S-type
CeCuySiy, B || ¢. Lines are guides to the eyes and correspond to the curves obtained
by fitting the data by use of equation 4.2. For reference, the two continuous lines from
panel (a) are reproduced in (b) and (c) (also as continuous lines). The corresponding
pressure ranges where the respective lines were used in panel (a) are indicated next

to each line.

the magnetic (p.) respectively valence (p,) instabilities. This finding is in good agree-

ment with the experimental studies on doped CeCuy(Si_y)Ge,)s (x # 0, 1), where

due to pair breaking caused by alloying-derived atomic disorder, two separated SC
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regions (around p. and around p,) were observed [Yuan 2003, Yuan 2004] (for details,
see section 4.2 and figure 4.8). Reducing the atomic disorder in the undoped com-
pounds, CeCusySiy and CeCusGes, the two SC domes become broader in temperature
and pressure, leading to their merging into a single wide SC region where a clear sep-
aration of them is difficult. Concerning the mechanisms which lead to the formation
of Cooper pairs, it was suggested that magnetic and valence fluctuations could be
responsible for mediating SC in the SC1 and SC2 regions, respectively. Theoretical
calculations by Monthoux and Lonzarich suggest the d,2_,2 spin-singlet Cooper pair
state as being most robust for both the magnetic and the valence-fluctuation medi-
ated SC [Monthoux 2004] (for a more detailed description see section 1.2.2). By the
_y2 spin-singlet SC state for the SC1

region and the d,, spin-singlet SC state for the SC2 region were suggested as being

theoretical considerations of K. Miyake, the d,»

the most favorable ones [Miyake priv. comm.].

Intermediate-
valence regime

Pe P, p

Figure 4.38: Schematic T'— p phase diagram describing the unusual SC state observed
in the HF compounds CeCuySiy; and CeCuyGes.

Figure 4.38 schematically depicts the T — p phase diagram expected for the
pure compounds CeCusySi, and CeCusGes. At low pressures, in the vicinity of the
AFM fluctuations, SC is formed in a region centered around p. (SC1). In this region,
AFM spin fluctuations are supposed to mediate the formation of Cooper pairs. At
higher pressures, centered around p, and close to the IV regime, a second SC region
(SC2) is expected to exist. In this region, valence fluctuations are supposed to be
responsible for the formation of SC. The hatched area in the figure describes the
region where the two distinct SC domes (SC1 and SC2) overlap. The minimum of
T.(p) is suggested by the dashed line inside the hatched area. In the case of our
measurements on CeCusSiy this line was estimated to be at p = 1.5 GPa. Due to
the different mechanisms supposed to mediate the formation of Cooper pairs, one

may expect different SC properties (in particular, SC order parameters) to exist in
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the regions SC1 and SC2. When different SC properties exist in the two SC regions,
then this should be clearly observable in the pressure regions outside the hatched area.
The situation in the intermediate region (hatched area) is probably more complicated.
Different scenarios could be considered for this intermediate area: i) a clear separation
of the two SC regions with a phase transition (probably first order) from the SC1 to
the SC2 region; ii) a crossover region where both pairing mechanisms are mixed
together; iii) a uniform region with the same SC properties everywhere, independent
of the different pairing mechanisms. In this latter case no differences are expected to
be observed between the SC properties in the SC1 and SC2 regions located outside
the hatched area.

As described above, our results clearly reveal different thermodynamic prop-
erties in the two SC regions SC1 and SC2. The transition from one SC region to
the other one seems to happen smoothly, suggesting the possibility of a more compli-
cated SC state due to the overlapping of the two SC domes. Since the thermodynamic
properties in the intermediate-pressure region (hatched area in figure 4.38) do corre-
spond neither to those observed in the region SC1 nor to those in the region SC2,
but rather indicate a crossover-like behavior between the two regions (see figures 4.36
and 4.37), the action of both types (AFM spin and valence) of fluctuations in form-
ing the Cooper pairs in the intermediate region may be assumed. Considering the
theoretical proposal by K. Miyake [Miyake priv. comm.| of two different SC order
parameters in the two distinct SC regions SC1 and SC2, i.e. of dy2_,2 type symmetry
in SC1 and of d,, type symmetry in SC2, the changes observed in the thermody-
namic properties displayed in figures 4.36 and 4.37 may be well explained. In their
theoretical calculations for the shape of Cy(T) at temperatures T' < T, Hasselbach
and coworkers [Hasselbach 1993] assumed a single spherical FS. This prevents them
from distinguishing between C¢(7") corresponding to the d,2_,2 or d, type symme-
try. However, the real FS of CeCuySiy is not spherical and is multisheeted (see figure
4.6¢). Therefore, an exact correspondence to the theoretical data shown in figure
4.36 is not expected. Due to the strong Pauli limiting of the upper critical field,
the possibility of a spin-triplet SC state in CeCusSis can be excluded for the entire
pressure range of our measurement (p < 2.1 GPa). It is worth noting that indeed by
looking to figure 4.36a, if we eliminate the possibility of a spin-triplet SC state, in the
high-pressure SC region (1.71 GPa < p < 2.03 GPa) the experimental data fit best
to the theoretical curve calculated for the SC state with d,, type symmetry.

As suggested by figures 4.36b and 4.37b, for the pressure region where at B =
0 T Ty exceeds T,, p < pi =~ 0.07 GPa, a SC state different from that seen in the
pressure region 0.09 GPa < p < 0.4 GPa (where p > pf) might be expected. The
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yet unclear type of interplay between AFM and SC makes it difficult to interpret our
data. Due to the reduced temperature range of our measurements and the proximity
in temperature of the AFM and SC phase transitions for p < p’, our heat-capacity
data cannot provide sufficient information concerning the SC state. However, the
normalized upper critical field data presented in figure 4.37b are more reliable in
this pressure range and indeed show a behavior hinting at different SC states in the
pressure ranges below and above p:. Moreover, as depicted by the error bars in figure
4.19, the width of the SC phase transition, detected by our y,..(7') measurements, also
shows different values for the pressure ranges below and above p’. A broad SC phase
transition with its width gradually decreasing upon increasing pressure characterizes
the system in the pressure region p < p’, while a narrow, nearly pressure-independent
width of the SC phase transition is observed at p > p’. These results suggest the
possibility that at p} a borderline between two different SC states (SC at p < p?
and SC at pf < 0.09 GPa < p < 0.4 GPa), characterized by different SC properties
and possibly by different SC order parameters, may exist in A/S-type CeCusSis.
However, in the low-pressure region, p < pf, where a transition to the AFM ordered
state is detected at temperatures above T, no scaling of B.o(T)/T, versus T/T, can
be observed (see figure 4.37b).

As briefly described in the beginning of section 4.3.1, Cu-NQR measurements
under pressure on pure and slightly Ge-doped CeCusSis; suggest different SC proper-
ties on the magnetic and the non-magnetic sides of p} [Ishida 1999, Kawasaki 2000,
Kawasaki 2001, Kawasaki 2002, Kawasaki 2004, Kitaoka 2005]. In order to support
the results obtained by the Cu-NQR measurements, the theoretical work of Fuseya et
al. [Fuseya 2003] (see section 4.3.1 and figure 4.9) suggests that different SC states
with different SC symmetries could be present in the region near the AFM QCP. A
gapless p-wave spin-singlet SC (pSS) was proposed for the close vicinity of the AFM
QCP (at p.), on both the magnetic and the PM side of the QCP. With further de-
parting from the AFM QCP an anisotropic d-wave spin-singlet SC state (dSS) was
proposed for both sides of the AFM QCP. Both types of SC states were supposed to
be mediated by AFM spin fluctuations. A broadening of the SC phase transition in
the vicinity of the AFM QCP due to fluctuations of the SC order parameter, fluc-
tuations induced by the AFM fluctuations existing in the system, was also proposed
[Fuseya 2003, Kitaoka 2005]. However, the other theoretical approaches presented in
section 4.3.1 predict the same symmetry of the SC order parameter over the whole
pressure range close to the AFM QCP, namely the d,, type [Steglich 2001] (figure
4.10) or the Ay o (cos(kya) — cos(kya)) type (dz2_,2) [Neef 2004] (figure 4.11) spin-

singlet order parameters.
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Based on our experimental results, it is not possible to clearly define the type
of the SC order parameters for the broad SC region observed in A/S-type CeCusSis.
However, we can suggest that a succession of different SC states occurs with increasing
pressure. On the low-pressure side, at p < p?, the SC state seems to be different from
the SC state at p} < 0.09 GPa < p < 0.4 GPa. The presence of the AFM ordered
state above T, as well as the interplay between AFM and SC, could be responsible for
the observed difference. However, AFM fluctuations are most likely to mediate the SC
pair formation in both of the mentioned SC states. With further increasing pressure,
two distinct SC regions, one on the low-pressure side, 0.09 GPa < p < 0.4 GPa, and
another on the high-pressure side, 1.71 GPa < p < 2.03 GPa, have been observed.
The evolution of the thermodynamic properties suggests that different SC properties
exist in the mentioned pressure regions. Moreover, the existence of different types of
SC order parameters in the two SC regions is proposed. The main difference between
these two SC states could be the different mechanisms implied in the formation of
Cooper pairs. AFM spin fluctuations in the low-pressure and valence fluctuations in
the high-pressure range could be considered responsible for the formation of the SC
states. In the intermediate-pressure region, 0.73 GPa < p < 1.39 GPa, a crossover
region from the low-pressure to the high-pressure SC region is expected, where the
two distinct SC regions are apparently overlapping. In this pressure region, AFM
spin and valence fluctuations might interfere in forming the SC state.

The temperature of the adiabatically isolated pressure cell loaded with the A/S-
type CeCusSiy crystal was monitored while the magnetic field was slowly changed,
resulting in different T'(B) curves. The crossing of different phase lines is marked by
a change of the otherwise nearly constant slope obtained in T'(B). Therefore, at the
phase transitions, a step-like change is seen in dT(B)/dB. The transition tempera-
tures are deduced from the maximum in the second derivative of T'(B), d*T(B)/dB?.
The same experiment (meaning the same adiabatic conditions and the same sweeping
rate for the magnetic field) carried out with the empty pressure cell in the investi-
gated temperature and magnetic-field range of 7' € [0.26,0.65] K and B € [0.2,8] T
gives an almost linear T'(B) with dT'(B)/dB ~ 0.028 K/T when the magnetic field
is decreased. Hence, in the case of the pressure cell loaded with the sample, the
contribution to 7'(B) coming from the pressure cell gives only a constant offset in the
measured d7'(B)/dB, which is eliminated in the second derivative. Figure 4.39 shows
the data (as B versus T') obtained while crossing the phase line separating the SC
state from the normal state in the case of p ~ 0.40 GPa (B || ¢). The open symbols
in the figure are corresponding to the transition points (7, B.e) obtained from the
maximum in d*7'(B)/dB? The dashed line corresponds to the fit obtained for the
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Figure 4.39: Adiabatic B(T) curves of CeCuySiy at p =~ 0.40 GPa, for B || ¢. The
data are collected on the complete ensemble formed by the pressure cell loaded with
the sample. The open symbols represent the transition points obtained for each curve
from the maximum in d*7'(B)/dB?. The fitting curve for the temperature dependence
of the upper critical field (obtained by using equation 4.2), delimiting the normal state
from the SC state, is represented by the dashed line. The gray curve, marked by an
arrow, is shown in detail in the inset. The solid lines in the inset are guides to the
eyes.

temperature dependence of the upper critical field by using equation 4.2. The gray
curve, marked by an arrow, is shown in detail in the inset. Upon decreasing magnetic
field, the temperature of the complete ensemble of pressure cell and sample is decreas-
ing linearly (see the upper solid line in the inset), mainly due to the contribution of
the pressure cell. When the phase line between the normal and the SC state - marked
by the dotted line in the inset - is reached, the temperature of the system starts to
rapidly increase until the phase transition is completed. Afterwards the temperature
decreases again linearly in the region deep in the SC phase (see the lower solid line
in the inset). The phase transition from the normal to the SC state is accompanied

by a strong increase in temperature. The real value of the temperature increase due
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to the phase transition taking place in the sample is higher than the value seen in
the figure due to the fact that the pressure cell is absorbing part of the heat implied
in the phase transition. The first and second derivatives of T'(B) obtained for four
of the curves presented in figure 4.39 are shown in figure 4.40 (see the inset for the
corresponding four B(7T') curves). Each of these curves, as well as the corresponding
derivatives, are marked with labels a to d. As depicted in figure 4.40, the inflection
point of the step-like transition visible in the first derivative (left axis) gives a max-
imum in the second derivative (right axis). The maxima obtained for the presented
data are marked in the figure by arrows and correspond to the phase transitions at

B(T') shown by open circles in the inset of the figure.
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Figure 4.40: dT(B)/dB versus B (left axis) and d*T(B)/dB? versus B (right axis)
from T'(B) (B || ¢) obtained at p ~ 0.40 GPa on CeCuySiy. For T'(B) four data
sets from figure 4.39 are used. They are shown in detail, as B(T), in the inset of
the figure. The arrows, indicating the maxima in the second derivatives, mark the
estimated transition points (the corresponding values of T and B,y are shown by open
circles in the inset). The dotted line in the inset represents the border between the
normal and the SC state.

The real temperature variation of the sample, Tmpie(B), in the pressure cell is
not accurately determined due to the fact that the sample is in very good thermal

contact to the pressure cell and, therefore, only the final temperature of the com-
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Figure 4.41: d7T'(B)/dB versus B (B | ¢) at different pressures for A/S-type
CeCusySip. The data are obtained on the complete ensemble formed by the pressure
cell loaded with the sample. For comparison, for each pressure the data correspond
to a SC transition temperature of ~ (0.6 < 0.7) T.(p)| p=or-

plete ensemble can be measured (sample and pressure cell are both independently
changing their temperature when the magnetic field is varied). Consequently, our
experimental data include not only the data obtained from the bare sample, but they
also contain the contribution of the pressure cell, which in the case of dT(B)/dB is
a constant positive value. Although the sample is measured together with the pres-
sure cell, by looking to the value of the jump height of d7/dB through the step-like
phase transition to (or from) the SC state, A(g—g) ‘BCQ’
contribution to d7'(B)/dB due to the pressure cell. A(%)] By

difference between d7'/dB at By before and after the phase transition. Therefore, we

we can eliminate the constant

is estimated as the

can use the value of A(%) as a measure characterizing only the phase transition

|Bc2
taking place in the sample and being independent of the pressure cell in which the

sample is contained. As seen in figure 4.40, for a certain pressure (here p ~ 0.4 GPa),

@) 5., &t the Beo(T) phase

line separating the normal and the SC states is gradually decreasing in the region of

with lowering the upper critical field, B.o, the value of A(
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our measurements. For different pressures, a comparison of the size of the step in

T(B)/dB at the Be(T) phase line, A(4%)| 5., 4180 accounting for the amount of en-
tropy implied in the phase transition, is shown in figure 4.41. All the data presented in
this figure correspond to SC transition temperatures of ~ (0.6 +0.7) T.(p)| p=or. It is
worth noting that, depending on the pressure and temperature (and correspondingly
magnetic-field) range, the phase transition into the SC state can start from either
an AFM or a PM state. The phase transition anomalies represented in figure 4.41
(recorded upon lowering B) correspond to transitions from the AFM to the SC state
for p < 0.06 GPa and to transitions from the PM to the SC state for p > 0.14 GPa.
A considerable difference in A( )‘ B, is visible between data at ambient pressure,
where A(@)‘BCQ ~ 0.2 K/T, and data at higher pressures, p > 0.06 GPa, where
A(%)‘Bﬁ ~ 0.06 K/T. Unfortunately adiabatic T'(B) data at pressures between
p =0 GPa and p ~ 0.06 GPa are not available. However, as also seen in figure 4.41,
independent of whether the phase transition takes place from the AFM to the SC
state, as in the case of the data at p ~ 0.06 GPa, or from the PM to the SC state, as
in the case of the data at p > 0.14 GPa, all data at p > 0.06 GPa show a similar be-
havior. They imply a much smaller A( ) ‘ Buy when entering the SC phase compared
to that in the case of p = 0 GPa (about 3 times smaller). Since the heat capacity of
the pressure cell is not changing drastically in the investigated pressure and temper-
ature range, the data suggest the possibility of the existence of an extra entropy at
the AFM to SC phase transition in magnetic field at ambient pressure, hinting at the
possibility of a first-order character of the phase transition. Consistent with the data
presented in figure 4.41 for p = 0 GPa, over the entire magnetic-field range where
we have performed adiabatic T'(B) scans at p = 0 GPa, B 2 0.3 T the obtained

are much higher compared to the values of A obtained

)., %) 5.,
under similar conditions at p > 0.6 GPa. Moreover, in the case of p ~ 0.09 GPa

values for A(

and p ~ 0.14 GPa, with decreasing temperature, the step-like phase transition seen
in dT'(B)/dB crosses a tri-critical point (in the B — T plane) separating the region
where the observed phase transitions correspond to transitions from the PM to the
SC state (higher T') from the region where transitions from the AFM to the SC state
are detected (lower T'). It is worth mentioning that no obvious difference in the val-
ues of A( )| By has been observed while crossing the tri-critical point, suggesting
that no &gmﬁcant change in A( )| By exists in the case of CeCuySiy while crossing
from the AFM - SC phase line to the PM - SC phase line. Taking into account the
above-presented results for B || ¢ on A/S-type CeCusSiy it is most likely that the
obtained in the case of entering the SC

5.,
state at ambient pressure compared to higher values of pressure (p > 0.06 GPa) (see

considerable difference between A(
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figure 4.41) is due to a first-order character of the phase transition from the AFM to
the SC state in magnetic field at ambient pressure. No hint for a first-order phase
transition, neither in the case of the AFM to SC nor in the case of the PM to SC
phase transitions, has been observed by the T'(B) scans, except for the case of the
measurements at ambient pressure.

In A-type CeCusySi, a first-order phase transition, marking the transition from
the IC to a commensurate AFM state (“lock-in” transition) was detected by sev-
eral different types of measurements performed at ambient pressure ([Stockert 2004]
and references therein; see also the second phase transition anomaly, below Ty, in
C(T)/T of the A-type single crystal shown in figure 4.4). Ambient-pressure neutron-
scattering measurements on A/S-type single-crystalline CeCusSi, (prepared from the
same batch as the samples used in our experiments) do not show any evidence for this
so-called “lock-in” transition at B = 0 T [Thalmeier 2005b, Stockert 2006]. More-
over, a disappearance of the magnetic-scattering intensity (see figure 4.11), as well
as of the magnetic volume fraction, once SC develops in the system was reported for
B = 0 T [Thalmeier 2005b, Stockert 2006]. Our measurements of adiabatic T'(B)
curves at ambient pressure on A/S-type CeCusSiy detect for B || ¢ an additional
phase transition (within the AFM phase), marked by Ty (see figure 4.15). Unfor-
tunately, neither its origin nor the complete shape of the T (B) phase line can be
determined by our measurements. Moreover, an anomaly in Cy(7")/T in the AFM
phase at p = 0 GPa and B =2 T (B || ¢) is observed at a transition temperature
which lies on the T (B) line determined by the magnetocaloric, T'(B), measure-
ments (see figures 4.14 and 4.15). A similar phase line, due to a first-order phase
transition, has been observed for B || ¢ by magnetization measurements performed
on single-crystalline A/S-type CeCuySis (see figure 4.7b) [Tayama 2003]. Therefore,
it is possible that the phase transition at T observed at ambient pressure in A/S-
type CeCuySiy (B || ¢) represents a “lock-in” transition marking the entrance into a
commensurate AFM phase. However, clear evidence for the origin of the observed
phase transition at Ty, is still missing. At pressures p > 0.04 GPa we do not detect
(neither below nor above T,) any sign for a possible transition inside the AFM phase
which might correspond to Tyy. If we assume that the phase transition at Txy cor-
responds to the transition from an IC to a commensurate AFM ordered state, it is
likely that the appearance (or absence) of the “lock-in” transition in already AFM
ordered CeCuySiy is strongly related to the formation of SC. It is probable that, in
the case of any CeCusySi, sample which orders AFM, the presence of this phase tran-
sition from the IC to the commensurate AFM order is restricted by the formation

of the SC state. Independent of pressure or magnetic field, the transition from the
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IC to the commensurate AFM state to exist seems to require a T, which is lower
than the temperature where the “lock-in” transition takes place. Indeed, we do not
detect any phase transition below 7., indicating that it is unlikely for the “lock-in”
transition to appear in the SC phase. This behavior is similar to our finding that,
when cooling below the temperature where SC is stabilized in A/S-type CeCusSis,
independent of the applied pressure or magnetic field, we never observe a transition
into the AFM ordered state. Independent of p or B, the relative distance between Ty
and T, (T > T,) seems to play an important role in the appearance of the “lock-in”
transition. Guided by the distance between Ty and T, it could be speculated that
a transition from an IC to a commensurate AFM phase before the system enters the
SC state is very unlikely to take place in the pressure range p > 0.04 GPa (at least
in the temperature range of our measurements, 7' > 0.26 K), but it is very probable
to occur in the case of A/S-type CeCuySiy at ambient pressure. Therefore, from our
measurements the presence of a transition from the IC to a commensurate AFM state
should be considered at p = 0 GPa. Since the “lock-in” transition to the commen-
surate AFM ordered state seen in A-type CeCusSiy (as well as in other HF AFM
compounds changing their order from IC to commensurate) is a first-order phase
transition ([Stockert 2004] and references therein), one can expect that the “lock-in”
transition, once existing in case of A/S-type CeCusSis, should be also of first order.

Our measurements of the heat capacity employing the compensated quasiadia-
batic heat-pulse technique, a technique which implies that measurements can be done
only on increasing temperature, do not allow us to verify the existence of a hysteretic
effect as indication for the first-order character of a phase transition. Therefore, mea-
surements of the specific heat for different magnetic fields, B || ¢, on several single
crystals of A/S-type CeCuySiy grown in the same batch as the sample measured in
the pressure cell were performed at ambient pressure with a relaxation-time technique
in a Quantum Design PPMS. This technique allows measurements to be performed
in both directions upon cooling and upon warming the system, offering the chance
to detect hysteretic behavior. As an example, the electronic specific heat obtained at
ambient pressure on one of the A/S-type CeCuySiy single crystals is shown in figure
442 for B=0T and B=0.2T (B || ¢). As indicated by the arrows, the full sym-
bols represent the data taken on increasing, while the open symbols show the data
obtained on decreasing temperature. Upon lowering the temperature, from slightly
below Ty a clear hysteretic behavior can be observed in both panels. The hysteretic
behavior seems to be present down to the lowest temperature of our measurements
of T'~ 0.36 K. At this lowest temperature the SC phase transition is not yet com-
pleted for both values of B shown in figure 4.42. Independent of the value of B,
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Figure 4.42: Ambient-pressure C(T))/T of A/S-type single-crystalline CeCusSi, for
B =0 T, panel (a), and B = 0.2 T (B || ¢), panel (b). Measurements have been
performed in a Quantum Design PPMS, upon warming (full circles) and upon cooling
(open circles) the system. For both values of B, hysteretic behavior can be observed
for T' < Th.

the hysteretic behavior observed in the broad temperature range from slightly below
Tn down to the lowest temperature of our measurements suggests that the phase
transition from the AFM to the SC state is of first order. However, the possibility
of a first-order type “lock-in” transition taking place somewhere between Ty and T,
should not be neglected. The magnetocaloric measurements, where in magnetic field
we detect the additional transition at Ty between Ty and T, in good agreement
with the measurements presented in figure 4.42, also hint at the first-order type of
the phase transition from the AFM to the SC state. Suggested by the high value of
A(g—g) } B, At the SC phase transition at ambient pressure, that is about three times
larger than the value observed at higher pressures, and by the fact that the hysteretic

behavior found in the ambient-pressure C¢;(7')/T measurements is present down to
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temperatures below T, it seems likely that the phase transition from the AFM to
the SC state in A/S-type CeCuySis at ambient pressure, independent of whether the
“lock-in” transition is present or not, is of first order. Moreover, this finding seems
to hold for B =0 T, as well as for non-zero values of the magnetic field (B || ¢). In
correlation with the steep increase of T, with p at very low pressures, with a max-
imum value at ambient pressure of d7./dp |p—ocpa~ 2.5 K/GPa (at B = 0 T), we
have seen that the AFM to SC phase transition in A/S-type CeCusSiy seems to be
of first order only at ambient pressure (at B =0T as wellasat B# 0T, B ¢). In
addition, we find the AFM to SC phase transition to become either of second order or
weakly first-order like already at small finite pressure, where dT./dp is substantially
reduced compared to the ambient-pressure value. The very broad SC phase transition
anomaly detected by our x,. (7) measurements at ambient pressure and the gradual
narrowing of the SC phase transition anomaly upon slightly increasing pressure (see
figures 4.17 and 4.19) could also support the above-discussed findings. However, the
strong AFM fluctuations present at very low pressures in the close vicinity of the SC
phase could also induce the observed broadening of the SC phase transition anomaly.

It should be noted that from our measurements on CeCuySi; we could not
elucidate whether the AFM ordered state exists or not in the system once SC has
formed, neither for the case when T > T, nor for the case when Ty is supposed to
be smaller than T,. Therefore, while presenting our data, over the entire chapter, we
do not exclude the possibility that AFM order could exist below T..

The low-temperature entropy of CeCusySis is continuously decreasing upon in-
creasing pressure, as expected for Ce-based HF systems. The evolution of the B =0T
entropy versus temperature for different pressures, measured in A/S-type CeCusSiy
is shown in figure 4.43. The Kondo temperature, T, of the system can be roughly es-
timated from specific-heat measurements based on the single-impurity Kondo model
for spin S = 1/2 systems [Desgranges 1982] as about twice the temperature where
the entropy reaches the value of S(T%/2) = 0.5RIn2. The open symbols in the inset
of figure 4.43 show the estimated T over the measured pressure range. With increas-
ing pressure, the strength of the hybridization between the Ce 4f electrons and the
conduction electrons increases and causes an increase of Tx. Due to the fact that our
measurements were performed only up to T'= 7 K, the estimation of Tk had to be
done by extrapolating the obtained S¢;(T") curves to higher temperatures. Thus, the
accuracy in determining Tk is not very high especially in the high-pressure region.
In the same theoretical work of Desgranges and Schotte [Desgranges 1982] mentioned
above, it was proposed that T can be also estimated from the low-temperature spe-
cific heat, i.e. Tx ~ Rm/(37), where v represents C,; /T as T' — 0 K. The full symbols
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Figure 4.43: Evolution of the low-temperature entropy of CeCuySi, under pressure
for B =0 T. The value of S = 0.5R1n2 is marked by the dashed line and represents
the entropy which according to the single-impurity Kondo model for spin S = 1/2
systems should be obtained at about Tk /2 [Desgranges 1982]. The same model pre-
dicts that Tx ~ Rw/(37), where ~y represents the value of C,;/T taken at T — 0 K
[Desgranges 1982]. The inset contains the variation with pressure of the estimated
Kondo temperatures, Tx. Open symbols show the values of Tk obtained by using
the high-temperature entropy of the system - S(7x/2) = 0.5RIn2 -, while the full
circles correspond to the values of Tk calculated by using Tx ~ Rw/(37). For ~ the
experimentally obtained values of Cy;/T taken at T = 0.9 K, Cy;/T| r=0.9x, have been
considered.

in the inset of figure 4.43 show the values of T obtained by using the above-mentioned
relation. Due to the presence of the AFM and/or SC states at low temperatures at
B = 0 T, we have used for 7 the values of Cy;/T taken at T' = 0.9 K, a tempera-
ture exceeding any transition temperature over the entire measured pressure range
(Tn,T. < 0.9 K for p < 2.1 GPa). As seen in the inset of figure 4.43, the values of
Tk obtained in both ways are in quite good agreement at low values of p. As ex-
pected, at higher pressure values the discrepancy between the two curves is increasing

and probably the values of Tk obtained by using the relation depending on the low-
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temperature values of C¢;/T are more reliable. The overall pressure dependence of
Tk, independent of the way Tk was estimated, shows a pressure-induced increase of
Tk, a behavior expected for Ce-based HF systems.

As mentioned already, the effect of pressure on Ce-based HF compounds is
to increase the hybridization strength between the 4f electrons and the conduction
electrons. Sufficiently high pressure causes a partial delocalization of the 4 f electrons,
replacing the HF state by an IV state. The transition from the HF to the IV state
might be of first order accompanied by a symmetry-conserving collapse of the unit-
cell volume [Rohler 1988]. As described in the introductory part of section 4.3.2; the
evolution of m*, the effective mass of the QPs, is a good measure of such a transition
(see equation 4.4). m* can be obtained from the Sommerfeld coefficient, «, of the
electronic specific heat (m* o< v; Cy(T) = 4T in metals - see equation 1.5). Due to
the fact that at B = 0 T, the SC state is present in CeCusSi, at low temperatures over
the entire pressure range of our measurements, we need to estimate the Sommerfeld
coefficient, v, from specific-heat measurements at temperatures 7' > T,. In addition,
the AFM ordered state at low pressures has to be considered. Therefore, in order to
be above any transition temperature (either Ty or T.) over the whole studied pressure
range (in the PM state), we have chosen the value of C; /T at T' = 0.9 K, Co;/T| r=0.9x,
to estimate v (Ce/T|r=09x~ v < m*). In figure 4.44b, the variation with pressure
of the electronic specific-heat coefficient taken at T = 0.9 K, C.;/T| 7=0.9k, is shown.
Our experiments reveal that for the low-pressure range, p < 1.5 GPa, Cg/T| 709k
decreases with dIn(Cy/T | 7-09x)/dp ~ —0.373 /GPa while for the high-pressure
region 1.5 GPa < p < 2.1 GPa dIn(Cy/T|r=09x)/dp =~ —0.303 /GPa. The reduction
of dIn(Cy/T| r7=0.0x)/dp at p =~ 1.5 GPa, right in the region where the SC transition
temperature starts to increase, might indicate a smooth transition from the HF state
to a metallic state with an increased electronic density of states. As seen in figures
4.36, 4.37 and 4.44b, the occurrence of a broad region of SC with different electronic
properties in different pressure regions supports the existence of two distinct pairing
mechanisms in the two SC regions merging to one in CeCuySis. As concluded from
figures 4.36a and 4.37a, the existence of different order parameters for the different
SC regions could be expected too.

As briefly described earlier, for A/S-type CeCuySis at B = 0 T the low-
temperature dependence of the electronic specific heat in the SC state (T < Tp)
has also been studied. For pressures p < 0.06 GPa where the AFM state is still
detected in our measurements at B = 0 T the estimation of the Cy(7") dependence
below T, cannot be done accurately due to the yet unclear type of the interplay be-

tween the AFM and the SC states (coexistence or competition). For this pressure
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Figure 4.44: Pressure dependence of different physical properties of A/S-type
CeCuySiy obtained at B = 0 T (p < 2.1 GPa). The estimated border line between
the two SC regions, at p = 1.5 GPa, is marked over all panels by the vertical dashed
line. (a) Ty and T, versus pressure obtained from specific-heat measurements. The
dotted line describes the extrapolation of T (p) to Ty = 0 K. The obtained critical
pressure, p. ~ 0.39 GPa, is indicated by an arrow. (b) Cy/T taken at T'= 0.9 K, as
Co/T|1=09x versus pressure. (c) Cy/T estimated at T = 0 K, in the SC state, as
Cer/T| 7=k versus pressure. (d) AC/(v,T.)|r=1. versus pressure.
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range the narrow temperature interval below 7. obtained by our experiment also
limits the possibilities to study Cy(T) at T < T.. For 0.09 GPa < p < 2.03 GPa
Cu(T)/T in the SC state shows a linear temperature dependence, ACy(T)/T < T,
down to the lowest temperatures of our measurements. It is worth noting that in
this pressure range, Cy(7) data down to T" ~ 0.57, are available. We have esti-
mated the expected Cy /T for T = 0 K, Cy/T| 70k, by extrapolating the obtained
linear temperature dependencies of Cy(T)/T (for T < T¢) to T = 0 K. The ef-
fect of pressure on C, /T |r—ok is shown in panel (c¢) of figure 4.44. The values of
Ce/T | 17=0k, ranging from about Cg /T |r—ox~ 0.05 J/(molK?) in the low-pressure
region (0.09 GPa < p < 0.40 GPa) to about Cy/T | r—ox~ 0.2 J/(molK?) in the
high-pressure side (1.71 GPa < p < 2.03 GPa), show a smooth crossing from the
region at low p with nearly pressure-independent values of Cy;/T|r—ok to the region
at high p, where C¢;/T|r—ok is also almost pressure independent. A SC with a com-
pletely gapped FS should exhibit Cy/T | r7—ox= 0 J/(molK?). Over the mentioned
pressure range, the relatively low, but non-zero values of C¢;/T| 7ok in the SC state
of CeCuySis suggest the possibility that at 7' = 0 K on a small fraction of the FS a
SC gap does not exist. The variation with pressure of the ratio between Ce;/T|r—ok
and Cy/T| r=09x could hint at the pressure dependence of the fraction of the F'S that
does not form a SC gap. However, due to the fact that in our measurements we do
not know the real Cg(7") dependence at very low temperatures (we measured only
down to T' =~ 0.57.), a precise estimation of the fraction of ungapped FS cannot be
done.

The AC/ (v Te)| 7=, ratio at B = 0 T exhibits in the case of A/S-type CeCusSiy
values ranging from AC/(v,1T.)| r=r.~ 1.1 at p = 0.09 GPa to AC/(7,,T¢.)| r=1.~ 0.7
at p ~ 2.03 GPa, the highest pressure achieved in our measurements. The values of
AC/ (v, Te)| r=1, obtained in this pressure range (0.09 GPa < p < 2.03 GPa), similar
to those observed at lower pressures, p < 0.06 GPa (see table 4.1), are all smaller
than the value known from the BCS theory of AC/(v,,T.)|r=r,~ 1.43. As already
suggested by the normalized electronic specific heat presented in the panels (a) and
(c) of figure 4.36, AC/(v,T.)| r=r, shows a nearly pressure-independent value of about
AC/ (v Te)| r=r,~ 1.1 in the low-pressure range 0.09 GPa < p < 0.40 GPa. Similar
to this behavior, in the high-pressure region, 1.71 GPa < p < 2.03 GPa, a nearly
pressure-independent value of AC/(v,T¢.)| r—r.~ 0.7 is found. For the intermediate-
pressure range, 0.73 GPa < p < 1.39 GPa, values showing a smooth transition from
the low- to the high-pressure region are observed.

The behavior of the thermodynamic properties of A/S-type CeCuySis presented
in figure 4.44 shows that while crossing from the SC region at low pressures (SC1)

177



Ch. 4. The heavy-fermion antiferromagnet and superconductor CeCuySia

to that at high pressures (SC2) an observable, but not abrupt change was detected
in any of the presented physical properties. Moreover, a smooth crossover from the
region where SC exists in the vicinity of strong AFM spin fluctuations (SC1) to the

high-pressure SC region (SC2) dominated by valence fluctuations is observed.

4.4 Discussion

We have studied the pressure (p < 2.1 GPa) and magnetic-field (B < 8 T)
dependence of the low-temperature (0.26 K < 7' < 7 K) electronic specific heat of the
ambient-pressure HF AFM and SC, CeCuySi,. Low-temperature a.c.-susceptibility
and magnetocaloric measurements have been performed as well. The experiments
were carried out on an A/S-type CeCusSiy single crystal, with the magnetic field
oriented B || ¢. As a result of a strong interaction between the Kondo and the RKKY
type interactions, HF behavior, shown by a large electronic specific-heat coefficient
Cu/T =~ 0.73 J/(molK?) at T = 0.9 K, as well as AFM order, is present at low temper-
atures and ambient pressure. Moreover, at temperatures lower than the temperature
where the system orders AFM, T =~ 0.69 K, a SC state is formed below T, ~ 0.46 K.
We have seen that, as expected for Ce-based HF compounds, the application of pres-
sure leads to the suppression of Ty. In the case of CeCuySis, this is accompanied by a
rapid increase of T,.. A very small pressure of p: ~ 0.07 GPa leads to Ty (p) = T.(p)-
At pressures p > pi and B = 0 T only the phase transition to the SC state can be
observed by our measurements and no phase transition anomaly which could mark
the entrance into the AFM ordered state can be detected neither below nor above
T,. Both ordered states, AFM and SC, are suppressed by the application of magnetic
field. While SC is rapidly destroyed by an external magnetic field, the AFM ordered
state is much more robust against it. As a result, at p > p?, for certain values of p and
B, Ty becomes larger than T, and, therefore, both phase transitions to the AFM and
to the SC state can be observed in CeCuySiy. A phase transition anomaly marking
the entrance into the AFM ordered state has been observed by our measurements at
p > p; only when a magnetic field sufficiently high to suppress SC was applied. The
rapid increase of T, at low pressures holds only for p < p*. At pressures above p?,
where no phase transition to the AFM state is observed at B = 0 T, T, is only slightly
increasing further with increasing pressure. A maximum value of T, is detected at
p ~ 0.4 GPa. Upon increasing the pressure further one observes a slight decrease
of T,, until a minimum of T,(p) is obtained at p ~ 1.5 GPa. Above p =~ 1.5 GPa,
T, starts to increase again with increasing pressure. The borderline between the SC

state in the pressure region around the AFM instability, SC1, and the SC state in
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the high-pressure region, SC2, in the vicinity of a valence instability of Ce has been
assumed to be at about the pressure p = 1.5 GPa where T,(p) has its minimum value.

In the relatively broad SC region studied by our measurements, different SC
properties have been identified. The two main SC regions reported in literature
[Yuan 2003], supposed to be distinct due to the different mechanisms implied in the
formation of the Cooper pairs, have been observed in our measurements by a difference
in the measured thermodynamic properties. In the SCI1 state, SC is likely to be
mediated by AFM spin fluctuations. In the high-pressure SC state, marked by SC2,
valence fluctuations are expected to mediate the formation of Cooper pairs. Distinct
scaling laws of C(T')/(vnT") versus T'/T, and of B (T")/T. versus T'/T, in these two
different SC regions have been observed. Therefore, the existence of different SC
order parameters in the two SC regions is suggested by our measurements. This
agrees with the different mechanisms supposed to be implied in the formation of the
two distinct SC states in CeCusSiy (e.g. [Monthoux 2001, Monthoux 2004]). Based
on the experimental results and corroborated by theoretical considerations, a possible
change of the SC order parameter in CeCuySiy, from the d,2_,2 type in the vicinity
of the AFM ordered state (SC1) to d,, type in the vicinity of a state characterized
by valence instability (SC2), has been discussed. Aside from the physical properties
characterizing the SC states of CeCusSis in the two distinct SC regions, the SC state
in the crossover region between the AFM and the valence instability has been also
studied. We have seen no abrupt change in any of the measured physical properties on
going from the region SC1 to region SC2. However, the transition from one SC region
to the other is clearly distinguishable in almost all measured physical properties.
The electronic specific-heat coefficient, Ce;/T |7—o9x, considered an estimate of the
effective mass of the QPs, is continuously decreasing over the entire pressure range
of our measurements. However, a change in the rate how Cy;/T|7-09k is decreasing
with increasing pressure is observed at the pressure where the borderline between
the SC1 and the SC2 regions has been considered. The upper critical field, B.(0),
shows as well a remarkable, but continuous decrease when crossing from region SC1
to region SC2. Therefore, a smooth crossover region, characterized by a SC state
where probably both AFM spin and valence fluctuations are acting, is likely. An
overlap of the two distinct SC domes seems to be favored instead of a sharp transition
when pressure is driving CeCuySis from the AFM HF state at low pressures to the
IV state at high pressures. The proximity of the system to the rather low-lying
critical end point (at p,) of the first-order valence transition is another important
issue. Cy(T) at p > 1.5 GPa shows LFL behavior up to the highest pressure of our

experiment. This finding suggests that at the highest pressure of our measurement
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of p =~ 2.03 GPa, CeCuySi, is still located relatively far below p,, in good agreement
with the fact that larger values of T, and a maximum of T.(p) (supposed to be at
py) are expected at higher pressures. However, the above-described LFL behavior
also suggests that in the mentioned pressure range CeCusySis is located far away
from the AFM quantum critical fluctuations as well. Offering information about the
strength of the SC coupling, the AC/(y,T¢)|r=r. ratio was found to show values
below AC/(v,T¢.)| r=7.~ 1.43 known from the BCS theory of SC in the entire studied
pressure range. Moreover, the high-pressure SC region (SC2) is characterized by
substantially lower values of AC/(v,T.)|7r=7. compared to those seen in the low-
pressure SC region (SC1).

The results obtained by the measurements at very low pressures are very im-
portant concerning the interplay of AFM and SC in A/S-type CeCuySip. A detailed
study of the physical properties of A/S-type CeCusSis, for which the pressure was
increased in very small steps, has been performed at low pressures in order to learn
more about the intimate interplay of the two ordering phenomena, AFM and SC. At
ambient pressure, the phase transition from the AFM to the SC state at B = 0 T was
found by our measurements to be most likely of first order. This is also suggested by
the maximum value of the slope of T, (p) of d7.(p)/dp |p—ocpa~ 2.5 K/GPa, as well as
by the largest width (in temperature) of the SC phase transition anomaly observed in
a.c.-susceptibility measurements. By help of magnetocaloric measurements we have
seen that the probably first-order character of the AFM to SC phase transition seems
to hold also for the case of B # 0 T. However, already a slight increase in pressure
leads to a different situation. No hint for a first-order type phase transition from the
AFM to the SC state has been found anymore at finite pressures, p > 0.06 GPa. The
width of the phase transition anomaly detected by a.c.-susceptibility measurements,
as well as the value of d7.(p)/dp, is drastically decreasing with increasing pressure
already at very small values of p. These findings suggest that the first-order type of
the AFM to SC phase transition in CeCuySiy can be related to the way SC develops
in this system, namely to the high value of dT.(p)/dp. It was found that the broad
phase transition to the SC state observed in the x,. (7") measurements is related to
the presence of the AFM state in the system. At pressures p < pi, the width of
the SC phase transition detected in the x,.. (7") measurements (B = 0 T) decreases
strongly with increasing pressure, while at p > p? it is very small and remains almost
pressure independent. The SC state in the region p < p’ was found to be different
from that in the slightly higher pressure region, p > pZ, though the formation of SC
in both cases is supposed to be mediated by the AFM spin fluctuations. However,

whether different SC order parameters cause the observed difference or the fact that
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AFM order is present at temperatures higher than the temperature where the system
becomes SC is not yet clear. No observable change in the SC phase transition was
found by magnetocaloric measurements while crossing the region where SC is formed
from either the PM or the AFM state.

An unconventional nature of the SC state in CeCusSi, is suggested for the entire
pressure range of our measurements. The B = 0 T electronic specific-heat coefficient,
Cy(T)/T, in the SC state shows a linear temperature dependence at 0.57, < T < T,
for all values of p > pf, suggesting an unconventional SC state characterized by a
SC gap function with line nodes. Unfortunately, in the narrow pressure range of
p < p:, the temperature dependence of Cy(T)/T could not be determined in the
SC state. The upper critical field was found to be strongly Pauli limited over the
entire pressure range of our experiment, indicating the formation of spin-singlet SC
in CeCusSi, at least for pressures p < 2.1 GPa. Concerning the mechanisms implied
in the formation of the unconventional SC state, evidence for a relation between the
AFM fluctuations and SC in the SC region at low pressures (SC1) has been found.
Due to the limitation in pressure, the relatively large distance to p, does not allow
us to carefully study the relation between SC and the valence fluctuations supposed
to mediate SC in this pressure region. At B = 0 T, extrapolation of T (p) to
Ty = 0 K has lead to a critical pressure p. ~ 0.39 GPa, a value which coincides
with the pressure at which T,(p) exhibits its maximum value. This observation is in
good agreement with the prediction of the theory of AFM spin-fluctuation mediated
SC [Millis 1993, Nakamura 1996, Lonzarich 1997, Mathur 1998, Monthoux 1999] and
suggests the possible role of AFM in the formation of the SC state in this pressure
region. Moreover, our measurements in magnetic field B || ¢ have shown that this
theoretical prediction that was made for B = 0 T only is also observed at B # 0 T.
This fact suggests that the two phenomena, AFM and SC, are intimately correlated
in CeCuySip. Similar measurements for the case of B || (ab) could help to better
understand the relation between AFM and SC in CeCu,Siz. Altogether, these findings
are in strong favor for AFM spin fluctuations being essential for the formation of the
low-pressure SC state in CeCuySi,.

The complete and smooth suppression of the AFM state in HF systems leads
to the occurrence of an AFM QCP. Application of pressure, as well as of magnetic
field, both lead to the suppression of the AFM order in a Ce-based compound. We
have studied the simultaneous effect of pressure and magnetic field on the AFM state
in CeCuySiy. The existence of a line of AFM QCPs as function of p and B has been
predicted for the low-pressure region of CeCusSis. The existence of a QCP, as well as

its observation, is hindered in CeCu,Siy by the presence of SC at low temperatures. A
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p— B phase diagram at 7" = 0 K has been constructed, in which the expected ground-
state properties of CeCuySip are summarized (see figure 4.23). It was shown that the
line of AFM QCPs located outside of the SC state at T'= 0 K very likely exists in
CeCuySip. NFL behavior, characteristic to the vicinity of a QCP, has been observed
in the low-temperature specific-heat measurements in the pressure and magnetic-field
region where the AFM QCPs were predicted. Upon departing from this predicted line
of QCPs, a low-temperature state described by LFL behavior has been observed. The
coexistence or competition of AFM and SC states being not yet completely clarified, a
clear statement about the ground state of CeCusSi, as function of p and B is difficult
to make for the region where SC is present. While a phase transition to the SC state is
always detected at low temperatures in a certain pressure and magnetic-field range, a
phase transition anomaly marking the onset of AFM order is observable in A/S-type
CeCuySiy only if Ty > T., suggesting the robustness of the SC state. Contrary to
the SC state which is always identified the presence or absence of AFM order in the
SC state of CeCusSis, independently whether AFM is supposed to set in at Ty < T,
or is already formed at Ty > T,, is still an open question. Accordingly, whether the
AFM QCPs, predicted to be located in the SC phase at T'= 0 K, really exist or not
is not yet clear.

In this chapter we have shown that CeCuySiy under pressure indeed displays a
sequence of different physical properties at low temperatures. As function of pres-
sure, the 4 f state of the Ce ion defines the ground-state properties of CeCusSis. As
also suggested by the observed continuous increase of the Kondo temperature with
increasing pressure, the AFM HF state of CeCusySis at low pressures is replaced by an
IV state at higher pressures. However, SC seems to be present as a ground state of
CeCuySi, over a very broad pressure range enriching even further the fascinating T'—p
phase diagram of CeCusSis. As function of pressure, we have identified different SC
regions in CeCusySis. We have observed different SC properties characteristic to each
SC region and we have seen that the different SC states are strongly related to the
specific (AFM /valence) instabilities existing in the respective regions. Heat-capacity
measurements at even higher pressures would be very useful to have a better access to
the region where SC occurs in the vicinity of the valence instability of Ce. Extending
the measurements to lower temperatures, where the number of degrees of freedom
become more limited and quantum critical phenomena eventually occur, would help

as well.
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Chapter 5

Summary

The interplay of antiferromagnetism and superconductivity in three Ce-based
HF compounds, CeColns, CesRhIng and A/S-type CeCuySis, has been studied. Pres-
sure is an ideal tool to tune a system through different ground states without intro-
ducing additional disorder in the system as in the case of doping. Low-temperature
specific-heat, a.c.-susceptibility and magnetocaloric measurements under pressure
have been performed in order to investigate the evolution of the ground-state proper-
ties of the mentioned HF systems. The experiments were carried out in the tempera-
ture range 0.26 K < T < 7 K and in magnetic fields up to B = 8 T. Single-crystalline
samples have been used for all the experiments. To generate hydrostatic pressures up
to p = 2.1 GPa, two different piston-cylinder type pressure cells have been used, a
single-layer cell made entirely from CuBe and a double-layer pressure cell made from
Ni-Cr-Al and CuBe. The latter one was developed in this work and used for the first
time for heat-capacity measurements.

CeColn; and CesRhIng belong to the same family of HF compounds
Ce,T,nIng,iom, (T: Co, Rh, Ir). The members of this family exhibit a variety of uncon-
ventional physical properties, such as unconventional superconductivity or quantum
critical behavior, and have been in the focus of extensive research in the last years.
Since they present a layered structure, similar to the structure of high-7, cuprate
SCs, the role of the electronic dimensionality in the formation of a SC state was one
of the subjects motivating scientists to study this family of compounds.

CeColny is an ambient-pressure HF SC with T, ~ 2.26 K. At B = 0 T, appli-
cation of pressure leads to the increase of T.(p) up to p =~ 1.4 GPa where a max-
imum value of 7T, ~ 2.63 K is observed. Upon further increasing the pressure, 7,
decreases. The effective mass of the QPs, m*, estimated from the specific-heat coef-
ficient, C/T at T' = 3 K, decreases continuously upon increasing pressure. In good
agreement with the pressure-induced decrease of m*, the Kondo temperature, Tk,

continuously increases with increasing pressure. Such a behavior is well known and

183



Summary

is always expected in Ce-based HF systems because the pressure induces an increase
of the hybridization strength between the Ce 4f and the conduction electrons. In
accordance with the predictions of the theory of AFM spin-fluctuation mediated SC
[Millis 1988, Lonzarich 1997, Mathur 1998|, T, « Ts; o< 1/m* dependence has been
found over the entire pressure range of our measurements (p < 1.5 GPa). The ob-
served logarithmic increase of C'(T')/T in the normal state at p = 0 GPa was found
to become weaker with increasing pressure suggesting that pressure moves the sys-
tem away from a QCP. The AFM spin-fluctuation theory predicts that at B =0 T
a maximum value of T,(p) is obtained at the critical pressure where T (p) is sup-
pressed to Ty = 0 K [Millis 1993, Nakamura 1996, Lonzarich 1997, Mathur 1998,
Monthoux 1999]. We have shown that this prediction is observed in CeColns not
only for B =0 T but also for non-zero values of the magnetic field (B || ¢) suggesting
that SC in CeColns is mediated by AFM spin fluctuations. We have also provided
evidence for the unconventional nature of the SC state of CeColnjs for the entire range
of pressures studied.

At ambient pressure, CesRhIng orders AFM at Ty ~ 2.99 K. The occurrence
of a SC state at p =~ 1.6 GPa was concluded from electrical-resistivity measurements
under pressure [Nicklas 2003]. We observed that T shifts to lower temperatures
with increasing pressure. The pressure dependence of Ty was found to follow the
theoretical predictions for an itinerant 3D AFM, Ty(p) o |p — p.|*? [Millis 1993,
with a critical pressure p. =~ 2.03 GPa. In the temperature (7" > 0.26 K) and
pressure (p < 1.65 GPa) range of our measurements we did not find any indication
for bulk superconductivity. Moreover, our a.c.-susceptibility measurements up to
p ~ 1.65 GPa and down to T" = 0.05 K did not show any transition to a SC state.
For CesRhIng measured at p = 0 GPa and B < 8 T, the anisotropy of Ty (B) is very
small and Ty is nearly independent of B. This behavior was found not to change
up to the highest pressure of our experiment, suggesting the robustness of the AFM
state in CesRhIng against application of magnetic field. The effective mass of the
QPs, estimated from C,; /T at T = 4 K, decreases with increasing pressure up to p ~
1.5 GPa, from where it remains nearly pressure independent, suggesting that in the
pressure range where SC is supposed to set in the dependence 1/m* o T, does not hold
for Ce;RhIng. The observed pressure dependence of Ty suggests that CesRhlng shows
a behavior typical for a 3D itinerant AFM. This finding, together with the relatively
low values of T, observed by the electrical-resistivity measurements under pressure
[Nicklas 2003] and with the fact that no SC has been found in our measurements, led
us to conclude that among the three members of the Ce,Rh,,Ing, 9, family of HF
AFMs, CesRhIng shows a stronger similarity to the cubic Celng than to CeRhlns.
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A/S-type CeCuySiy displays both states, AFM and SC, already at ambient
pressure (T ~ 0.69 K and T, =~ 0.46 K). AFM is rapidly suppressed by the applica-
tion of pressure while SC survives over the entire pressure range of our experiment,
p < 2.1 GPa. Two main SC regions have been observed by our measurements, one
in the low-pressure region (SC1) close to the AFM ordered state and a second one
in the high-pressure region (SC2) in the vicinity of a region where a valence change
of Ce is supposed to take place. We have found that the thermodynamic properties
of CeCuySi, in the two SC regions behave differently. This finding supports the pro-
posal that different mechanisms are mediating the formation of the SC states existing
in the two distinct regions (AFM spin fluctuations in the region SC1 and valence
fluctuations in the region SC2). We have shown that the SC state is unconventional
over the entire range of pressures studied. A smooth crossover region with a SC state
in which probably both types of fluctuations (AFM spin and valence) are acting was
proposed for the region located between SC1 and SC2. We have argued that different
SC order parameters are likely to exist in the two SC regions. By increasing the
pressure in very small steps we were able to carefully study the low-pressure region
where AFM and SC are strongly interacting. In the whole pressure and magnetic-
field ranges studied, for fixed values of p and B, we have detected a phase transition
to the AFM state only when Ty > T.. A phase transition to the AFM state was
never observed at temperatures below 7.. A SC region with unusual properties has
been found for p < p}, with p} representing the pressure where at zero magnetic field
Tn(p) = T.(p). Moreover, we have found strong evidence from different types of mea-
surements that the AFM to SC phase transition in A/S-type CeCuySi, is of first order
at ambient pressure. We suggest that the first-order character of the phase transition
could be related to the large slope T.(p) shows at ambient pressure. We have found
in CeCuySiy, similar to the case of CeColns, that at a given value of B, T,(p) reaches
its maximum value at the critical pressure where Ty (p) for the respective B is sup-
pressed to Ty = 0 K (measurements were done for B || ¢). The observed behavior
has been predicted by the AFM spin-fluctuation theory, however only for B = 0 T
[Millis 1993, Nakamura 1996, Lonzarich 1997, Mathur 1998, Monthoux 1999]. We
have shown that in the case of A/S-type CeCuySiy this holds also for B # 0 T
(B || ¢). Evidence for the existence of pressure and magnetic-field-induced QCPs in
A/S-type CeCusSiy has also been provided by our measurements.

Low-temperature specific-heat measurements under pressure have been proven
to be an ideal tool to investigate the peculiar ground-state properties of HF systems.
In this thesis, we were able to identify common characteristics of the compounds

studied, suggesting similar underlying physical principles. Measurements to lower
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Summary

temperatures and higher pressures are highly desirable to further elucidate the fasci-

nating properties of this class of materials.
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