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Abstract

In this thesis, three Yb-based heavy fermion compounds, YbCu2Si2, YbCo2Zn20 and YbRh2Si2 are
studied under extreme conditions, i.e, high pressure, low temperatures and high magnetic �elds.
An important part of the work has been the setup of an in-situ tuning pressure device to measure
diamond anvil cells at dilution fridge temperatures. This has enable most of the experimental
results presented in this work.

In YbCu2Si2, the nature of the pressure-induced magnetic order that arises for Pc > 8 GPa
has been clari�ed to be ferromagnetic by ac-susceptibility and magnetization measurements under
pressure. The interplay of magnetism and valence change has been investigated by measuring the
valence of the title compound at high pressures and low temperatures using resonant inelastic x-ray
scattering (RIXS). As expected, pressure favors the trivalent state but the Yb ion valence remains
below 3 even at the highest pressure and at low temperatures very close to the onset of the magnetic
order. We have also performed a detailed search for signatures of metamagnetism.

The second part of my thesis focuses on YbCo2Zn20. We have extended the (P − T ) phase
diagram up to 14 GPa by ac-calorimetry and ac-susceptibility measurements. Our results shed some
light on the nature of the magnetic order that arises for P > 1 GPa which is antiferromangetic.
The strong �eld e�ects observed in the physical properties in YbCo2Zn20 are probably related to
the interaction between the magnetic �eld and the spin of the 4f electrons rather than to their
charge as the valence of the Yb ion is insensitive to the application of a magnetic �eld of 10 T.

The �nal part of this thesis is devoted to the detailed study of the (H−T ) phase diagram under
pressure in YbRh2Si2 to determine the evolution of the magnetic ordering temperatures TN as a
function of H and P to better understand the interplay of the two control parameters.
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Introduction

Since the discovery of the Kondo e�ect more than forty years ago, heavy fermion compounds have
become a relevant and very fruitful research �eld within strongly correlated electron systems. Their
particular low-temperature physical properties such unconventional superconductivity in CeCu2Si2
[Steglich 1979], the coexistence of magnetism and superconductivity which was �rstly observed in
URu2Si2 [Maple 1986] or the observation of Non-Fermi-Liquid behavior in several heavy fermion
compounds [Löhneysen 1994, Custers 2003], have attracted a lot of attention from an experimental
and theoretical point of view.

The low energy scales of heavy fermions make them very suitable candidates for quantum
criticality studies as they are often located close to a magnetic instability and by varying the strength
of the electronic and magnetic exchange interactions via an external parameter like hydrostatic
pressure, the system can be driven at a quantum critical point (QCP). In cerium systems quantum
criticality has been studied extensively as pressure tends to destroy the magnetic order that is
established at ambient pressure and a QCP is reached for rather low pressures. Therefore the
physical properties near the QCP can be fully characterized. On the other hand, in Yb-based
heavy fermion systems, the e�ect of pressure is usually opposite and a magnetic order is induced
with pressure. The study of ytterbium systems presents challenges, as in general higher pressures
are needed, and so they have been far less extensively studied to date. Especially in the �eld of
high pressure advances in physics are strongly related to advances in instrumentation. A large part
of this thesis has been devoted to setting up an in-situ pressure tuning device adapted for diamond
anvil cells, to work in a dilution fridge and with magnetic �eld. This instrument makes possible a
new generation of experiments.

In the �rst chapter I will give an overview of the important physical phenomena in heavy fermion
compounds in general, before describing the relevant physical e�ects, interactions and theoretical
models in more detail. I will �nish with a detailed comparison of the di�erences between Ce and
Yb-based heavy fermion compounds where I try to answer the question: �Why Ce-based heavy
fermion compounds are so popular compared to Yb-based HF compounds?�.

In the second chapter, I will describe the characteristics and performance of the pressure-tuning
device in detail and also all the experimental techniques used during this work.

The second part of my thesis has been focused in the study of three di�erent Yb-heavy fermion
compounds: YbCu2Si2, YbCo2Zn20 and YbRh2Si2.

In the third chapter I present the results we have obtained in YbCu2Si2. At the beginning of
this work, the nature of the magnetic order that arises under pressure was still unknown but it has
been determined via ac-susceptibility measurements under pressure during this work. We have also
performed a detailed study of the Fermi liquid properties throughout the whole (P −H −T ) phase
diagram, a careful research of metamagnetism and the valence measurements of the Yb ion under
high pressure and low temperatures give more information of the interplay between magnetism and
valence change in this intermediate-valence compound.

The fourth chapter is devoted to the study of the �super heavy-fermion� YbCo2Zn20. We present
an extended (P − T ) phase diagram up to 13 GPa from ac-calorimetry measurements. From our
results we can also shed some light about the nature of the pressure-induced magnetic order. The
last chapter presents a detailed study of the (H − T ) phase diagram under pressure in YbRh2Si2.





Chapter 1

Theoretical Background

1.1 Heavy Fermions

Heavy fermions are intermetallic compounds containing a partly �lled 4f or 5f -shell from a lan-
thanide (e.g., Ce, Yb, Sm) or actinide (e.g., U) element. Chemically, the special feature of the 4f
orbitals1 in the rare earth (RE) ions is that they are well embedded within the atom, close to the
atomic core and shielded by the 5s and 5p electrons as shown in �gure 1.1. They keep the quasi-
localized behavior even in solids. Nevertheless, the outer part of the 4f wave function expands
enough to overlap with the conduction electron bands [Fisk 1995, Jensen 1991]. All the remarkably
properties of heavy fermions stem precisely from the interaction between the f �localized� electrons
and the conduction electron band.

Figure 1.1: The radial components of atomic wave functions for Ce, with one 4f electron and Tm with

13 4f electrons are shown. The Tm wave functions are more contracted, i.e. more localized, than in Ce

due to an incomplete shielding of the greater nuclear charge. This is known as the �lanthanide contrac-

tion� [Jensen 1991].

Heavy fermion (HF) compounds exhibit peculiar low-temperature physical properties that dis-
tinguish them from ordinary metals. Conventional metals are characterized by an increasing con-
ductivity with decreasing temperature, a small paramagnetic Pauli susceptibility and a linear tem-
perature dependence of the speci�c heat C(T ) at low temperatures (i.e., for T � EF ,ΘD, where
EF is the Fermi energy and ΘD is the Debye temperature) [Fisk 1988].

1From now on I will only talk about rare earth systems (4f).



1.1. Heavy Fermions

In a metal for T > 0 the electrical resistivity ρ is due to several scattering mechanisms of the
electrons which contribute additively in accordance with the Matthiessen's rule:

ρ = ρ0 + ρele + ρph + ρmag, (1.1)

where ρ0 is the residual resistivity due to elastic scattering of the electrons from impurities and
lattice defects. The other terms re�ect the scattering with the excitations of the system: electrons,
phonons which is the dominant term at high temperatures, and for magnetically ordered materials,
an another contribution ρmag should be taken in to account due to the scattering with collective
magnetic excitations (magnons). At low temperatures, well below the Debye temperature, the
phonon term which is proportional to T 5, is normally small.

At high temperatures, ρ(T ) does not di�er signi�cantly in heavy fermion materials compared to
conventional metals, except for a large magnetic term (≈ 100 µΩ.cm). As temperature decreases
(and ignoring the phonon contribution) ρ(T ) logarithmically increases, ρ(T ) ∝ − lnT , as a signature
of the Kondo e�ect, down to a characteristic temperature, Tmax, where it shows a maximum. Below
Tmax there is a strong decrease of ρ(T ) and at some point, at very low temperatures, it follows

ρ(T ) = ρ0 +AT 2, (1.2)

such T 2 dependence is usually identi�ed with a Fermi-liquid (FL) behavior and the coe�cient A
is due to quasiparticle-quasiparticle scattering. In �gure 1.2 a) the resistivity of CexLa1−xCu6 for
di�erent Ce doping concentration, x, shows the onset of the Fermi-liquid behavior for x > 0.7 at
low temperatures.

Figure 1.2: a) Resistivity of CexLa1−xCu6 [Sumiyama 1986]. When the number of impurity becomes large

(x > 0.7), coherence e�ects appear and a Fermi-liquid regime is observed. b) Temperature dependence of C/T

for CexLa1−xCu6 [Satoh 1989]. A large enhancement of C/T is observed at low temperatures for increasing

Ce doping.

Other macroscopic properties like susceptibility and speci�c heat again show two distinct regimes
depending on temperature. At high temperatures, the f -electrons behave as localized magnetic
moments that weakly interact with the conduction electrons. This gives rise to a Curie-Weiss

susceptibility, χ ∝ µ2eff
T−ΘCW

. The Curie-Weiss temperature ΘCW is often negative, indicating an

4



Chapter 1. Theoretical Background

antiferromagnetic exchange, and the e�ective magnetic moment µ2
eff is close, but in general smaller

because of the crystal-electric �eld (CEF) splitting, than the value obtained by Hund's rules for
the free RE ion. At low temperatures, χ(T ) does not have a unique behavior but often it reaches
a constant value near TMax and on further cooling it behaves like

χ(T ) = χ0(1 + aT 2), (1.3)

which is characteristic of Fermi liquids [Béal-Monod 1968]. Moreover, the value of χ at low temper-
atures is two or more orders of magnitude higher than the Pauli susceptibility observed in ordinary
non-magnetic metals.

The speci�c heat, C/T strongly increases below Tmax and at su�ciently low temperatures it is
almost constant.

C(T ) = γT, (1.4)

where the Sommerfeld coe�cient, γ, can attain values as high as 1 J/molK2, signi�cantly higher
than the typical value of ordinary metals like Cu or Al with γ ∼ 1mJ/molK2 [Ashcroft 1975].
Often, the βT 3 term re�ecting the phonon contribution is in comparison negligible at low temper-
atures.

It turns out that the low-temperature physical properties of heavy fermion materials are con-
sistent with Landau's theory of Fermi liquids where the strongly interacting electrons are described
as weakly interacting fermionic quasiparticles and it is possible to assume a one-to-one correspon-
dence between the quasiparticle excitations of the complex system and those of a free electron gas
by normalizing a few parameters like the e�ective mass m∗.

The Sommerfeld coe�cient, γ in the framework of Fermi-liquid theory is expressed as

γ =
π2

3
k2
BNF =

k2
B

3~2
kFm

∗, (1.5)

where NF is the total quasiparticle density of states (DOS) at the Fermi surface and kF is the
Fermi wave vector.

The enhanced γ observed in heavy fermions comes from the large e�ective mass 2 than can be
as high as m∗ = 1000m0, being m0 the bare electron mass. It has been con�rmed experimentally
that the large m∗ is directly related to the presence of the magnetic impurities by measuring the
γ of isostructural RE compounds with no 4f electrons (e.g. La, Lu) [Fisk 1995], as re�ected in
�gure 1.2 b) for CexLa1−xCu6 where the temperature dependence of the speci�c heat for di�erent
Ce doping concentration is shown and for the case x = 0, i.e. without magnetic impurities, C/T is
very small.

The origin behind these anomalous properties is the so-called Kondo e�ect. The Kondo e�ect
was �rstly observed in the 30' when a minimum in the resistivity of several metals (Cu, Au, Ag)
was observed [de Haas 1934]. 30 years later, the resistance minimum was linked to the presence
of magnetic impurities [Clogston 1962]. Kondo [Kondo 1964] solved in 1964 the �mystery� of this
resistance minimum by a perturbative model where the presence of the magnetic impurities were
considered to weakly modify the metal as the energy of the interaction was small. This perturbative
approach turned out to be not appropriate as it gave a non physical divergence of the resistivity at
low temperatures. Finally, the solution of the Kondo impurity problem was solved by renormaliza-
tion group [Nozières 1980] and the Bethe Ansatz method [Andrei 1983].

2Since kF is determined by the density of conduction electrons which is of the order of 1022cm−3 independent of

metals.
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1.1. Heavy Fermions

Nevertheless, the work of Kondo successfully explained the process by which a free magnetic
moment (at high temperatures) becomes screened by the spins of the conduction electrons at low
temperatures. This screening process is continuous and takes place once the temperature drops
below a characteristic energy scale, TK

kBTK ∝ D exp

(
−1

N(EF )J

)
(1.6)

where D is the bandwidth of the conduction electrons, N(EF ) is the density of states of the
conduction band at the Fermi level and J is the coupling between the spins of the conduction
electrons and the spin of the magnetic impurity.

The ground state of the system corresponds to a Kondo singlet where the spin of the 4f and
conduction electrons couple antiferromagnetically, J > 0. In dilute magnetic alloys, these Kondo
singlets are randomly distributed and they act as elastic scattering potentials for the conduction
electrons which explains the increasing resistivity observed at low temperatures (�gure 1.4) and at
the same time they give rise to a peak in the conduction density of states near the Fermi energy
known as the Kondo or Abrikosov-Suhl resonance [Abrikosov 1965, Suhl 1965] as shown in �gure
1.3 a).

Figure 1.3: a) Single impurity Kondo e�ect gives rise to a peak (Abrikosov-Suhl resonance) in the conduction
density of states. b) In a Kondo lattice a narrow band of width kBTK of heavy quasiparticles is formed

[Coleman 2007].

Heavy fermions are often called Kondo lattices owing to the large concentration of localized
magnetic moments and the fact that they are periodically arranged. In a Kondo lattice, below a
certain temperature, T ∗, coherent scattering among the quasiparticles develops and it is re�ected
in the resistivity with a strong drop (and the FL regime (�gure 1.4) ) as previously mentioned.
In 1985, Nozières posed the question known as �the exhaustion�: if there is only one energy scale,
TK (as in the single impurity case), only electrons within TK of the Fermi level are eligible to
participate in magnetic screening of impurities3. This implies that few electrons must screen many

impurities [Nozières 2005]. As a consequence, Nozières suggested that the coherent FL regime
would appear for a T ∗ � TK . A few years ago, Burdin demonstrated that this exhaustion problem
does not take place because in a Kondo lattice there are in fact two energy scales: one is related
to the onset of local Kondo screening (TK) and the second, T ∗ is associated with the onset of the

3The other ones are blurred by thermal �uctuations and they can not achieve coherent singlets.
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Chapter 1. Theoretical Background

Fermi-liquid coherence regime. He also showed that in the exhaustion limit, nc � 1 (nc is the
number of conduction electrons), as Nozières pointed out, T ∗ � TK [Burdin 2000, Nozières 2005].
Experimentally, it is very di�cult to distinguish both temperatures. For the sake of simplicity, we
often consider that T ∗ ∝ TK ∝ Tmax and typical values are comprised between 1 K and 50 K.

In contrast to the impurity case, in a lattice, the density of states develops a real narrow band of
heavy quasiparticles near EF with an hybridization gap of width ≈ kBTK , as depicted in �gure 1.3
b). This implies that the previously localized f−electrons now are delocalized and participate in
the Fermi surface. This strong renormalization at the Fermi surface leads to the enhanced e�ective
masses in these systems.

Figure 1.4: ρ(T ) in the sixfold degenerated Anderson lattice (bottom curve) and for the single impurity

(upper curve). ρi(0) is the resistivity at T=0 K per ion in the dilute limit. The inset shows both the impurity

and lattice curves in a logarithmic scale to bring out the ln(T/TK) dependence for the single impurity case

[Degiorgi 1999].

The Kondo e�ect causes a screening of the magnetic moments. Nevertheless, many heavy
fermion systems order magnetically at low temperatures. In metals containing a dilute magnetic
elements there is an additional interaction known as the Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange interaction. The magnetic impurities do not interact directly own to its localized character
but they couple to each other indirectly by polarizing the conduction electrons. A characteristic
energy scale is associated and de�ned as

kBTRKKY ∝ J2N(EF )
cos(2kF r)

kF r
(1.7)

where kF is the Fermi vector and r the distance between the magnetic impurities. This interaction
extends over a long range and it is damped with a sinusoidal oscillation of wave vector kF (Friedel
oscillations) [Ruderman 1954, Reinhold 1996]. Depending on r, the magnetic moments ~Si and ~Sj
(�gure 1.5) can couple either ferro- or antiferromagnetically.

The competition between the RKKY interaction (inter-site), which favors long range magnetic
order and the Kondo e�ect (on-site), which tends to screen the magnetic moments, leads to di�erent
ground states in heavy fermion systems which give rise to rich and complex phases diagrams. The
details of this competition are described in the section 1.2.
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1.2. Kondo lattices

Figure 1.5: Spin polarization around magnetic impurities contain Friedel oscillations and induces a RKKY

interaction between the spins ~Si and ~Sj [Coleman 2007].

1.2 Kondo lattices

The Periodic Anderson Hamiltonian (PAM) is considered as the basic microscopic model for in-
vestigating the rich physics of heavy fermions [Anderson 1961, Hewson 1993]. It simulates the
hybridization between an atomic-like level (the 4f electrons) with strong on-site Coulomb repul-
sion interaction with a conduction band. Often, the PAM is written as follows

H =
∑
k,σ

ε(k)s†kσskσ +
∑
iσ

εff
†
iσfiσ + V

∑
i,σ

(f †iσsiσ + s†iσfiσ) +
1

2
U
∑
iσ

niσni−σ, (1.8)

where skσ (fiσ) and sdagkσ (f †iσ) are the annihilation and creation operators for an electron in a
conduction-band state (localized f state), and niσ = f †iσfiσ is the occupation number operator for
the f states. ε(k) is the dispersion relation for the conduction electrons and εf is the position of
the f level. σ corresponds to the spin index σ =↑, ↓ whereas k characterizes the wave vector of the
conduction band.

The �rst two terms in (1.8) represent the kinetic energy of the conduction band and the energy εf
of the f electron respectively. The hybridization between the f and conduction electrons is given
by the matrix element V in the third term. Finally, the last term corresponds to the Coulomb
repulsion, U , between two f electrons on the same lattice site.

Di�erent regimes can be considered within this model. Here we will focus on two of them: the
Kondo and the intermediate-valence regime which are closely related with heavy fermions.

1.2.1 Kondo lattice hamiltonian

In the Kondo regime, each f orbital is occupied by a single electron, and PAM can be reduced to
the single-impurity Anderson model [Anderson 1961]. The Coulomb repulsion is the decisive term
of the model as it allows the local-moment formation if the impurity level (εf ) lies below the Fermi
energy, i.e., εf < 0, while 2εf + U

2 > 0, and the bare hybridization width Γ = πN0V
2 is small, i.e.,

Γ � εf , ε + U . In this situation, the impurity level is mainly occupied by a single electron, i.e.,
n ≈ 1, rather than being empty or doubly occupied and thus represents a local moment of spin 1/2

[Löhneysen 1994]. This is illustrated in �gure 1.6 a) which is known as the Kondo limit ( n ≈ 1).
In this regime, the low-energy physics can be described by an e�ective model where the

f−electron degrees of freedom are represented by localized spins, known as the Kondo lattice
hamiltonian4:

4Thus, The Kondo lattice hamiltonian is a particular case of the PAM that is obtained via the Schrie�er-Wol�

transformation (i.e., U →∞ to obtain n ≈ 1) [Schrie�er 1966].
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Chapter 1. Theoretical Background

Figure 1.6: Schematic level scheme of a localized orbital and a conduction band for di�erent regimes: a)

Kondo limit where n ≈ 1, εf < 0 and Γ � εf . b) the intermediate-valence (mixed valence in the scheme)

regime where |εf − EF | ≈ Γ (see details in text) [Tsunetsugu 1997].

H =
∑
k,σ

(ε(k)− µ)s†kσskσ + J
∑
i

siSi, (1.9)

where µ is the chemical potential and J is the coupling exchange between the conduction and
the f electrons.

1.2.2 Intermediate-valence regime

A di�erent scenario takes place when εf is located close to the Fermi energy as shown in �gure 1.6
b). Now, |εf − EF | ≈ Γ and both con�gurations, 4fn and 4fn−1 can be quasi-degenerated. This
corresponds to the intermediate-valence regime. Here, we refer to (�homogeneously�) intermediate-
valence systems5: globally the valence is not an integer number but all the sites are equivalent.
We talk about valence �uctuations on each site of the lattice between the two quasi-degenerate
con�gurations. The order of magnitude of the �uctuating frequency is about 1013 Hz [Kasuya 1996,
Sampathkumaran 1986, Varma 1976].

Many Yb-based intermetallic compounds are intermediate-valence compounds. In general, they
have smaller values of γ, about 102 mJ/(K2mol) and the average valency is between 2+ and
3+. Often at low temperatures these systems also show unusual temperature dependences in their
transport properties like heavy fermions [Kuramoto 1999]. As it will be discussed throughout this
work, the boundary between the heavy fermion regime (nf ≈ 1) and the intermediate-valence
regime (nf < 1) often is not sharp but rather fuzzy.

1.2.3 Competition between Kondo e�ect and RKKY interaction: Doniach

phase diagram

Doniach [Doniach 1977] was the �rst to point out the important consequences of the competition
between the main two energy scales of a Kondo lattice, i.e. Kondo temperature and RKKY inter-
action. Both depend on the same exchange coupling J but di�erently. For small J values, TRKKY

5In contrast to �inhomogeneously� mixed-valent compounds where di�erent sites of the lattice have di�erent

con�gurations like in some ferrites, e.g., Fe3O4 [Varma 1976].
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1.2. Kondo lattices

is larger than TK and the system orders magnetically. Otherwise, for large J values, the formation
of Kondo singlets will lead to a larger energy gain and the ground state will be non-magnetic. This
competition is illustrated in the so-called Doniach phase diagram for a one-dimensional system as
shown in �gure 1.7.

Figure 1.7: The Doniach phase diagram shows the competition between the energies associated to the Kondo

e�ect (TK) and the RKKY interaction (TRKKY ) as a function of JD(EF ) (in text corresponds to JN(EF ))

for a one-dimensional system. TN corresponds to the Néel temperature [Brandt 1984].

One of the major motivations on the study of heavy fermions is that in general, they are located
in the Doniach phase diagram for intermediate J values where TK and TRKKY have similar values.
Thus, by varying J , these systems can be tuned from a magnetic to a non-magnetic ground state
by passing through a quantum critical point6 (QCP) for a critical J = Jc where TK ≈ TRKKY
value. A QCP is reached when the magnetic order temperature is driven towards zero by varying
an external parameter other than temperature (e.g., doping, magnetic �eld or high pressure). In the
Doniach picture, the antiferromagnetic ordering temperature is driven continuously to zero through
a second order transition to the QCP.

Even though the original Doniach phase diagram was proposed for a one-dimensional system
and it does not take into account the e�ects of a non-integer valence, the above results can be taken
as a good suggestion to what might happen in real three-dimensional systems [Doniach 1977].

1.2.4 Crystal electric �eld

In rare earth (RE) ions, due to the localized nature of the f−orbitals, the spin-orbit (SO) in-
teractions are stronger than the crystalline electric �eld (CEF) (see table 1.1). The SO coupling
combines the spin (S) and angular momentum (L) into a well de�ne state J .

Let us consider a RE ion with a stable 4fn con�guration with a ground state multiplet |n,L, S〉.
This level is split by SO coupling into multiplets, |n,L, S, j〉 and |n,L, S, j′〉 with energies Ej , Ej′ =

Ej + ∆Ejj′ , with ∆Ejj′ > 0 (Figure 1.8 a)). The degeneracy factor is N = 2j + 1. For example,
for the Ce ion, j = 5/2, j′ = 7/2 and ∆jj′ = 3150 K and for the Yb ion, j = 7/2, j′ = 9/2 and
∆jj′ = 14800 K [Jensen 1991].

6Technically, a quantum critical point is a second-order phase transition that takes place at absolute zero.
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Chapter 1. Theoretical Background

Table 1.1: Characteristic energy parameters for rare earth compounds compared to transition metal com-

pounds [Varma 1976].

In the presence of a CEF, the lowest multiplet |n,L, S, j〉 is split into multiplets, depending
on the point symmetry. An example assuming that the lowest multiple is split into two multiples,
|n,L, S, j, γ〉 and |n,L, S, j, γ′〉, is given in �gure 1.8 b); with degeneracies Nγ and Nγ′ , and energies
Eγ , Eγ′ = Eγ + ∆γγ′ where ∆Eγγ′ > 0 and Nγ +Nγ′ +Nj .

Since the CEF is responsible for lifting the degeneracy of the Hund's rule ground state multiplet
at low temperatures, it is also an important energy scale in heavy fermion compounds as it can
a�ect the magnetic properties of RE ions in Kondo lattices. If ∆Eγγ′ � TK , the low temperature
thermodynamics is governed by the energy scale kBTK , the Kondo temperature associated with the
unsplit multiplet (with Nj). On the contrary, if ∆Eγγ′ � TK , then TK will be appropriate for the
lower CEF multiplet with a degeneracy factor Nγ . In a real system, the low temperature properties
can be in general explained by the N = 2, (S = 1/2) Kondo model since most of the degeneracy is
lost due to the large CEF splitting.

Figure 1.8: Scheme of the lower multiplets for a rare earth ion in a con�guration 4fn a) due to spin-orbit

splitting ∆Ejj′ and b) with the lowest multiplet split by a crystalline electric �eld with an energy ∆Eγγ′ .

1.2.5 Fermi-Liquid relations

In section 1.1, we have already mentioned that the Landau Fermi-liquid theory, �rstly developed
to understand the electronic state of normal metals, successfully describes the physical properties
observed in HF systems at low temperatures which show strong correlations. Two of such constants
are the Kadowaki-Woods ratio and the Wilson ratio.
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1.2. Kondo lattices

1.2.5.1 Kadowaki-Woods ratio

The Kadowaki-Woods (KW) ratio is a relation between the electrical resistivity and the speci�c
heat. It has been noticed that several f−electron systems show a universal value A/γ2 = 1.0 ×
10−5 µΩcm(Kmol/mJ)2 [Kadowaki 1986]. However, recently it was pointed out that there are
systematic deviations of the KW ratio in many HF compounds, especially in Yb-based systems
(e.g. YbCu5, YbAgCu4, YbCuAl, YbNi2Ge2, YbInCu4, YbAl3 and the family YbT2Zn20) and for
Ce-based compounds such CeNi9Si4 which show A/γ2 ≈ 0.4 × 10−6 µΩcm(Kmol/mJ)2. These
deviations can not be explained by speci�c characters of materials, such as carrier density, band
structure or anisotropy [Tsujii 2005]. Recently, it was suggested that the values of A/γ2 depend on
the degeneracy of the quasiparticles N, and so, a generalized KW ratio has been derived for systems
with general f-orbital degeneracy [Kontani 2004]. As discussed above, in a solid, N can vary due to
the competition between the CEF splitting and the Kondo temperature.

By considering the material dependence of N, the variation in KW ratio was estimated as
[Kontani 2004, Tsujii 2005]

A

γ2
=

1× 10−5

1
2N(N − 1)

µΩcm(Kmol/mJ)2 (1.10)

If the value of N is determined experimentally, it is possible to de�ne a normalized Ã and γ̃

coe�cients as

Ã =
A

1
2N(N − 1)

γ̃ =
γ

1
2N(N − 1)

(1.11)

Then we obtain again for Ã/γ̃2 ≈ 1.0× 10−5µΩcm(Kmol/mJ)2 known as the grand-KW relation.
In �gure 1.9 a) the A coe�cient is plotted versus γ for several HF compounds and also the KW ratio
for di�erent degeneracies N (colored lines) calculated from eq. 1.10 are shown [Tsujii 2005]. In �gure
1.9 b) the coe�cient Ã and γ̃ are now plotted and we clearly observe how the experimental data
follows in good agreement the grand-KW relation (the dotted line), one of the most fundamental
relations in Fermi-liquid systems [Tsujii 2005].

1.2.5.2 Wilson ratio

Another relation in Fermi liquids is the so-called Wilson ratio (RW ) that relates the susceptibility
and the speci�c heat at low temperatures [Rasul 1984]:

RW =
χ

γ

4π2

g2µ(N2 − 1)
=

N

(N − 1)
, (1.12)

where N is the degeneracy of the RE ion.
It was �rstly deduced for the general Coqblin-Schrie�er model [Coqblin 1969]. For non-interacting

electrons RW = 1, (N →∞) whereas it is enhanced in heavy fermions, e.g. RW = 2 for a doublet
ground state with N = 2, (S = 1/2). A plot of γ and χ(0) (T → 0) for a number of HF compounds
is given in �gure 1.10 [Hewson 1993]. The straight line corresponds to RW = 1. This plot shows
that both quantities are enhanced in a similar way in HF systems, probably caused by the spin
�uctuations.
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Figure 1.9: a) T 2 coe�cient of electrical resistivity A vs T−linear coe�cient γ of speci�c heat for several

heavy-fermion systems with di�erent degeneracy. Colored lines correspond to the KW ratio for several N

from eq. 1.10. b) Plot of Ã vs γ̃ for several heavy-fermion compounds. The dotted line represents the

grand-KW ratio given in text: Ã/γ̃2 = 1.0× 10−5µΩcm(Kmol/mJ)2 [Tsujii 2005].

Figure 1.10: a) Plot of γ and χ(0) for a number of HF compounds. The straight line corresponds to the

Wilson ratio for non-interacting electrons, RW = 1 [Hewson 1993].
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1.3. Quantum criticality

1.3 Quantum criticality

In this section we will �rst deal with the concept of a quantum phase transition. Next we will
introduce the basis of the main theoretical models that try to explain the unusual behavior, known
as non-Fermi-Liquid (NFL) behavior, often observed in heavy fermion compounds near a quantum
critical point, QCP.

1.3.1 Classical versus quantum phase transition

�Classical� or �thermal� phase transitions are characterized by an increase of the entropy of the
system with rising temperatures. If we take for example the molecule H2O, we are all familiar with
the phase transition between liquid water and ice. Another famous example is the ferromagnetic
transition of iron at 770◦C, above which the magnetic moments vanish.

Phase transitions are commonly classi�ed into �rst order (discontinuous) and second order
(continuous). The example of the phase transition between liquid water and ice is a �rst order
transition, where an amount of latent heat (l) is release at the transition temperature as the two
coexisting phases have di�erent entropies (e.g.: Sice < Swater, l = T (Swater - Sice) 6= 0). In contrast,
in a second order phase transition, such as the ferromagnetic transition of iron, both phases do not
coexist and there is no latent heat associated. The transition point in this case is also called the
critical point. Both types of phase transitions can be characterized by an order parameter which
corresponds to a thermodynamic property. In a �rst-order transition, the order parameter shows a
jump, i.e., is discontinuous, at the transition temperature whereas the order parameter in a second-
order phase transition varies continuously and vanishes at the disordered phase. Sometimes it is
easy to de�ne the order parameter like in the previous examples, e.g. the density in the liquid-solid
transition and the total magnetization for the ferromagnetic transition, but sometimes the choice
is not trivial.

For classical phase transitions, a system in thermal equilibrium will acquire the state that
minimizes its free energy:

F (p, T,H) = E(p,H)− TS(p,H). (1.13)

where p, T , and H are control parameters: pressure, temperature and magnetic �eld respectively.
For the molecule H2O, the internal energy E(p,H) is determined by the interactions between the
molecules and it is minimized in the crystalline ice structure. The entropy, S(p,H), as explained
by Boltzmann, is a measure of the degree of randomness in a phase. Clearly, the entropy is larger
in the liquid phase. It is now easy to see that at low temperatures, F (p, T,H) will be smaller in
the ice phase, while at higher temperatures the contributions of the entropy, S(p,H), to the free
energy, F (p, T,H), become more important, and the free energy of the liquid water phase is lower.
The free energies of ice and liquid water cross each other at 0◦C, accounting for the phase transition
at this temperature.

Strictly speaking, a quantum phase transition takes place at absolute zero temperature where
the system is driven between two di�erent ground states by only varying E(p,H) with an external
parameter (e.g.: pressure, doping or magnetic �eld). Phase transitions at T = 0 are dominated by
quantum e�ects, in contrast to classical phase transitions at T > 0. Luckily, because all experi-
ments are necessarily at some nonzero temperature, quantum phase transitions leave characteristic
�ngerprints in the physical properties of materials at T > 0 that the theory of quantum phase
transitions has tried to describe [Sachdev 2011].
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1.3.2 Non-Fermi-Liquid behavior

At the vicinity of a QCP the macroscopic physical properties of heavy fermions often exhibit strong
deviations from Fermi-liquid theory, e.g., near the �eld-induced QCP in YbRh2Si2 [Custers 2003]
and CeCu6−xAux for x ≈ 0.1 [Löhneysen 1994] to cite but a few examples. For a thorough experi-
mental review see [Stewart 2001].

Even though the anomalous properties in the Non-Fermi-liquid (NFL) region are not equal for
all systems they share some similarities:

• C/T increases at low temperatures and theoretically diverges. Often it shows a singular loga-
rithmic temperature dependence C/T ≈ −logT/T0, or close to 1/T 1/2 to lowest temperatures.

• The resistivity does not exhibit the standard T 2 dependence. Usually it can be expressed as
ρ(T ) = ρ0 +ATn where n < 2.

• An increase or even a divergence of the susceptibility when T → 0 like χ(T ) ≈ 1/Tn.

Figure 1.11 a) shows the speci�c heat data for di�erent concentrations in the vicinity of the
critical Au concentration xc = 0.1 in CeCu6−xAux where NFL is observed between 0.06 K and
2.5 K (over almost two decades in T). The bump in the speci�c heat curves corresponds to the
antiferromagnetic transition. In panel b), the temperature dependence of the electrical resistivity
for two di�erent doping x = xc = 0.1 and x = 0 are shown. Clearly, at x = 0.1 the linear
ρ(T ) dependence signals NFL behavior whereas for x = 0 the system follows the characteristic FL
behavior of HF compounds [Löhneysen 1996].

Figure 1.11: a) Speci�c-heat data for several concentrations in the vicinity of the critical Au doping xc = 0.1.

b) The temperature dependence of the ρ is shown for two di�erent concentrations x = 0.1 and x = 0. NFL

behavior is observed for x = 0.1 [Löhneysen 1996].

1.3.3 Theoretical approaches of quantum criticality

Mainly two di�erent theoretical approaches are currently used to explain the NFL behavior that
arises near a QCP: the spin density wave (SDW) instability or global criticality, and the Kondo
breakdown scenario or local criticality.
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1.3.3.1 Spin density wave scenario

Several theoretical models [Hertz 1976, Millis 1993, Moriya 1995] take into consideration the mag-
netic �uctuations to describe the phase diagram near the critical region. In the paramagnetic phase,
spin �uctuations become stronger as the system is driven close to the QCP and the associated en-
ergy, Tsf , becomes larger. The magnetic correlations are characterized by a correlation length, ξs,
and by a relaxation time, τ , which are related as follows

τ ≈ ξzs (1.14)

where z is the so-called critical exponent and depends on the nature of the �uctuations; z = 2 for
antiferromagnetic �uctuations and z = 3 for ferromagnetic ones. Both, ξs and τ , diverge at the
QCP but τ does it faster. In this region NFL behavior is found.

The self-consistent renormalization (SCR) theory proposed by Moriya et al. is based in weakly
interacting spin �uctuations above a T = 0 phase transition. The dynamical susceptibility, χ(q, ω),
takes into account the coupling among di�erent modes of spin �uctuations in a self-consistent
manner. The equation of χ(q, ω) for a three-dimensional antiferromagnetic metal contains two
characteristic energy parameters TA and T0, which are related to the spin �uctuation energies in
ω and q space [Stewart 2001]. In this model, χ(q, ω) is enhanced and increases with decreasing
temperature at the well-de�ned wave vector Q of the magnetic structure.

Table 1.2 shows the temperature dependence of resistivity, speci�c heat and susceptibility ob-
tained from the SCR model for two and three dimensions in a ferro- (FM) or antiferromagnetic
(AFM) system.

C/T ρ ≈ Tn χQ
FM 3D − lnT T 5/3 T−4/3

2D T−1/3 T 4/3 −T−1/ lnT

AFM 3D T 1/2 T 3/2 T−3/2

2D − lnT T − lnT/T

Table 1.2: Temperature dependence of the macroscopic properties (speci�c heat, resistivity and dynamic

susceptibility) within the SCR model at the quantum critical point.

A crucial aspect of the spin density wave (SDW) scenario is that as the FL undergoes a transition
to a SDW metal at the QCP, the local moments remain screened across the phase transition, i.e.,
the heavy quasiparticles survive on both sides of the transition and the lattice Kondo temperature
stays �nite at the QCP. Therefore, the Fermi surface volume remains constant at the transition
with a folding of the Brillouin zone due to the appearance of the magnetic order. This folding
modi�es the shape of the Fermi surface with some singularities at the �hot� lines regions. The
schematic phase diagram for the SDW scenario is illustrated in �gure 1.12.

For a long time the SDW theory has been applied to explain the experimental results and some
systems can be understood very satisfactorily within this model (e.g., CeRu2Si2 and itinerant d-
electron systems). Many systems, especially Ce-base compounds, qualitatively follow the theoretical
predictions with some discrepancies. It should be noted that this theory is however rather crude
in several aspects, for example, the real Fermi surface shape or disorder e�ects are not taken into
account. Rosch [Rosch 2000] has shown that microscopic disorder can have strong e�ects on the
critical exponents of the SCR theory.
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Figure 1.12: Schematic phase diagram of the SDW scenario of quantum criticality. The Kondo temperature

is not a�ected when crossing through the QCP (top panel) whereas TA the characteristic spin �uctuation

temperature collapses at Pc, the critical pressure. The volume of the Fermi surface is unchanged, but due to

the folding of the Brillouin zone (dotted lines on the bottom panel) hot spots can appear (red regions).

1.3.3.2 Local quantum criticality

There are some systems that show larger discrepancies and can not be explained within the SCR
model. For example, the anomalous behavior close to an AFM QCP in some heavy fermion sys-
tems like CeCu6−xAux and YbRh2Si2 is inconsistent with the Moriya-Hertz SDW scenario. For
CeCu6−xAux series, inelastic neutron scattering measurements have shown that the magnetic in-
stability near Pc appears to involve all the wavevector response instead of a well de�ned Q wave
vector. That has led to derive the so-called local criticality model. The main feature in this model is
a Fermi surface instability at Pc that corresponds to the so-called �Kondo breakdown� picture. The
heavy-quasiparticles in the paramagnetic state do not survive through the QCP due to competing
magnetic �uctuations. Therefore, an abrupt change in the Fermi surface, passing from a large to
small one, is expected.

The schematic phase diagram proposed within this model is shown in �gure 1.13. From an
experimental point of view, the collapse of the Fermi surface might be detected via photoemission
and de Haas-van Alphen measurements. Transport properties like the Hall conductivity will show
a jump upon crossing the transition at low T 7. CeRh2Si2 and CeRhIn5 are two compounds where
dHvA experiments show clearly a FS change at Pc and an excellent agreement between dHvA
frequencies with band structure calculations are found (assuming that below Pc the 4f electrons
are localized and above Pc they are itinerant).

7In the SDW approach the Fermi surface evolves continuously, and the Hall coe�cient displays a kink, but not a

jump.
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Figure 1.13: Schematic phase diagram of the local quantum criticality. In this model it is stressed the

reconstruction of the Fermi surface (FS) with the image of a small FS in the AF phase and a large FS in

the PM phase. The modi�cation of the FS may be achieved trough a crossover regime at T ∗
Loc.

1.4 Ce versus Yb systems

Up to now we have talk about the physical properties of the 4f systems in general. In this section
we will focus on a sub-group of particular interest, classi�ed with the rare earth ions Ce and Yb.

In 1975, Andres et al. discovered the �rst heavy fermion compound, CeAl3 [Andres 1975]. Since
then, several Ce-based HF compounds have been discovered and extensively studied like CeCu6,
CeRu2Si2, CePd3, CeIn3 and the 115 family CeMIn5 (M=Co,Rh,Ir), to cite but a few examples.

The �rst Yb-based HF compound, YbCuAl, was found in 1980 by Mattens et al. [Mattens 1980].
Even though there are also several Yb-based HF compounds like YbAl3, the YbM2Si2 family
(M=Cu, Rh, Pd) and the recent YbT2Zn20 family (T=Ir, Co, Rh, Ru), one question arises almost
inevitably: �Why Ce-based HF compounds are so popular compared to Yb-based HF compounds?�.

Several arguments may help to answer this question. First, due to the �lanthanide contraction�
(see �gure 1.1), Yb ions in intermetallic compounds show more localized character than Ce (the
radial extension of the 4f orbital is 0.37 Ȧ and 0.25 Ȧ for Ce and Yb respectively [Waber 1965]).
Also, Yb tends to form the divalent state which is the same as the non-magnetic Lu, so relatively
few compounds with trivalent Yb have been found [Thompson 1994]. Additionally, di�culties in
single crystal growth due to the rather low vapor pressure of Yb has limited the rapid synthesis
and discovery of new materials. Finally, higher pressures are often needed to study the (P − T )

phase diagram region near the QCP, and their magnetic ordering temperatures are in general lower
compared to their Ce counterparts. So roughly speaking, the study of Yb-based intermetallic
compounds requires more experimental e�orts.

Interestingly, both Ce and Yb ions can �uctuate between a magnetic trivalent state (Ce3+ (4f1)
; Yb3+, (4f13)), and a non-magnetic state corresponding to the tetravalent state for Ce with an
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empty 4f shell, and a divalent state for Yb with a full 4f level according to the following scheme:

Ce3+ 
 Ce4+ + 5d; υ = 4− nf
Y b2+ 
 Y b3+ + 5d; υ = 2 + nh

(1.15)

As we will see in detail in the next section, the asymmetry in the liberation or absorption of
a 5d electron for a deviation of nf from unity between Ce and Yb has important consequences
in their pressure behavior [Flouquet 2009]. Pressure tends to increase the delocalization of the 4f

electrons in both cases: the non-mangetic (4f0) state is favored for Ce at high pressure whereas in
Yb it is favored the magnetic (4f13) state which has a smaller ionic radius than the divalent state.
Hence, the magnetic Yb state with 13 electrons (one hole) in the 4f shell is often considered as the
�hole� equivalent of trivalent Ce. This analogy is also used to calculate the valence (eq. 1.15) of
the RE ion as a function of the number of f electrons (nf for Ce) or number of holes (nh for Yb).

1.4.1 Beyond the �hole� equivalent picture

From a theoretical point of view, a uni�ed description of both Ce and Yb compounds is possible
through the electron-hole symmetry in the Anderson Hamiltonian. In both cases, the hybridization
between localized 4f and conduction electrons couples an empty 4f (full 4f14 for Yb) state with a
degenerate f1 (f13) state [Malterre 1996].

There are however, important di�erences between Yb and Ce. One of them has already been
mentioned: the deeper localization of the 4f electrons in Yb leads to a much narrower width, ∆,
of the 4f level and the hybridization, V , is weaker than in the Ce case. Both quantities are related
as follows:

∆ = V 2N(EF ) (1.16)

Another factor that reinforces the local atomic character of the Yb case is the stronger spin orbit
(SO) coupling λls which splits the j = l − s and j = l + s 4f levels (j = 5/2 for Ce3+ and j = 7/2

for Yb3+). The SO coupling is almost �ve times higher for Yb than Ce [Brooks 1996].

Figure 1.14: Widths of the d and f bands compared with SO splitting for the transition metals, rare earths

and actinides [Brooks 1996].

As a result, there is a di�erence in the hierarchy of the relevant energy scales between Ce and
Yb, i.e., CEF (∆CEF ), SO coupling (λ) and 4f level width ∆. From �gure 1.14 we can infer
the hierarchy between λ and ∆ for Ce and Yb and we know that in general the CEF splitting
in rare earths is less strong than the SO coupling (see section 1.2.4). So the hierarchy for Ce is
∆ > λ > ∆CEF whereas for Yb is λ > ∆ > ∆CEF .
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The relevant result, as discussed in more detail in [Flouquet 2005, Flouquet 2009] is that in Yb
systems the formation of the heavy fermion state may take place for a much wider range of the
valence than in Ce.

Photoemission measurements support this argument by re�ecting that the di�erences between
Ce and Yb are based on a smaller intercon�guration energy in the Yb case. The 4f0 and the
4f1 con�gurations for Ce are separated by about 2 eV whereas the energy separation between the
divalent and trivalent con�guration in Yb can be less than 100 meV favoring a strong con�guration
mixing [Malterre 1996].

1.4.2 Doniach picture for Yb HF compounds

Pressure is one of the cleanest ways to tune the competition of TK and TRKKY and drive a system
through its magnetic instability at the QCP. The lattice parameters change by applying pressure and
thus the coupling between the conduction and the f−electron wave functions. In the case of strong
Coulomb repulsion within the f−orbital (U → ∞) the exchange coupling J , the hybridization
matrix element V , the width ∆ and the energy ε4f of the 4f level ful�ll the following relation

JN(EF ) ≈ ∆

|εf − EF |
⇒ J =

V 2

|εf − EF |
(1.17)

where ∆ = V 2N(EF ).
For Ce systems, the f -level becomes wider under pressure and the energy of the 4f level also

increases moving towards EF . Thus, both e�ects combine to drive the system towards increasing
J in the Doniach phase diagram, which leads to the suppression of the magnetic order as re�ected
in �gure 1.7 even if the valence may still be close to the magnetic Ce3+ con�guration.

For Yb the situation is less straightforward as the dominant e�ect will be the relative change
of εf to EF . Notice that now εf is the energy of the 4f hole and it lies above EF as indicated in
�gure 1.15.

Figure 1.15: The position of εf relative to EF is indicated for Yb and Ce systems. The arrow indicates

where εf moves with pressure.

Therefore, |εf − EF | will increase with pressure, driving the system towards decreasing J , i. e.,
decreasing TK and increasing TRKKY , in the Doniach diagram and so inducing magnetic order. So
Yb systems should behave as the mirror image of the Ce Doniach phase diagram. However, for Yb,
∆ also increases under pressure. This implies, that the terms in J may be in competition, leading to
a less e�ective pressure e�ect in ytterbium systems compared to cerium. As εf is strongly linked to
the valence, if the valence change of Yb with pressure is weak, J may vary very little with pressure
or it could even increase.
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Figure 1.16: Schematic representation of Doniach phase diagram where the estimated locations of various Ce

and Yb compounds are indicated qualitatively. T0 is the magnetic ordering temperature, and α ≡ |JfN(EF )|.
The position of a given Ce (Yb) system in this diagram moves to the right (left) as pressure is applied (see

more details in [Cornelius 1995]). The position of YbCu2Si2 has been added (Pc ≈ 8 GPa). Its position

has been chosen from a qualitative comparison with the position of YbCuAl (Pc ≈ 10 GPa).

To illustrate this �mirror image� between Ce and Yb systems, in �gure 1.16 adapted from
[Cornelius 1995] the estimated locations for several Ce and Yb compounds are indicated in the
Doniach phase diagram. The position of YbCu2Si2 (Pc ≈ 8 GPa [Colombier 2009]) has been
added. Its position has been chosen from a qualitative comparison with the critical pressure of
YbCuAl, Pc ≈ 10 GPa. The magnetic ordering temperature T0/T

max
0 (T0 corresponds to the value

at ambient pressure whereas Tmax0 is its maximum value in their respective P −T phase diagrams)
is plotted as a function of α ≡ |JfN(EF )|, and αm corresponds to the value where T0 = Tmax0 . The
position of a given Ce (Yb) system moves to the right (left) as pressure is applied as indicated by
the red (blue) arrow.

Nevertheless, this simple �electron-hole� Doniach picture is far from being universal and not all
the Yb-based HF compounds follow it as we will see throughout this work.

1.4.3 Pressure dependence of TK in Ce and Yb systems

In Ce heavy fermions TK increases continuously with increasing pressure whereas in Yb systems it
decreases. To characterize the dependence of TK on pressure or sample volume,V , for a given system
the Grüneisen parameter is a convenient parameter: Ω = −∂ lnTK

∂ lnV . It is positive for Ce systems
and negative for Yb compounds as re�ected in table 1.3, where the value of Ω are summarized for
several compounds.

In a recent work, Goltsev et al. have given an explanation for the pressure dependence of TK
for Ce and Yb systems and the negative Grüneisen parameter in Yb by introducing an additional
mechanism of interaction between the localized f electrons and the lattice. In brief, this interaction
takes into account lattice deformations produced by �uctuations of the ionic radius of RE ions

which accompany valence �uctuations of the ions [Goltsev 2005]. As this approach di�ers from the
previous Doniach picture (where no charge �uctuations are taken into account) we consider it was
worthy to mention the main results of this study.

Goltsev et al. have added an electron-lattice coupling term in the Anderson Hamiltonian that
takes into consideration the local lattice strain caused by a change of the valency of the f ions by
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Ce compounds Ω Yb compounds Ω

CeRu2Si2 80 YbCu2Si2 -48
CeCu6 115 YbCu4.5 -23
CePt2Si2 26 YbCuAl -50
CeInCu2 83 YbCu4Ag -28

Table 1.3: Some values of Ω for several Ce and Yb systems (from [Cornelius 1995]). Ce systems have in

general higher values of Ω and opposite sign of Yb systems re�ecting the di�erent pressure dependence of

TK .

a value of ∆ν 8.
The energy of this interaction can be written as follows:

Efl = NfDijeji∆ν (1.18)

where eji is a strain tensor, i, j = x, y, z. Nf is the total number of f electrons in the lattice 9.
The conventional hybridization between f and conduction electrons is expressed here as

V = V0 exp(−reB) (1.19)

where r > 0.
For the sake of simplicity we skip here some of the steps and we go directly to the main results.
The Grüneisen parameter in this model is expressed as follows:

Ω ≡ −d lnTK
d ln v

= − d lnTK
deB

∣∣∣∣
eB=0

=
2r

N
+

π

NΓ0
(ηdf + 2r(µ− E0f )) (1.20)

where Γ0 ≡ Γ(eB = 0) 10 and E0f is the bare energy of the f−level without taking account this
lattice strain contribution.

The experimental Grüneisen parameters for Ce and Yb systems can be understood in terms
of the two interactions (1.18) and (1.19). For Ce (η = 1) both give a positive contribution to Ω

whereas in Yb (η = −1)the electron-lattice interaction gives rise a negative contribution and Ω is
negative for df > 2r(Γ0)/(π + µ− E0f ).

In �gure 1.17 there is a schematic behavior of the pressure dependence of TK , the exchange
coupling, J and the ratio R ≡ TRKKY

TK
. For Ce compounds both, the Kondo temperature and the

antiferromagnetic exchange J increase monotonously with pressure whereas in Yb compounds both
decrease at low pressures and show a wide broad minimum at higher pressures. This result agrees
with the pressure dependence of the resistivity found in several Yb-based compounds like Yb2Ni2Al
[Winkelmann 1998], YbCu2Si2 [Winkelmann 1999] and YbRh2Si2 [Plessel 2003]. Additionally, the
TK(P ) dependence obtain in this model has been compared with experimental data for YbCu2Si2
and qualitative and quantitative agreement is found.

8The authors expressed the valency ν of Yb and Ce as ν = 3 + ∆ν where ν is positive for Ce and negative for

Yb ions. The microscopic origin of this lattice strain is related with the Coulomb repulsion between f electrons and

electron shells from nearest neighboring atoms caused by a change in the ionic radius of the RE ion when the valence

�uctuates between two con�gurations fn and fn−1.
9For a cubic lattice the energy tensor is Dij = δijdf and Efl takes the form Efl = dfeB∆ν where eB =

exx + eyy + ezz is the bulk strain related to a change of volume ,v, as eB = ∆v/v. The coupling constant D is

assumed to be positive.
10Γ ≡ π |V |2 δF characterizes the broadening of the f level. Further details in [Goltsev 2005].
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Figure 1.17: Schematic pressure dependence of the normalized TK , the normalized exchange coupling J

and the ratio R ≡ TRKKY

TK
. The dashed curves in panel a) demonstrate the in�uence of the CEF splitting

on TK(P ) for the case ∆CEF = TK(∆CEF = 0)/3, for an independent pressure CEF. The dotted curve in

panel c) shows a critical value Rc at the QCP [Goltsev 2005].

The competition between the Kondo e�ect and magnetic ordering is expressed by the ratio R.
In accordance with the Doniach approach, it is argued that a critical value Rc of the ratio R exists
when a QCP occurs. For a Ce system R decreases monotonously and crosses the QCP R(Pc) = Rc
at a critical pressure Pc. For Yb compounds, R(P ) has a di�erent behavior and shows a very broad
maximum over a large pressure range.

At low P pressure moves Yb from the Kondo regime towards a regime with stable magnetic
moments as R(P ) increases. As a function of the initial R(P = 0) value, the system may reach
a QCP (if R(P = 0) < Rc and max(R(P ) > Rc) or not (if max(R(P ) < Rc). Unfortunately, for
a fully determination of the phase diagram, other mechanisms as the CEF have to be also taken
into account. Nevertheless, the results obtained by Goltsev et al. may be useful to understand the
e�ect of pressure in the phase diagram of HF compounds, especially for certain Yb systems that
do not follow the Doniach picture (e.g: YbRh2Si2).

1.4.4 First-order Valence instability

An intriguing aspect in intermediate valence systems is the nature of the valence change. Very often,
it corresponds to a smooth and continuous valence-crossover in P and T between the two 4fn and
4fn−1 con�gurations. Only few examples in literature show a sharp valence change corresponding
to a �rst-order valence transition11 (FOVT).

An archetypal example of a FOVT is the γ − α transition in metallic Ce [Koshimaki 1978]. As
a function of temperature or pressure it undergoes a �rst-order isostructural (fcc → fcc) phase

11A FOVT is an isostructural phase transition showing a valence jump of Ce or Yb ion when T and/or P are

varied.
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transition from the γ-phase, stable at ambient conditions, to a low-temperature (or high-pressure)
α-phase, with a loss of magnetic moments and a huge (15%) volume reduction [Dallera 2004]. The
FOVT line reaches a critical end point at (P, T ) = (2 GPa, 600 K) as shown in �gure 1.18 a).
Above the CEP the valence change is not sharp anymore but a crossover, signaled by a valence-
crossover line, T ∗v . The 4f occupation varies between nf ≈ 0.95 in γ-Ce and nf ≈ 0.85 in α-Ce
[Dallera 2004].

In contrast to the FOVT in Ce, metallic Yb is divalent in the fcc phase (0-4 GPa) and trivalent in
the hcp phase (above 30 GPa). A continuous valence transition towards the trivalent con�guration
is observed in the bcc phase (4-30 GPa) [Syassen 1982].

However, there is also a relevant example of a FOVT in Yb systems, YbInCu4 [Felner 1986,
Kojima 1989]. At temperatures above Tv > 42 K, YbInCu4 is characterized by a Curie-Weiss
temperature dependence in magnetic susceptibility and a semimetallic behavior in transport mea-
surements due to its localized 4f electrons. At Tv, there is a FOVT accompanied by a volume
increase of +0.5%. The volume expansion induces strong charge hybridization and a change in
the Yb valence from 3+ at T > Tv to an intermediate-valence value of 2.9+ below Tv, and an
enhanced Pauli-like susceptibility corresponding to a modestly large γ = 50 mJ/molK2. Applied
pressure stabilizes the high-temperature 4f13 con�guration to progressively lower temperatures
and eventually drives Tv to T = 0 near 2.5 GPa as illustrated in �gure 1.18 b).

Figure 1.18: (P − T ) phase diagram of a) metallic Ce and b) YbInCu4. a) The FOVT between the γ − α
transition terminates at the critical end point (CEP). Above CEP, T ∗

v marks the valence-crossover line. b)

The FOVT is suppressed under pressure. The shaded area represents the magnetically ordered phase. n̄f
denotes the number of holes per Yb [Watanabe 2009].

Recently, critical phenomena associated with charge degrees of freedom, in particular valence
instability and its critical �uctuation, have attracted much attention. Valence �uctuations diverge
at the CEP of the FOVT (like density �uctuations diverge in the liquid-gas transition). When the
temperature of the CEP is driven to zero by an external control parameter a quantum critical end
point emerges (QCEP) or also known as valence quantum critical point (V-QCP). At the QCEP,
diverging valence �uctuations are considered to be coupled to the Fermi-surface instability and this
mechanism may be a key origin to understand the anomalies observed in many Ce- and Yb-based
heavy-fermion compounds [Watanabe 2011].
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For example, it has been recently discussed that the pressure-induced enhancement of the su-
perconducting transition temperature Tc and associated anomalies observed in CeCu2(Ge,Si)2 may
be understood as due to the critical valence transition of the Ce ion under pressure [Miyake 2007,
Rue� 2011]. Other compounds that do not follow the conventional spin-�uctuation theory or the
Kondo breakdown scenario (see details in section 1.3), e.g., YbRh2Si212, β-YbAlB4 and YbAuCu4

suggest that quantum criticality of valence transitions may be an important mechanism to under-
stand unconventional critical phenomena [Watanabe 2010b].

The minimal model that describes the physics in Ce- and Yb-based HF compounds exhibit-
ing valence transition is based on the extended periodic Anderson hamiltonian [Watanabe 2008,
Watanabe 2010b, Watanabe 2011]

H = Hc +Hf +Hhyb +HUfc
= HPAM +HUfc

(1.21)

HUfc
= Ufc

N∑
i=1

nfi n
c
i (1.22)

where Hc, Hf and Hhyb correspond to the PAM hamiltonian (1.8) and HUfc
is an extra term

that accounts the repulsion between f and conduction electrons (Ufc). The occupation number

na ≡
∑

σ

∑N
i=1

〈
a†iσaiσ

〉
/N where a = f or c and N is the number of sites in the lattice. HUfc

is
the key ingredient for explaining the valence transition as well as the anomalies caused by enhanced
Ce- or Yb-valence �uctuations: a T-linear resistivity, an enhancement of the residual resistivity,
the Sommerfeld constant and Tc [Watanabe 2011]. Within this model the �lling n ≡ (nf + nc)/2

is set slightly smaller than 1 (half �lling) as is often the case in Ce- and Yb- HF systems.
For the sake of simplicity we will focus only in the main results of the model. In �gure 1.19 the

ground state phase diagram in the (Ufc-εf ) plane is shown. When εf is deep enough, the Kondo
regime with nf ≈ 1 is realized. As εf approaches the Fermi level, the f electrons are moved into the
conduction band via hybridization, giving rise to the intermediate-valence (mixed-valence) regime
with nf < 1. Notice that the valence transition is a di�erent process than the localized-to-itinerant
transition of f electrons. The FOVT between both regimes is caused by large Ufc, since electrons
are forced to pour from the f level to the conduction band and then the level crossing between
the Kondo and the intermediate-valence regime shows a discontinuous jump in nf = ∂ 〈H〉 /∂εf .
The FOVT line in �gure 1.19 a) �nishes at the QCEP, at which the jump in nf disappears but
the valence susceptibility (i.e., valence �uctuation) χv ≡ ∂2 〈H〉 /∂ε2

f = −∂nf/∂εf diverges. The
dashed line represents the crossover line where χv has a maximum as a function of εf and Ufc,
implying that valence �uctuations are also developed. The Fermi surface is supposed to be always
large as the hybridization between f and conduction electrons is �nite in all the Ufc-εf plane
[Watanabe 2011, Watanabe 2010a]13. Up to now we have discussed the ground state (T = 0 K)
of the (Ufc-εf ) plane. When we add a temperature axis we obtained the (T − Ufc − εf ) phase
diagram as shown in �gure 1.19 b). The previous FOVT line at T = 0 K now is the line at the
bottom FOVT surface (red surface). The critical-end line exhibiting diverging valence �uctuations
(χv →∞) separates the FOVT surface and the valence-crossover surface (yellow surface).

Most of Ce- and Yb-based compounds have moderate Ufc due to its inter-site origin: the
conduction electrons are often supplied by other elements than Ce or Yb (e.g., the 4f electrons on

12The discussion of the nature of the quantum criticality in this compound has risen a big controversy and it will

be discussed in chapter 5.
13The Fermi-surface volume will not change as long as the system remains in a paramagnetic state in both sides

of the FOVT or valence-crossover.
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Figure 1.19: Schematic phase diagrams of a) Ufc − εf plane at T = 0 K and b) T − Ufc − εf . a) The

FOVT line (red) terminates at the QCEP (�lled point signaled as QCP) and sharp valence crossover occurs

above the QCEP (dashed line). b) the FOVT surface (red) and the valence-crossover surface (yellowish) are

separated by the critical-end line (blue thick line) [Watanabe 2009].

the Ce site and the 3p(4p) orbitals of Si are responsible for the bands in CeCu2Si2). Hence they
are located in the intermediate valence crossover regime. This is consistent with the experimental
fact that most of those compounds do not show a FOVT, but a valence crossover. In contrast, Ce
metal, which shows a FOVT, has a large Ufc due to its on-site origin: f and conduction electrons
comes from the same Ce ion [Watanabe 2010a]. The magnitude of the valence jump in the FOVT
is not very large about 0.1 (e.g., in the γ−α transition in metallic Ce and in YbInCu4). Therefore,
the magnitude of the valence change at the valence crossover for moderate Ufc compounds is
smaller than that at the FOVT, about only 0.01 as observed in YbAgCu4 at the valence-crossover
temperature, T ∗v = 40 K [Watanabe 2010a]. Nevertheless, Ce- and Yb-based HF compounds can
be a�ected by the proximity to the QCEP by applying an external control parameter as pressure
or magnetic �eld.

Field-induced valence crossover

Watanabe et al. have proposed that the magnetic �eld is an e�cient parameter to change the
critical end point of the FOVT to a QCEP [Watanabe 2008] as shown in �gure 1.21.

They applied the Claudius-Clapeyron relation for the FOVT temperature Tv:

dTv
dh

= −mK −mIV

SK − SIV
(1.23)

wherem, S and h denote the magnetization and entropy in the Kondo (K) and the intermediate-
valence (IV) regime and the magnetic �eld respectively. It turns out that in the Kondo regime the
magnetization and the entropy are larger than in the IV regime [Watanabe 2008], and Tv is then
suppressed by applying h and eventually a QCEP is reached [Watanabe 2009]. At the same time,
TCEP (blue curve) is also supressed. To understand how the QCP of the FOVT is controlled by h
at T = 0 is not trivial.

The ground-state phase diagram of the (Ufc-εf ) plane under magnetic �eld is shown in �gure
1.21. It has been obtained by introducing the Zeeman term in (eq. 1.21)
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Figure 1.20: a) Schematic (T −P −h) phase diagram showing the FOVT surface. P is a control parameter

(pressure, doping). The critical end points form a continuous transition line that reaches T = 0 at a QCP

(QCEP). b) FOVT line in the (T − h) phase diagram for a constant P [Watanabe 2009].

HZ = −h
∑
i

(
Sfzi + Sczi

)
(1.24)

where h ≡ gµBH and g is the Landé factor. Under �eld, the system is forced to be closer
to the Kondo regime. Additionally, the QCEP can change signi�cantly under h showing a non-
monotonic dependence. The origin of the upturn is related to the relative strength between h and
TK (see [Watanabe 2008] for further details). If Ce- and Yb-based compounds are located just on
the locus of QCEP's for h > 0 (the grey line), metamagnetism will be observed at h = hm at
the QCEP. Therefore, not only the valence susceptibility χv diverges at the QCEP but also the
magnetic susceptibility, χS ≡ −∂m/∂h [Watanabe 2008, Watanabe 2009].

Figure 1.21: Field dependence of the ground state phase diagram in the (Ufc-εf ) plane. The grey line

connects the QCEP under h, which is a guide for the eyes [Watanabe 2009].

In literature, measurements of the valence under magnetic �eld are still very scarce but highly
desirable to contrast them within the theoretical predictions. In this work we will present some
experimental data on the valence measurement under magnetic �elds up to 10 T for several heavy
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fermion compounds (Ce, Yb and Sm-based HFC).

1.4.5 Unconventional superconductivity

Just a few years after the �rst HF compound was reported, CeAl3, Steglich et al. discovered the
�rst HF superconductor, CeCu2Si2 [Steglich 1979]. This �nding de�nitively boosted the interest in
heavy fermions.

The discovery of superconductivity in HF compounds revealed new surprising features: the
anomalous large jump in the speci�c heat ∆ ≈ γTsc

14 proved that superconductivity was indeed
coming from the heavy quasiparticles which form Cooper pairs instead of the light conduction
electrons. This discovery was initially surprising since the addition of magnetic impurities is usually
pair breaking in classical BCS superconductors with s-wave paring type [Tinkham 2004].

Magnetic �uctuations as a pair mechanism

In HF compounds, superconductivity often occurs in presence of magnetic ordering and at the prox-
imity of a QCP where strong spin �uctuations arise. This suggest the possibility of unconventional
pairing with a complicated order parameter.

There are several theoretical models that consider magnetic �uctuations as the mechanism to
form Cooper pairs instead of the classical electron-phonon interaction, especially after the discovery
of the high temperature superconductors. Among the theories concerning heavy fermion compounds
[Pines 1990, Moriya 2000, Monthoux 2001] we will brie�y mention the main conclusions from the
work of Monthoux et al. based on mean-�eld theory for nearly antiferromagnetic and ferromagnetic
metals in two and three dimensions:

• ferromagnetic �uctuations favor a p-wave (spin triplet) pairing whereas antiferromagnetic
�uctuations favor a d-wave (spin singlet) pairing. Magnetic pairing is more robust in quasi-
2D than in 3D systems.

• Antiferromagnetic �uctuations are more favorable for magnetic pairing with a critical tem-
perature almost 10 times larger than for ferromagnetic �uctuations.

For both conventional and unconventional superconductivity the order parameter can vanish on
lines or points on the Fermi surface but for unconventional superconductivity there is a change in
the sign of the order parameter at these points which implies that there is no gap in these special
directions. Consequently, there are no exponential temperature dependence of physical properties
below the critical temperature but simple power laws.

Valence �uctuations as a pair mechanism

As previously mentioned, the magnetic �uctuations that arise around a QCP are held responsible
for electron pairing. However, in some HF materials, like CeCu2Si2 the superconducting phase
extends beyond the QCP [Bellarbi 1984, Holmes 2004], su�ciently far from magnetic ordering to
consider other pairing mechanisms. CeCu2Si2 exhibits a two-dome superconducting region under
pressure, where Tc peaks at Pc = 4 kbars and at Pv = 45 kbars. Whereas around Pc, CeCu2Si2 is
located close to a QCP, increasing pressure however suppresses magnetism while superconductivity
is enhanced. This suggests a di�erent pairing mechanism around Pv. Transport measurements

14Tsc is the superconducting transition temperature.
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[Bellarbi 1984] and more recently, valence measurements under pressure [Rue� 2011] show hints of
intermediate valence behavior under pressure and the hypothesis that critical valence �uctuations
(CVF) may mediate electron pairing in this compound as it has been recently put on in a quan-
titative basis [Holmes 2007, Rue� 2011]. Therefore, CVF may also drive a superconducting state,
providing that the Coulomb interaction Ufc between the f and conduction states is su�ciently
strong as proposed in the theoretical model of Watanabe et al. discussed in section 1.4.4.

To conclude this section, I would like to point out that whereas superconductivity seems to be
a general trend in Ce-based compounds, it is very rare in Yb-based HF systems. The �rst (and up
to now unique) Yb-based heavy fermion superconductor, β−YbAlB4, has been found in 2008 by
Macaluso et al. [Nakatsuji 2008]. An important target (and challenge) is to �nd new Yb heavy-
fermion superconductors. It has been one of the aims of this thesis, but unfortunately not reached.
However, the development of the in-situ pressure tuning device at dilution fridge temperatures is
an essential tool for this search.
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In this chapter I will present in detail the experimental setups and methods used during this
thesis. First, I will describe the crystal growth technique of the samples studied in this work
and especially I will present in detail the growth of YbAlB4 in which I was actively involved.
Secondly, the experimental setups in Diamond Anvil Cells (DACs) will be presented. Afterwards,
the most relevant contribution of my experimental work will be introduced: the setting up of the
in-situ pressure tuning device in a dilution fridge and adapted for DACs. Finally, the di�erent
measurements performed with DACs will be also described.

2.1 Crystal growth

The availability of high quality single crystals is a crucial step to study the physical properties of
strongly correlated electron systems as they are, in general, very sensitive to the quality of the sam-
ples, i.e., the presence of impurities and/or defects like dislocations (e.g.: YbAlB4) [Nakatsuji 2008]
and also to slight deviations in the chemical composition (e.g. CeCu2Si2) [Steglich 1996].

Crystal growth and the research of novel materials have been an important and fruitful activity
[Aoki 2001] inside the SPSMS laboratory which is mainly carried out by D. Aoki and G. Lapertot.
The present equipment allows the growth of single crystals of either 4f (Ce, Yb or Sm-based HFC)
and 5f systems (U-based HFC).

The samples used in this work were grown mostly by G. Lapertot at the SPSMS/CEA Grenoble:
YbCu2Si2 [Colombier 2008, Colombier 2009], YbRh2Si2 [Knebel 2006a] and YbNi3Al9, whereas
YbCo2Zn20 was grown by the group of R. Settai in Osaka [Saiga 2008] following the procedure as
described in detailed in [Torikachvili 2007].

At the beginning of this work we were very interested in β-YbAlB4 and I carried out the growth
of YbAlB4 via a �ux method technique which will be described in the next section.

Flux technique

All the crystals in this work were grown from a �ux which consist of a solution of a metallic element
with a low melting temperature Tm which is in excess, in general more than 95 % of the total
molar concentration and the basic materials which are present only in a few %. This is one of the
advantages of this technique: small amounts of the materials, which some of them can be very costly,
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are needed. Also it is convenient for the growth of Ytterbium based-compounds because diluted
Yb has a much lower vapour pressure. The �ux permits to lower the temperature at which the
syntesis takes place (less than 1000 ◦C) compared to other techniques, like melting, where generally
higher temperatures are needed (e.g. Tm of Boron is 2500 ◦C). As there is no thermal gradient
in the solution, internal strain or defects during the crystallization are minimized. However, when
working with metallic �uxes some caution must be taken to contain the liquid metal and prevent
its reaction with the container to avoid the presence of impurities in the crystals [Kanatzidis 2005].
Chemical gradients are also minimized as crystals grow freely in the liquid metal media. They
develop crystallographic forces which will be useful for optical measurements or visual orientation.

YbAlB4

β-YbAlB4 is the �rst Ytterbium-based heavy fermion (γ ≈ 300mJ/mol.K2) [Macaluso 2007] su-
perconductor found to date [Nakatsuji 2008]. It has arisen a lot of interest and at the beginning of
this work, we considered it an ideal candidate for pressure studies. That was the main motivation
that lead us to grow our own β-YbAlB4 samples. Unfortunately, it turned out to be much harder
than expected and after many trials we �nally discarded it.

There are actually two polymorphs of YbAlB4. According to Macaluso et al. the plate-shaped
crystals correspond to β-YbAlB4 which crystallizes with the orthorhombic ThMoB4 structure type
whereas the needle-shaped crystals correspond to the α-YbAlB4 which crystallizes in the orthorhom-
bic YCrB4 structure. In both polymorphs the Yb and Al atoms reside in the same ab-plane and are
sandwiched between two B layers. The main di�erence between them is the packing arrangement
of the B layers as shown in �gure 2.1 [Macaluso 2007].

Figure 2.1: a) Crystal structure of β-YbAlB4. Boron (orange spheres) forms 2D sheets along the ab-plane.

Yb atoms are depicted in blue and Al in green. Dashed lines show the orthorhombic unit cell. b) Boron

layers along [020] for α-YbAlB4 and β-YbAlB4. The unit cell is outlined with gray lines. For α-YbAlB4, the

B1, B2, B3, and B4 atoms are shown as blue, orange, green and yellow spheres respectively. For β-YbAlB4,

the B1, B2, and B3 atoms are shown as blue, orange and green spheres respectively. Mirror planes are

depicted as solid red lines [Macaluso 2007].

As it was pointed out earlier, the sample quality in strongly correlated materials often plays
a critical role and it can have dramatic e�ects in their physical properties as shown in �gure 2.2.
A usual test of sample quality is the RRR coe�cient which is de�ned as RRR = ρ(300K)

ρ0
where

ρ(300K) is the resistivity at room temperature, which is mainly dominated by the scattering of
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the electrons with phonons, and ρ0 is the residual resistivity measured at very low temperatures,
theoretically at absolute 0, which is due to the impurities of the crystal. At high temperatures all
samples will have a similar value of the resistivity but ρ0 will be smaller for better samples and
thus they will have a higher RRR. Curiously, superconductivity has been detected so far only in
β-YbAlB4 but for very high quality single crystals with a RRR ≥ 300 (Fig. 2.2) [Nakatsuji 2008].

Figure 2.2: Low temperature dependence of the in-plane resistivity ρab(T) for two samples: sample A with

a RRR ≈ 300 and for a lower-quality sample B with RRR ≈ 70. See details in text [Nakatsuji 2008].

Growth of single crystals: YbAlB4

In order to grow high quality single crystals the �rst point is to use basic materials as pure as
possible. In our case, they had a very high purity: Yb 99.99 %, Al 99.98% and B 99.99%. All the
batches were grown from Al �ux. The procedure we followed was similar as the one described in
more detail in Macaluso et al. : First we put the basic materials Yb, B and Al in a Al2O3 (alumina)
crucible in the chosen stoichiometric proportions (see table 2.1). Then an upper crucible is �lled
with quartz wool and introduce in a quarz ampoule. This second crucible is placed on top of the
�rst one to �lter the liquid phase when the ampoule will be centrifuged. The ampoule is sealed
with 0.3 At. of Argon before putting it in the furnace. Four di�erent heat treatments were used as
summarized in �gure 2.3.

Figure 2.3: Summary of the heat treatments that were used to grow the samples reported in table 2.1.
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We wanted to see if the crystallization of the β-phase could be favored somehow by changing the
following parameters: heating ramp, maximum temperature, waiting time at that temperature and
the cooling ramp. In [Macaluso 2007] it is suggested that the α-form might be the high-temperature
phase as they found more alpha phase crystals in the heat treatment at 1873 K than at 1673 K. We
worked at slightly lower maximum temperatures than in their study: 1723 K (1450 ◦C) for heat
treatments (A),(B) and (D), and 1473 K (1200 ◦C) in (C).

Once the crucibles were removed from the furnace, we applied two di�erent methods to etch
the excess of Al �ux: a chemical attack (ch. at.) using a NaOH solution and spinning, which
requires to heat again the crucible in order to remove the Al. We obtained a mixture of both
needle and plate-like crystals as in [Macaluso 2007]. Three selected samples are shown in �gure 2.4:
a) Plate-like sample B3 from Lap 508 III (548×341×30 µm3) b) needle-like sample B6 from Lap
508−− (652×185×100 µm3) with the 4 contacts to measure resistivity and c) a needle-like sample
from Lap 684 (364×100×115 µm3).

Figure 2.4: Three selected samples from di�erent growth: a) sample B3 from Lap 508 III b) sample B6

from Lap 508−− and c) a sample from Lap 684. See details in text.

In table 2.1 are shown the main crystal growth parameters of our samples: the stoichiometry,
the heat treatment and the etching method. The last column summarizes the measurements carried
out on the selected samples to characterize them: resistivity, heat capacity and X-ray di�raction
measurements.

Physical Property Measurements

The temperature dependence of the resistivity and speci�c heat capacity were measured using
a commercial Quantum Design cryostat PPMS (Physical Property Measurement System). We
measured the resistivity via a standard 4 point technique and we used the ACT transport option
of the PPMS which is more convenient for small samples. The speci�c heat is measured with a
relaxation technique (PPMS): the sample is glued with some grease to the puck of the PPMS which
sends a known amount of heat and it measures the relaxation of the temperature via a thermometer
located on the puck. The heat capacity of the puck and the grease are subtracted to obtained the
speci�c heat of the sample. It is possible to use a He3 cryostat adapted for the PPMS and then the
temperature range can be sweep from 300 K down to 0.3 K instead of 1.8 K.

Figure 2.5 shows the resistivity curves of 10 samples from 300 K to 1 K (color curves). The
resistivity of β-YbAlB4 from [Nakatsuji 2008] in the same temperature range is also shown (open
circles)1.

1The resistivity dependence of the alpha polymorph is not shown because no published data has been found at
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Batch Compound Stoichiometry Temperature

cycle

Etching

method

Measurement

Lap 478 I YbAlB4 (Yb:B4)2%,
Al98%

a Ch. at. 3 samples: ρ(1-300 K),

XR di�raction
Lap 508 −− YbAlB4 (Yb:B4)2%,

Al98%

a Ch. at. ρ(1-300 K)

Lap 508 || YbAlB4 (Yb:B4)2%,
Al98%

a Ch. at. ρ(1-300 K)

Lap 508 ||| YbAlB4 (Yb:B4)2%,
Al98%

a Ch. at. 3 samples ρ(1-300 K),

XR di�raction
Lap 683 YbAlB4 (Yb:B4)2%,

Al98%

b Spinning C(0.5-20 K)

Lap 684 YbAlB4 (Yb1.3:B4)2%,
Al98%

b Ch. at. C(0.5-20 K),
1 sample ρ(0.7-300 K)

Lap 686 YbAlB4 (Yb:B4)1%,
Al99%

d Ch. at. ρ(0.7-300 K)

Lap 691 YbAlB4.4 (Yb:B4)2%,
Al98%

c Ch. at. C(0.5-20 K)

Table 2.1: Details of the growth parameters: stoichiometry, heat treatment and etching technique are

shown. In the last column the number of samples on each batch and the measurements (resistivity, ρ(T ),

heat capacity, C(T ), and X-ray di�raction, (XR) ) that were performed are also indicated.

Figure 2.5: Temperature dependence of the resistivity, ρ(T ), from 300 K to 1 K and the RRR coe�cient

from selected samples of di�erent batches (color curves) are shown. The resistivity curve of β-YbAlB4 is

plotted in open circles [Nakatsuji 2008].
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Actually, the quantity we measure at the PPMS is the resistance of the sample not the resistivity.
Both quantities are related as follows: R = ρ ∗ F , where F = L/S is the geometrical factor and
L and S are the length and the section of the sample respectively. An estimation of F can be
done by normalizing the room temperature resistance we measure to the resistivity value obtained
in literature at 300 K. Here, we have normalized the experimental resistance curves using the
resistivity value of β-YbAlB4 at 300 K to estimate F . The error of the resistivity is mainly due to
a wrong normalization but it will not have a deep impact on the interpretation of the results.

Even though several nice plate-shaped samples were measured, which in principle corresponds
to the β polymorph, we can conclude from �gure 2.5 that only the experimental curve of sample B9
(Lap 684) is similar to the actual curve of β-YbAlB4. This sample, B9, has also the highest quality
obtained in this work, with a RRR ≈ 20. Certainly, this value is signi�cantly lower compare to the
high quality samples from Nakatsuji et al. with RRR = 70− 300 [Nakatsuji 2008].

Figure 2.6 shows the speci�c heat capacity curves divided by temperature, C/T , of 4 samples
and the curves of the two polymorphs [Macaluso 2007]. None of these samples belongs to the β
form but to the α. The "o�set" between the experimental and the α speci�c heat curves can be
ascribed to the small masses of the measured samples and probably a contribution of the grease is
still present, specially above 5 K. Actually, to measure properly the speci�c heat of a material with
the PPMS a minimum mass of ≈ 0.1 mg is necessary. Three of them, A116, A119 and A120 are
very close to this limit and they show bigger deviations than sample A115 (m = 0.29 mg) which
follows the α curve below T < 5 K.

Figure 2.6: Temperature dependence of the speci�c heat divided by temperature, C/T , for 4 samples (color

curves) with their corresponding masses are shown. The speci�c heat curves from β-YbAlB4 (black �lled

circles) and α-YbAlB4 (open circles) [Macaluso 2007] are also plotted.

The last test we performed was a powder x-ray di�raction spectrum on two di�erent batches to
clearly identify the crystal structure of our samples. In �gure 2.7 the powder diagram simulation
using the Poudrix program and the crystal structure parameters from [Macaluso 2007] for α-YbAlB4

the time of writing this work.
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(left) and β-YbAlB4 (right) are shown. The x-ray di�raction spectrum of a powder from several
samples, nearly 20, from Lap 508 III is shown in �gure 2.8 2. The experimental pattern and
the corresponding peaks from the α (squares) and β (triangles) polymorphs are visible. Each
polymorph has a few peaks which characterized them and permit to identify the experimental
crystal structure. We can observe that the spectrum from the samples of Lap 508 III perfectly
matches with the simulated diagram of α-YbAlB4, the pink squares.

Figure 2.7: Simulated powder diagram of α-YbAlB4 (left) and β-YbAlB4 (right) using Poudrix.

In conclusion, we have grown several batches of YbAlB4 by Al �ux and 16 samples, from several
batches, have been characterized. Only one of them, the sample B9 (Lap 684), may be the sought
β-YbAlB4 but the quality it is not high enough to detect superconductivity as the RRR ≈ 20. The
other samples are likely to be α-YbAlB4. Up to now, all the changes in the crystal parameters
either in the heat treatment, the stoichiometry or in the etching method do not seem to improve
the quality of the crystals nor to favor the growth of the β polymorph. Even though I stopped
the growth of YbAlB4 after all these trials, G. Lapertot is still working on it and hopefully he will
succeed (very) soon.

2.2 Extreme conditions

From an experimental point of view, heavy fermions are very challenging as in general extreme
conditions, i.e, low temperatures, high pressures and/or high magnetic �elds are required to study
their physical properties.

Hydrostatic pressure is known to be one of the cleanest ways to tune a system to its quan-
tum critical point (QCP). The di�erent physical phenomena that arise near a QCP like suppres-
sion/appearance of magnetic order, non Fermi liquid (NFL) behavior and/or superconductivity,
generally exhibit a strong pressure dependence and thus it is highly convenient to have an accurate
control of this parameter.

One of the strong motivations of this thesis was to develop an adequate setup to enable in-situ
pressure tunning device at dilution fridge temperatures with the following performances:

2The x-ray di�raction spectrum of the Lap 478 I is not shown here as similar results were obtained.
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Figure 2.8: Powder di�raction spectrum of samples from Lap 508 III. Pink squares correspond to peaks of

α-YbAlB4 and black triangles to β-YbAlB4 peaks.

• low temperatures: a home-made dilution fridge with base temperature ≤ 50 mK.

• high pressures: to achieve above 10 GPa by modulating the pressure in-situ in a DAC.

• and magnetic �elds: a superconducting coil up to 7 T.

Changing the pressure at low temperatures o�er several advantages that largely compensates
all the e�ort that has demanded:

• An important amount of time is spare. There is no need to warm the dilution fridge at each
pressure. We can keep the dilution continuously running as long as we need (e.g: more than
10 weeks) in order to perform all the measurements with only one thermal cycle.

• The risk of breaking the contacts is therefore highly reduced.

• We have a greater control of the tuning of the pressure (e.g. the precision is about 1 kbar).
This can be relevant when exploring the phase diagram of certain compounds that show
abrupt changes in the pressure dependence of the critical temperatures.

• If needed, we can also decrease the pressure inside the DAC about 1-4 GPa without risks for
the contacts. This can be very useful in order to con�rm a particular region of the phase
diagram.

The technical design work of the pressure tuning device was done by B. Salce before I joined
the laboratory. In Fig. 2.13 it can be seen the bottom part of the mixing chamber level of the
dilution fridge at the beginning of this work (left side) and after I installed the pressure in-situ
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device (right side). Nowadays the setup works great after overcoming several long lasting problems
mostly related to He leaks in the thin capillary and worst in the bellows. Several measurements
have been performed proving its e�ciency and potential (see Chapter 3, 4 and 5).

2.2.1 Low temperatures

In order to fully explore the (P − T ) phase diagram of the sought heavy fermion compounds in
this work very low temperatures were required, i.e., below the Kelvin range. For that a home-built
dilution fridge refrigerator (from an initial insert Kelvin-ox from Oxford, TMin = 1.2 K) was used
in several experiments throughout this work. The base temperature of the dilution is 40 mK and
50 mK without and with magnetic �eld respectively. The principles of dilution cryostats as they
are exhaustively described in the literature [White 1979, Lounasmaa 1979, Ennss 2005] will not be
mentioned here.

2.2.2 High pressure techniques

All measurements throughout this thesis were performed using diamond anvil cells (DACs). There-
fore, in the next paragraphs I will present the main characteristics of a DAC: their elements, the
preparation of the gasket, the loading process, the pressure transmitting media and the pressure
measurement. Secondly, I will present the characteristics and performance of the in-situ pressure
tuning device.

2.2.2.1 Diamond anvil cell

The choice of the pressure cell depends on the pressure range which is sought and to technical
limitations. Up to 4 GPa, other pressure cells as piston cylinder or indenter are in general more
suitable than DAC as they have bigger working volumes and so the sample preparation and the
manipulation of the cell is often easier.

In this work, however, we need to reach pressures as high as 10 GPa in order to study the
physics near the QCP of our systems, especially in YbCu2Si2, where the QCP is located close to 8
GPa. This high pressure range is only possible with DACs which depending on the size of the anvils
can attain pressures as high as 300 GPa. On the other hand, as we plan to change the pressure
in-situ , we need to measure the pressure at low temperatures. As diamonds are transparent, optical
measurements are possible. Thus, we can use the standard ruby �uorescence technique in order to
measure the pressure inside the sample chamber.

Versatile and small DACs working at any temperature and under magnetic �eld have been
widely used in a routinely way for many years [Jayaraman 1983, Dunstan 1989, Spain 1989]. How-
ever, experiments requiring electrical feedthroughs into the sample chamber for a long time was
a challenge [Thomasson 1997, Gonzalez 1986]. A rather simple technique to perform transport
measurements in DAC was developed by Thomasson et al. at the SPSMS [Thomasson 1997].
Throughout the years and the accumulated experience it has been consolidated and nowadays the
success rate of loading a DAC is reasonably high.

Figure 2.9 shows the main elements, general scheme and typical dimensions of a diamond anvil
cell currently used at the laboratory. For resistivity and ac-calorimetry measurements we work
with diamonds with 1 mm culet whereas for ac-calorimetry measurements we use diamonds with
0.7 mm culet 3. These dimensions are a good compromise between the minimum working space

3In the ac-calorimetry setup there are less wires inside the sample chamber so we can work with a smaller diamonds

and thus higher pressures are easily achieved.
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which is required to introduce the wires, the price of the diamonds and also the maximum pressure
that is reached, about 20 GPa, which in general is enough to explore the phase diagrams of heavy
fermions and other strongly correlated systems.

Figure 2.9: The elements of our diamond anvil cell (left): 1. bottom �xed diamond, 2. body of the cell, 3.

the gasket, 4. the mobile diamond �xed in the piston, 5. Belleville spring washers, 6. top closing element.

On the right there is a scheme with all the elements pieced together and the standard dimensions are also

indicated.

The design of a DAC is rather simple: one anvil is �xed at the bottom of the cell (1.) 4 while
the other is glued to the mobile piston (4.). The preformed gasket with a hand-drilled hole in its
center (the sample chamber) is placed between them (3.). The sample and the pressure transmitting
medium are placed inside the hole. The piston is well guided through the body of the cell (3.) and
several Belleville spring washers (5.) minimize pressure changes due to thermal cycling. Finally,
when the cell is closed, the locking nuts are screwed and a force is applied on the surface of the
top element (6.) which is transmitted to the diamonds. The volume of the sample chamber will
decrease and its internal pressure increase. The pressure at the sample is applied indirectly via the
transmitting medium in hydrostatic conditions.

Even though the design is simple, loading a DAC for transport measurements turns out to be
complicated by the necessity to introduce wires in the sample chamber and at each stage there is a
possibility of failure: there is a risk of leakage and that the diamond breaks the wires at the border
of the hand-drilled hole. The metallic gasket has to be insulated to avoid short circuits and this is
a crucial stage 5. Failures during the loading stage of the pressure transmitting medium may also
happen. Finally, if pressure is changed at room temperature, the successive cooling-heating cycles
can damage the wires.

The main stages of a DAC setup are:

Gasket

Initially the gasket is a stainless sheet of 500 µm. It is preformed by applying a force of 7000 N
(5000 N) 6 to reduce its width to 100-120 µm. Then a hole of 500 µm (350 µm) is drilled by hand

4The numbers in brackets correspond to the elements shown in �gure 2.9.
5Of course, a nonmetallic gasket it would be great help but unfortunately we do not know any other material

with the required compromise of malleability, shear strength, and low compressibility under pressure.
6The values without or in brackets correspond for DACs with diamonds of 1 mm and 0.7 mm respectively.
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at the center of the gasket and it is chamfered at both sides to avoid breaking the wires. The
gasket is insulated to prevent short circuits. The insulating layer consist of a mixture between an
epoxy (white Stycast 12%) saturated with alumina powder to improve its mechanical strenght (the
grains are about 1 µm). The mixture covers all the surface of the gasket where the wires will pass
through. Then it is polimarized during 7 min at 70 ◦C in the furnace. The hole is drilled again and
its contour is insulated only with the epoxy (see Fig. 2.10). Next, the gasket is placed between the
anvils. It is pressed with a force of 2000 N (1000 N) to get a �at and thin surface and hardened
again at the furnace during 1 h. The ideal thickness of the insulating layer is about half of the
height of the gasket, thus around 50 µm. If it is too thin or not saturated enough with alumina
powder, there are big chances of short circuits whereas if it is too thick, when pressure is applied,
the gasket deforms and the insulating layer may slide inside the sample chamber and it can break
or damage the wires.

Figure 2.10: (Left) Gasket with the insulating layer. (Right) Scheme of the setup of a DAC cell (gasket,

wires, sample, anvils) see details in section 2.3.

Sample

As the sample chamber is not very big, the size of the samples is rather small, typically between
150-300 µm of length and up to 50 µm of height. Therefore, their manipulation is very delicate.
As each measurement (resistivity, ac-calorimetry and ac-susceptibility) implies several speci�cities
in the setup, the details will be given separately in section 2.3.

Pressure transmitting media and loading

Argon has been used as pressure transmitting medium due to its high hydrostaticity up to 10
GPa [De Muer 2000]. Even though Helium has a higher hydrostaticity than Argon 7, its strong
compressibility at low temperatures 8 and its loading makes it less confortable to work with. Argon
is liqui�ed with nitrogen and then the DAC (which is slightly closed) is simply submerged in it during
30 minutes. Finally, we pressurize with a force of 5000 N (3000 N). Typical sealing pressures at room
temperature are about 10-15 kbars 9. Argon is not liquid anymore at the pressure and temperature

7The pressure gradient of He inside the pressure chamber is about 0.1% whereas that for Argon is 0.6% at 10

GPa [De Muer 2000].
8It implies a large change of the volume in the sample chamber and thus, higher risks of breaking the wires.
9The international unit for pressure is Pa (1 GPa = 10 kbars) which I will use for all the graphics of this work.

But for convenience, sometimes I will also use bars, kbars or GPa in the text.
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range where we perform our measurements but as a noble gas, even when its compressed and
becomes solid, its interatomic forces are weak and thus its quite malleable and isotropic.

Pressure measurement

The ruby �uorescence is a well-known technique to measure the pressure in DACs [Forman 1972].
Some ruby chips are placed inside the sample chamber and they serve as pressure sensors. The
wavelength of the ruby R-line �uorescence is pressure and temperature dependent but below 35 K
the lines only depend on pressure. The rubies are excited by an Argon laser via an optical �ber that
passes trough all the cryostat. A second �ber directs the out coming light to the monochromator
(HR 100) and the spectrometer (Andor Technology CCD). It is calibrated with a spectra at room
temperature and ambient pressure where two lines are observed, λR1 = 694.239 nm and λR2 =694.82
nm, and with the help of a reference Ne lamp. The lines shift 0.365 nm/GPa independently of the
temperature (within 3%) [Noack 1979]. At low temperatures, the excited state which leads to
the R2 line is not populated anymore and thus it is not detectable. When there is a loss in the
hydrostaticity because of strain in the pressure transmitting medium the di�erent rubies will have
slightly di�erent emission lines which will lead to a broadening of the detected line. Hence its width
indicates the homogeneity of pressure.

In �gure 2.11 the ruby spectra at 4 K for selected pressures are plotted. In this example,
pressure was changed using the pressure in- situ device.

Figure 2.11: Ruby spectra at selected pressures measured at 4 K. In this setup pressure was changed at low

temperatures using the pressure in-situ device.

The experimental spectra can be �tted with Gaussian functions to estimate the line width, ∆,
and the position of the maximum of the peak, λ0, to precisely estimate the pressure. An example
is shown in �gure 2.12. Here, the peak is centered at λ0 = 694.3 nm which corresponds to 2.5 GPa
and its width is ∆ = 0.235 nm.

Technically, the measured ∆ does not only correspond to the intrinsic width of the ruby �uo-
rescence. It can be decomposed in three di�erent terms:

∆ = ∆0 + ∆spec + ∆inhom, (2.1)
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where ∆0 corresponds to the intrinsic width of the ruby signal (which in general is larger at 300 K
than at 4 K), ∆spec is the limiting sensitivity of the transfer function of the spectrometer (∆spec)
and �nally ∆inhom corresponds to the broadening due to pressure inhomogeneity in the sample
chamber, not only in the sample.

In Figure 2.12 a) we compare the ∆ of the ruby line when the pressure is changed at room
temperature (black diamonds) and at low temperature (red diamonds). At room temperature, up
to 2 GPa, the line width corresponds to the �rst two terms of eq. 2.1, ∆ = ∆0 + ∆spec ≈ 0.18

nm, i.e., there is no broadening e�ects due to inhomogeneity in the sample chamber. For higher
pressures, a slight pressure inhomogeneity appears and at 5 GPa, ∆inhom ≈ 0.06 nm.

We �nd that up to 4 GPa the line width is roughly proportional to pressure when changing
pressure at low temperatures (red solid line). Clearly, the homogeneity is higher when the pressure
is changed at room temperature. At P ≈ 2 GPa, the measured ∆ when pressure is changed at 4
K is as large as the value at 5 GPa when pressure is changed at 300 K. In the ideal case, pressure
is applied on a liquid but even at room temperature, Argon solidi�es within the pressure range
attained in our measurements (at 300 K the solid-liquid transition takes place at P ≈ 12 kbars),
but it stays more malleable at high temperatures, i.e., with better hydrostatic conditions and thus
with narrower line widths. Despite this broadening e�ect, we still have a good precision of the
pressure and we can distinguish two spectra with a di�erence of ±0.5 kbars.

Figure 2.12: a) Line widths for two di�erent setups: when pressure is changed at low temperatures (red

diamonds) and at room temperature (black diamonds). b) Gaussian �t (in black) to a ruby line to obtain

the line width, ∆, and the position of the maximum of the peak, λ.

2.2.2.2 Force generating devices

Devices that generate forces at low temperatures exist since many years [Silvera 1985]. In Salce et
al. detailed information can be found of an in-situ pressure device adapted to an 4He fridge which
can generate forces up to 25 kN at 1.4 K and thus it permits to sweep a pressure range from 0 to
≈ 20 GPa in a DAC with a diamond table of 0.7 mm. This device was developed at the SPSMS
laboratory more than ten years ago and it was used during this work for several measurements (see
Chapter 3 and 4) [Salce 2000].

43



2.2. Extreme conditions

Even though there are fewer examples of force generating apparatus working at very low tem-
peratures [Webb 1976], the operation principle is basically the same: pressurized bellows with He
coupled to a mechanical ampli�er force system. The main di�culty to overcome is the thermaliza-
tion of the device which is placed at the bottom part of the calorimeter, after the mixing chamber
level of the refrigerator. A preliminary development was carried out with success in a dilution fridge
in the laboratory [De Muer 2000] and it proved its feasibility. However, further e�orts to improve
the design of the device (to lighten its mass and reduce its dimensions as much as possible) had to
be done to minimize the thermal leakage and to adapt the device to the new dilution fridge with a
magnetic superconducting coil with a standard 52 mm hole.

2.2.2.3 In-situ pressure tuning device at dilution fridge temperatures

Description

The main parts of the device are shown on the right side of �gure 2.13:

• the bellows: they are made of stainless steel. Their external diameter is 56 mm and the
internal about 39 mm. Their original height before being expand is about 35 mm. They are
designed to stand pressures up to P ≈ 19 bars but we actually use them up to 24 bars10 and
they expand more than 13 mm.

• the capillary: it is made of Ni-Cu alloy which is convenient because of its weak thermal
conductivity. Its internal diameter at the bottom part is about Φint ≈ 0.1 mm to minimize
the thermal leaks.

• the mechanical ampli�er system: it consists of two levers made of Cu-Be (2% of Be) alloy.

• the cage of the mechanical ampli�er system: also made of Cu-Be alloy.

• the optical �bers: two plastic �bers of diameter Φ = 0.5 mm placed at the top of the DAC.

• force sensor: a piezoelectric sensor is placed above the DAC in order to monitor the applied
force.

• DAC

• thermometer: a RuO2 thermometer is located at the external surface of the DAC to measure
the temperature as close as possible to the sample.

Performance

The pressure circuit remains under vacuum until the dilution fridge is cold. The pressure in the
bellows is controlled via a regulator �xed to a gaseous helium bottle at 200 bars and it is measured
by an absolute pressure sensor in the pressurization circuit at 300 K. The helium passes trough a ni-
trogen trap to avoid any blockage in the capillary at low temperatures. The capillary is thermalized
at each stage of the cryostat: 1.2 K pot, the still and the mixing chamber.

The force is generated when the bellows are pressurized and it can be measured at any time by
the piezoelectric sensor placed just above the DAC. The bellows can generated a force F = 3 kN
for an Helium pressure of PHe = 21 bars and its e�ective surface is Seff = F/PHe =15.3 cm2. The

10We could apply up to 25 bars which corresponds to the Helium liquid-solid phase transition at low temperatures.
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Figure 2.13: Before (left) and after (right) the pressure device was set in placed.
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temperature has no e�ects on the performance of the bellows as shown in �gure 2.14. However, the
response of the mechanical ampli�er system was found to be temperature dependent: at 300 K the
amplifying factor is about 4.5 whereas at low temperature this ratio decreases to ≈ 3.5. This force
loss has not been observed in the other pressure in-situ devices [Salce 2000, De Muer 2000].

Figure 2.14: Performance of the bellows at room temperature and at 100 K (open and full triangles respec-

tively). Circles (open and full) correspond to the force generated with the ampli�er system at 300 K and 90

K respectively.

All the elements (the levers, their cage, the cage of the bellows and the one of the DAC cell)
are made of the same non-magnetic Cu-Be alloy which is a good compromise between mechanical
endurance and thermal conductivity. So thermal contractions are not responsible of the force loss.
We tested the piezoelectric sensor which measures the force applied at the DAC and its response
is not temperature dependent. We have not fully clari�ed the origin of the force loss but it has to
be mechanical. In fact, there is a di�erence in the design of the cage of the levers between the 4He

and the dilution fridge mainly because the dimensions and the mass had to be reduced in the later
and they are less well guided. If during the cooling process they move (although we apply by hand
about 1 kN of force to block the levers in the good position before we run an experiment) that
could explain this loss of force. Nevertheless, we have achieved the pressure range we sought: for a
DAC of 0.7 mm pressures up to 14 GPa (for a PHe = 13 bars) (see Chapter 4) have been achieved
and for a DAC of 1 mm culet about 10 GPa (with PHe = 19 bars). Another design of the cage
would probably clarify the origin of this loss. The pressurizing process is re�ected in Fig 2.15 where
it can be seen how the bellows expand for di�erent PHe up to 15 bars (corresponding to about 10
GPa in the DAC).

In order to measure the pressure via the ruby �uorescence two optical �bers are passed through
all the dilution fridge down to the DAC. Due to room limitations we could not measure in transmis-
sion mode as in the 4He fridge where one �ber is placed at the top of the DAC, and the other one
at the bottom. In this case, we had to place both �bers on the top of the DAC, hence the change to
0.5 mm �bers, and measured the ruby �uorescence in re�ection mode. Even in this con�guration,
which is less favorable, the signal was enough intense to be detected.

46



Chapter 2. Experimental techniques

Figure 2.15: From left to right: di�erent moments of the pressurizing process of the bellows. PHe is

indicated and also the expansion of the bellows. The red line are a guide to the eyes.
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In-situ pressure modulation at low temperatures

Changing the pressure in a DAC at room temperature has several disadvantages like a noticeable
reduction of the pressure when cooling from 300 K to low temperatures (≈ 8-10 kbars) which is not
completely reproducible. Also several thermal cycles can weaken the contacts and the probability
to have problems increases (e.g: breaking of the wires and short circuits). Moreover, the contacts
rarely stand pressures above 6 GPa and several Yb-based heavy fermion compounds have higher
critical pressures Pc ≈ 8 GPa. This technical di�culty is one of the reasons why Yb systems have
been far less studied compared to their Ce counterparts. Another speci�city of Yb compounds is
their rather low energy scales which often implies transition temperatures below the Kelvin (e.g:
YbRh2Si2 and YbCo2Zn20) so the use of a standard 4He fridge is not enough. These disadvantages
are avoided by modulating the pressure at dilution fridge temperatures where only one thermal
cycle is needed and pressures above 10 GPa are attainable.

When we pressurize the bellows we can monitor the process by acquiring simultaneously the
Helium pressure (PHe), the generated force (F) and the temperature at the outside part of the
DAC (T). Figure 2.16 shows two di�erent situations: a) �lling the bellows at the beginning of an
experiment and b) changing the pressure in the DAC during an experiment between 18 to 20 kbars.

As we have previously mentioned, when we cool down for the �rst time the bellows are under
vacuum. The �lling process is quite long, a few hours, as we try to keep the temperature at the
mixing chamber below 1 K to avoid the evaporation of all the mixture, even though a partial
evaporation is very di�cult to avoid. That is why we keep a low Helium pressure, PHe ≈ 1 bar,
during the He condensation process (see Fig. 2.16a). For t> 330 min the force starts to increase,
indicating that the bellows are �lled. Another way to check when the bellows are �lled is by
closing the valve from the He bottle and see if the PHe decreases or remains almost constant. The
temperature will rise for quick ramps in PHe but as soon as the pressure is stable, the force will
be constant and the temperature will decrease again. The strong increase of T up to 3 K are due
to laser heating when we measure the ruby �uorescence to check if the pressure in the DAC has
changed.

But it is in Fig. 2.16 b) where the advantages of changing the pressure at low temperatures can
be plainly observed: even though the temperature will tend to increase a little bit, it remains below
1 K and thus the dilution keeps on running. Secondly, once the bellows are �lled, changing the
pressure is quite fast: in this example it has taken only 15 min to change from 18 to 20 kbars. A
lot of time is spared compared to changing the pressure at room temperature. But not only time,
also all the risks associated to the heating-cooling cycles in DAC are greatly reduced.

The mechanical ampli�er system has a non reversible behavior under pressure. For t> 12 min
when the pressure circuit is pumped, the PHe decreases but the force remains constant. This
behavior is interesting for temperature sweeps above 4 K. If we kept the same liquid He volume in
the bellows the pressure would increase as He would become gaseous and consequently, the pressure
in the DAC would also increase. With this �hysteretic� behavior this problem is avoided. Usually
we pump until the force starts to decrease. This step is important when working with the 4He

fridge as often we measure up to 20 K but it is less critical with the dilution fridge because we
rarely measure above 2 K where He is still liquid and no noticeable changes in pressure have been
detected.

Despite all the advantages there is one weak point: changing the pressure at low temperatures is
less hydrostatic than changing it at room temperature as it was already discussed in section 2.2.2.1.

In summary, we have been able to perform experiments for more than 10 weeks, if necessary,
without warming up the cryostat.
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Figure 2.16: Changing the pressure at low temperatures: a) �lling the bellows for the �rst time during an

experiment and b) changing the pressure between 18 to 20 kbars (see details in text).
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2.2.3 High Magnetic �elds

Two di�erent high-magnetic �eld experiments were carried out: resistivity measurements under
pressure up to 35 T at the LNCMI (Grenoble, France) facility, and magnetization and resistivity
measurements at ambient pressure at the high-pulsed magnetic �eld facility, LNCMI (Toulouse,
France), up to 53 T.

Magnetoresistivity measurements in high magnetic �elds

The setup used for the resistivity measurements at the LNCMI-Grenoble was similar at the one
we used in our laboratory which is based in the synchronous detection at low frequencies and it is
described in the next section.

Measurements in high-pulsed magnetic �elds

There are several constraints when working with high pulsed magnetic �elds. One of them is that
the pulse duration (typically some hundreds of milliseconds) is too short to perform an average
measure of the acquired data. Then numerical �lters are needed. Transport measurements are
performed also by a synchronous detection technique but the working frequency of the Lock-in
ampli�er, F , is much higher than the one used in constant magnetic �elds (e.g., between 20 kHz
and 60 kHz instead of 17 Hz). The necessity of such high frequencies is due to the duration of
the pulsed but also to avoid di�erent sources of noises like vibrations from the magnetic coil when
working at low frequencies at the shot pulsed. The signal is acquired through di�erent acquisition
carts and it is treated by a digital Lock-in which performs the synchronous detection as a Lock-in
ampli�er but in this case at the end of the measurement. There is an optical �ber between the
acquisition cart (PXI) inside the box (where the measurements are performed) and the computer
outside the box to treat and recover the data [Levallois 2008].

2.3 High pressure measurements

2.3.1 Electrical resistivity

The electrical resistivity ρ is an intrinsic property of a given material while its resistance R depends
on its dimension. For certain geometries, there is a simple relation between resistivity and resistance:

R = V
I = ρ∗l

S ,

where F = l
S is the so-called geometrical factor.

Resistivity is a true quantitative measurement under high pressure except for geometry limita-
tions which induces an uncertainty to the geometrical factor F . This is a systematic error, mainly
because of a wrong normalization. Absolute values of the resistivity are obtained by normalizing
the measured room temperature resistance to the resistivity value obtained in literature at 300
K so we can deduce the geometrical factor which we suppose to be pressure independent at low
pressures.

Resistivity measurement

Resistivity is measured via the standard four-point contact ac-technique with a lock-in detection
(Stanford SR830). Four gold wires (12 µm) are spot welded on the sample. Typical welded
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parameters for the samples of this work were U=5 V and τ =10 µs. Then, four �attened 25
µm golden wires are glued with silver paint in four sides of the diamond anvil where they contact
the wires that are �xed at the bottom of the DAC (see Fig. 2.10). The edge of the �attened wires on
the diamond plate are cut so they do not enter inside the pressure chamber as shown in Fig. 2.17.

Figure 2.17: Resistivity setup for a DAC. The insulation layer of the gasket, the sample with the golden

wires (12 µm), the �attened golden wires (25µm) and several ruby chips are shown.

In order to maximize the signal-to-noise ratio we wanted to use the largest excitation current
without heating the sample. A value of I = 100 µA was found to be a good compromise, i.e.
no signi�cant changes in the signal were detected by decreasing the current. We measured at a
frequency of 17 Hz. The signal was ampli�ed at room temperature by a transformer and then by
a pre-ampli�er before the Lock-in with a total gain of 105.

2.3.2 Speci�c heat

The speci�c heat C is the amount of heat per unit mass required to raise the temperature by one
degree Celsius. In this study, the measurement of the speci�c heat was helpful to determine the
transition temperatures as a function of pressure because at a bulk transition it generally shows an
anomaly. As it will be detailed in the next section, we did not work with absolute values of the
measured signal so we could not determine thermodynamic properties like entropy, S, as can be
usually done when working at ambient pressure.

Ac-calorimetry measurement

The main di�culty when working under pressure is the thermal coupling between the sample and
its environment (the thermocouple, the Argon, the gasket and the body of the cell itself). As this
coupling is temperature and pressure dependent, it is not easy to determine. The ac-calorimetry
technique which is described in detailed in [De Muer 2000], is well adapted for small samples where
the time constant needed to achieve the thermal equilibrium is rather small. In a simple model
proposed by Sullivan et al., the sample is coupled to the bath (the environment) by a thermal
conductance, κ, as shown in Fig. 2.18 [Sullivan 1968]. The sample is heated with an alternative
power P = P0(1 + coswt), where P0 is the mean value and w is the oscillating frequency. The
induced temperature oscillations, Tac, are related to the speci�c heat of the sample as follows
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Cac = P0
wTac

∝ 1
Tac

.

The frequency w has to be chosen high enough to decouple the sample from its environment
but small enough to achieve the thermal equilibrium in the sample.

Figure 2.18: Principle of the ac-calorimetry technique proposed by Sullivan et al. An alternating power P

is applied to the sample with a speci�c heat C. The sample is coupled via a thermal conductance κ to the

bath TB.

In practice, to measure the speci�c heat we use a thermocouple made of Au:Au(0.07%Fe). The
Au wire is about 12 µm whereas the AuFe which originally is about 25 µm is �attened to reduced
the risks of short circuits. The setup of the DAC is a little bit less complex than for resistivity and
it is shown in �gure 2.19. There are only two wires to weld on the sample. In these measurements
we use diamond anvils with 0.7 mm.

Figure 2.19: Setup for ac-calorimetry measurements in a DAC. A thermocouple Au:Au(0.07%Fe) is welded

on the sample.

The temperature dependence of the sensitivity of the thermocouple was determined by Chaussy
et. al and it is about Sth(1K) ≈ 7µV/K [Chaussy 1982]. At our pressure range it is assumed
to be pressure independent [Itskevich 1978]. A Lock-in ampli�er measures the oscillating voltage
of the thermocouple Vac at the same frequency ω which is proportional to Tac, Vac = SthTac and
also the phase shift to the heating. The signal is ampli�ed by a factor of 105 like in the resistivity
measurement.

The power heating is generated via an argon laser (λ = 476.5 nm) with a maximum power of
50 mW coupled to a chopper with a modulable frequency when we measure with the 4He pressure
in-situ device. In the dilution fridge, in order to achieve the lowest temperature possible, which
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was about 200 mK, we have used a red laser diode with a maximum power of 20 mW coupled to a
�lter to reduce its intensity. We detected Tac ≈ 1.7 mK at 200 mK.

There are several advantages when working with the laser diode:

• the power is electronically regulated and thus more stable than the power of the argon laser.
This is re�ected in the measured signal which is more stable in time when using the diode
laser [Measson 2005].

• the range of frequencies is wider in the diode laser than using a chopper.

• the phase shift can be better known as the heating power in the diode is sinusoidal.

Nevertheless there are also some disadvantages: it will be more di�cult to measure a big speci�c
heat

(
Tac ∝ P0

Cac

)
due to the limiting maximum power of the diode laser and secondly, we need to

use a second laser to to measure the ruby �uorescence.
This method is semi-quantitative (i.e., absolute values of C are not obtained) because the

average heating P0 on the sample is not known as there is an unknown fraction of heat that goes to
the sample environment. Another source of error is that even though we work at a frequency that
in principle decouples the sample and the bath, in practice it is not a perfect decoupling so there
is still a contribution of the environment in the measured signal. This gives rise to a background
signal which is pressure and temperature dependent. Nevertheless, this technique allows us to
determine the temperature transitions where C shows an anomaly and we can therefore plot the
phase diagram of the sample.

Frequency test

In order to choose the working frequency at the beginning of each experiment we have measured
the frequency dependence of the signal at a constant temperature. Then we plot in a log-log plot
the measured signal multiplied by the frequency as a function of the frequency. The frequency test
for the ac-calorimetry measurements on YbCu2Si2 is given as an example in �gure 2.20. At low
frequencies, a linear dependence is observed which indicates that the sample is not thermally un-
coupled from the bath because in one period the heat can propagate not only inside the sample but
also in its environment. An almost �attened (frequency-independent) region is visible in the appro-
priate frequency range, where quasi-adiabatic conditions can be assumed, i.e., the heat propagates
throughout the sample but not in the bath. Finally, at higher frequencies, we observe again a fre-
quency dependence of the signal. The increase of Vac×f at high frequencies is surprising: normally
a decrease is expected when the sample starts to be decoupled from the thermometer. Probably
the excitation is heating directly the thermocouple as discussed in more detailed in [Measson 2005].

The working frequency used in this work was between 77 and 733 Hz. And all pressures are
compared at the same frequency.

2.3.3 Ac-susceptibility

Magnetic susceptibility is the response of a material with a magnetization M when a dc-magnetic
�eld H is applied. In this study the magnitude we measured is the alternating current (ac) sus-
ceptibility which is de�ned as χac = dM

dHac
where Hac is an oscillating magnetic �eld. In the dc

measurement, the magnetic moment of the sample will not change with time whereas in an ac mea-
surement the magnetic moment of the sample is changing in response to Hac. Thus the dynamics
of the magnetic system, in principle, can be studied.
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Figure 2.20: Typical frequency dependence of the signal of the thermocouple multiplied by the frequency

in a log-log plot. This example corresponds to the frequency test performed in the ac-calorimetry study in

YbCu2Si2 at 1 GPa and 4 K.

Ac-susceptibility measurement

The technique we use has been adapted from a technique �rstly developed in Cambridge [Alireza 2003].
The main problem they encountered was the small sample volume that is available in a DAC which
gave a very poor signal-to-noise ratio. This obstacle was solved by placing the detection coil, made
of 10 turns with a 12 µm Cu wire, inside the sample chamber as shown in Fig. 2.21. In this way,
the �lling factor was strongly increased, the background was reduced and so the sensitivity was sig-
ni�cantly enhanced allowing the detection of magnetic transitions in materials with weak magnetic
moments [Alireza 2003].

In this setup there is no need to make contacts on the sample and at �rst sight seems easier
than the other examples. But the pick-up coil is a tricky stage. It is not easy to wind, is very fragile
and can be easily broken during the process of inserting it in the sample chamber. Moreover, it
has to be insulated electrically from the gasket and thus some mixture of epoxy and alumina will
be placed on the contour of the hole of the gasket. Finally, two grooves are made in the gasket and
they are also insulated in order to pass the wires of the coil to avoid that the top diamond breaks
them. This coil has to be made each time we load a new sample. On the contrary, the primary
coil which has about 300 turns with a 30 µm Cu wire is safely placed around the bottom diamond,
under the gasket.

We apply with the Lock-in ampli�er an ac-current to the primary coil about 1 mA and with
a frequency f = 720 Hz. A magnetic �eld of about 0.1 mT is generated and it induces a voltage
in the pick-up coil that we measured and it is ampli�ed by a factor of 105. To simplify the setup,
we do not have a compensating coil and thus there is a background contribution which is not well
determined. Nevertheless the sensitivity is rather good, for example a superconducting transition
represents about 7% of the total signal.

The susceptibility χ of the sample is related to the measured voltage, e, as follows

e =

(
1

α

)
Vs2πfHχ, (2.2)
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Figure 2.21: Ac-susceptibility setup: the pick-up coil (10 turns, 12 µm Cu wire) and the sample are inside

the pressure chamber.

where α is the system calibration coe�cient which depends on the characteristics of the pick-up
coil as follows

α =

[(
L
2

)2
+ a2

]1/2

(Nπµ0)
, (2.3)

Vs is the sample volume, H the magnetic �eld, f the frequency, L the height of the pick-up coil,
N the number of turns and a its radius.

As the excitation signal has a frequency ω, it can be expressed in a complex notation and also
the response signals (e, χ):

h̄(t) = h̄0 exp iwt

e = e′ + ie′′ ∝ iwh̄(t)(χ′ + iχ′′)

e′ ∝ χ′′
e′′ ∝ χ′,

The signal e that we measure has two components a real part e′, the in-phase, and an imaginary
part e′′, the out-of-phase contribution, which corresponds to the imaginary and real parts of the
susceptibility of the sample respectively. In practice, we use to work and analyze only the imaginary
part of the measured signal e′′ ∝ χ′. The detailed principles of this technique are presented
in [Guillaume 1999].

2.3.4 Magnetization

The Magnetic Property Measurement System (MPMS) from Quantum Design is one of the most cur-
rently used Superconducting Quantum Interference Device (SQUID) magnetometers. The MPMS
can measure magnetic moments as small as 10−8 emu and can measure over a wide range of tem-
peratures (1.9-400K) and magnetic �elds (up to ±7 T). One of the main constrains for pressure
measurements is the reduced sample space which is limited to 9 mm, demanding a big e�ort on
the miniaturization of the pressure cell. Nowadays the use of several piston-cylinder cells up to
few GPa is quite extended [Uwatoko 2005, Kamenev 2006]. But our interest was to measure the
magnetization of YbCu2Si2, whose critical pressure is about 8 GPa, requiring the use of a DAC.
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Even though its development for commercial SQUID magnetometers is more scarce, there are at
least two DAC which achieve pressures above 100 kbars [Easylab , Alireza 2009].

Figure 2.22: (Left) Schematic view of the miniature cell designed for the MPMS [Alireza 2009]. (Right)

Actual view of the cell where the piston, the anvils and the gasket are indicated [L-A ].

Magnetization measurements under pressure of YbCu2Si2 were carried out using a miniature
DAC (L-A cell) [Alireza 2009] in a MPMS in collaboration with P.L. Alireza (Cavendish Laboratory,
Cambridge). The cell is 8.4 mm in diameter and 64 mm in length. The anvils are made of Moissanite
(SiC) which is less hard than diamond and thus easier to break but less expensive, with 0.8 mm culet
and they can stand pressures up to 12 GPa. The body of the cell is made of a CuTi alloy instead of
the standard BeCu to avoid its ferromagnetic component which requires a demagnetization process.
The main advantage of this pressure cell is the low background which allows to detect transitions
in the 10−6 emu range, one order of magnitude lower than the other model [Easylab ]. For samples
with a bigger magnetic moment this di�erence it is not signi�cant but it turned out to be crucial
in our study as the sample signal was lower than 10−5emu as shown in Fig. 2.23 (see details on
Chapter 5). The gasket is made of BeCu due to its higher strength. It is pre-indented to 100 µm
and the diameter of the pressure chamber is 350 µm. The sample size was 170*180*60 µm. We
measured the temperature dependence of the magnetization at di�erent pressures (above and below
the critical pressure) at 50 Oe in order to keep the background contribution as low as possible. The
pressure was determined via the ruby �uorescence.

These measurements turned out to be more complex than �rstly expected because we had to
work at the limiting conditions of the MPMS system and the DAC: the transition temperatures
are rather low, a few K, and the MPMS can only reach 1.9 K so we could not measure the whole
saturation curve. The signal of the sample was very small and the background removal process was
not easy. Measuring the magnetization as a function of the magnetic �eld would have been very
desirable but as the background of the DAC is �eld dependent and the signal of the sample was so
weak the results we got were not conclusive because even after extracting as carefully as possible the
background we observed hysteresis curves above and below the magnetic temperature transition,
indicating that there was still a background contribution mainly due to the CuBe gasket.
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Figure 2.23: Magnetization at 8.9 GPa of YbCu2Si2 measured at 50 Oe. The red point corresponds to the

magnetic temperature transition at this pressure taken from [Fernandez-Pañella 2011].

2.4 X-ray spectroscopic measurements

X-rays

X-rays are a powerful tool to study the structural and electronic properties of a wide variety of
materials in condensed matter physics as their wavelengths are the same order of magnitude as the
typical interatomic distances in solids, a few ångströms. �Soft X-rays� are usually considered in
the range of 0.1-2 keV whereas �hard x-rays"' would start above 4-5 keV. The region in between is
sometimes called �tender x-ray�.

When a solid sample is illuminated by a X-ray beam of intensity I0 several processes take place.
In general, one observes that the transmitted intensity I has been attenuated after the beam has
crossed the sample. Some of the processes that contributes to this attenuation are summarized in
�gure 2.24:

The transmitted intensity can be related with the initial I0 via the Beer-Lambert law:

I = I0 exp(−µxρ),

where x is the thickness of the sample, ρ is its density and µ is the absorption cross section which
depends on the energy and polarization of the incident beam.

2.4.1 Valence measurement under extreme conditions

The development of third-generation synchrotron radiation sources with extremely high-brilliance
light have permitted the development of spectroscopic techniques like resonant inelastic x-ray spec-
troscopy (RIXS)11.

11The intensity of inelastic scattering processes is much weaker than for elastic (Rayleigh) scattering.
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Figure 2.24: a) Some of the processes that take place when a solid is illuminated by a X-ray beam. b) A

microscopic view: when a photon with energy hν is absorbed, a core electron is excited from an initial state

g to an empty �nal state f above or at the valence band. The di�erent detection modes: measuring the

secondary electrons, transmission, elastic/inleastic scattering and �uorescence are related to the transition

probability between f and g. If we take into account multielectronic processes this scheme becomes more

complex(From [Joly 2011]).

RIXS is a photon-in/photon-out, bulk sensitive 12 technique where a core electron is excited by
an incident photon with energy hνin and then this excited state decays radiatively by emitting a
photon to �ll the core hole. RIXS is element and orbital speci�c. Figure 2.25 shows the energy level
scheme for the case of a mixed-valent Yb ion where the relevant transitions in x-ray absorption
spectroscopy (XAS) and RIXS are indicated with arrows. The �nal states in XAS correspond to the
intermediate state in RIXS [Dallera 2002, Rue� 2007]. The degeneracy of the initial mixed-valent
state |g〉 = c0

∣∣f13
〉

+ c1

∣∣f14
〉
is lifted in the RIXS intermediate states. By tuning the incident

energy to a particular intermediate state (in our case, in presence of a 2p core hole), one of the
multiple f -states can be speci�cally enhanced through resonance [Rue� 2007].

Figure 2.25: Total energy level scheme for an Yb ion in YbCu2Si2 in XAS and RIXS. Those in light grey

indicate less probable transitions (from [Rue� 2007]. Here the chosen resonance is at the L3−edge (2p→ 5d)

of the Yb ion and the emission line is the Lα1
(3d→ 2p).

The spectroscopic measurements under extreme conditions (high pressure and low temperature),
were performed in collaboration with J. P. Rue� (Synchrotron SOLEIL and CNRS, Paris) and
V. Balédent (Synchrotron SOLEIL, Paris) at the ID 16 beam line of the European Synchrotron

12The penetration depth is about several µm.
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Radiation Facility (ESRF, Grenoble). The undulator beam was monochromatized with a pair of
Si(111) crystals and focused to a size of 40 µm (vertical) and 100 µm (horizontal) at the sample
position. The scattered x-rays were analyzed by a Rowland circle spectrometer equipped with
a spherically bent Si (620) crystal. The energy resolution was about 1.5 eV. A sample about
20 µm thick was loaded in a membrane-driven diamond anvil cell (DAC) with silicon oil as a
pressure transmitting medium. The DAC was mounted in a helium circulation cryostat for low-
temperature measurements. The lowest temperature achieved was 7 K. Pressure was estimated
from the �uorescence of a ruby chip placed in the sample chamber.

Figure 2.26: a) PFY spectra at 7 K and for selected pressures recorded at the Yb Lα1 line. b) RIXS spectra

at 7 K at the resonance of the Yb2+ component (hνin =8.9404 keV) and normalized at the maximum of the

Yb2+ intensity.

In �gure 2.26 the x-ray absorption (XAS) spectra at 7 K and for several pressures measured at
the Yb L3 edge and recorded in the partial �uorescence yield (PFY) mode 13 at the Yb Lα1

14 are
shown. In �gure 2.26 b) there are summarized the RIXS spectra measured at the Yb2+ resonance
(hνin = 8.9404keV ) at selected pressures and also at 7 K. They were normalized at the intensity
of the Yb2+ intensity to enhanced spectral changes. The two main features peaking at an energy
transfer, Et = hνin − hνout of 1525.5 and 1530.5 eV respectively, correspond to transitions from
the Yb2+ and Yb3+ component. The advantage of selectively enhance either the Yb2+ or Yb3+

component is that the measured spectra have simpler line shapes compared to the XAS spectra.
Thus, they provide a higher accuracy in the estimation of the valence [Fernandez-Pañella 2012].

2.4.2 Valence measurement under magnetic �eld

In order to better understand the origin of the magnetic �eld e�ects in the physical properties
of heavy fermions compounds like metamagnetism in YbCo2Zn20 or the �eld-induced QCP in

13In the total �uorescence yield (TFY) mode it is recorded the integrated scattered intensity in function of hνin,

which is varied across an absorption edge. When only one radiative decay channel is observed as in PFY all the

spectra features are better resolved. (See more details in [Dallera 2002, Rue� 2007]).
14In order to reduce lifetime broadening e�ects and to sharpen spectroscopic features.
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YbRh2Si2 and especially, if they are related to the valent degrees of freedom, we performed X-ray
absorption spectroscopic measurements as a function of temperature and magnetic �eld at 10 T
in ID 20 at the ESRF (Grenoble, France) in collaboration with J. P. Rue�, V. Balédent and L.
Paolasini. The energy of the x-rays in ID20 was between 3.5 to 12 keV. Thus, the K and L edges
of transition metals, rare earth elements and also uranium are accessible. The resolution in energy
was about 10−4 eV.

We measured the L3 edge XAS spectra in the �uorescence mode for 8 di�erent heavy fermion
single crystals: YbCu2Si2 (H ‖c), YbRh2Si2 (H ‖a), YbCo2Zn20, YbIr2Zn20, SmS (gold), SmS
(black), CeCu2Si2, CeCoIn5 and CeRhIn5. The L3 edge for the Yb ion is located at an energy
E = 8.943 keV, for Ce at E = 5.723 keV and for Sm at E = 6.716.

Figure 2.27: XAS spectra a) at di�erent temperatures and zero �eld b) at zero �eld and 10 T at 2.1 K at

the L3 edge in YbIr2Zn20.

In �gure 2.27 the XAS spectra at di�erent temperatures (a), and at zero �eld and 10 T at 2.1 K
(b) in YbIr2Zn20 are shown. The main peak centered at E = 8.9448 keV corresponds to Y b3+ and
the weak feature at around E = 8.939keV corresponds to Y b2+. There are no perceptible changes
in the line shapes when the temperature is decreased or when the magnetic �eld is applied. Similar
results were obtained for SmS, CeCu2Si2, CeCoIn5 and CeRhIn5 (not shown here). The spectra of
YbCu2Si2, YbRh2Si2 and YbCo2Zn20 will be shown in the respective chapters but we can anticipate
that the magnetic �eld has no signi�cant e�ects on the valence in any of these compounds.
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3.1 Introduction

YbCu2Si2 is a well known intermediate-valence compound and a moderate heavy fermion, γ ≈
150 mJ(K2mol) 1 (�gure 4.4 a)) [Dung 2009], with the ThCr2Si2-type tetragonal crystal structure
as shown in �gure 4.1. The lattice parameters are a = 3.9237(3) Ȧ and c = 9.9908(13) Ȧ. Its
valence at low temperature is about 2.8 and increases near 2.9 at room temperature [Lawrence 1994,
Moreschini 2007].

Figure 3.1: Crystal structure of YbCu2Si2. The green, fuchsia and blue spheres correspond to Yb, Cu and

Si ions respectively.

The magnetic entropy, Smag, is shown in �gure 3.2 b). Smag gradually increases with tem-
perature and it reaches the value of R ln 2 corresponding to the doublet ground state with S =

1This value was reported recently in [Dung 2009]. A value slightly weaker γ ≈ 135 mJ/(K2mol) was obtained in

other studies [Sales 1976, Colombier 2008].
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1/2, N = 2 around 40 K, which is consistent with a Kondo temperature of 50-60 K estimated from
the neutron quasi-elastic line width which is about 4-5 meV [Holland-Moritz 1982].

Figure 3.2: a) T 2-dependence of the speci�c heat expressed in the form C/T for YbCu2Si2 [Dung 2009].

b)Temperature dependence of the magnetic entropy Smag [Takeda 2008].

The susceptibility (�gure 3.3) is quite anisotropic, re�ecting the tetragonal structure. At high
temperatures, it follows a Curie-Weiss law above 200 K with an e�ective magnetic moment µeff =

4.47µB/Y b very close to the free moment of Yb3+, µeff = 4.54µB [Dung 2009]. The susceptibility
shows a maximum around 40 K for H ‖ [100] and it becomes almost temperature independent
below 10 K for H ‖ [100] and H ‖ [001]. This is consistent with the onset of the Kondo e�ect at
low temperatures where f -electrons become itinerant and heavy quasiparticles are developed below
TχMax ≈ 40 K which approximately corresponds to TK .

Figure 3.3: Temperature dependence of the magnetic susceptibility in YbCu2Si2 for H 〈100〉 and H 〈001〉
[Dung 2009].

Figure 3.4 a) shows the temperature dependence of the electrical resistivity ρ for the current
J along the [100] direction measured at the PPMS in two samples. ρ(T ) shows a shoulder at
TMax ≈ 140 K and decreases monotonically with decreasing temperature. The resistivity is also
anisotropic. The position of TMax is signi�cantly higher for the [001] direction, TMax ≈ 200 K
[Colombier 2008]. As previously mentioned, TMax is in general considered proportional to TK .
However, we note that for this system TMax also depends on CEF e�ects. At low temperatures,
T < 1.8 K, ρ follows the FL relation as shown in �gure 3.4 b), ρ = ρ0 +AT 2 with ρ0 = 0.26 µΩ.cm
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and A = 0.054 µΩ.cm/K2. The high quality of the samples is re�ected with the residual resistivity
ratio: RRR = ρ300K/ρ0, RRR = 307 and 270 for sample A112 and A114 respectively.

Figure 3.4: a)Temperature dependence of the electrical resistivity in YbCu2Si2 for two di�erent samples

A112 (blue curve) and A114 (red curve) used in this work normalized at 65 µΩ.cm at 300 K and with

the current J along the [100] direction. The solid and the broken black lines correspond to ρ(T ) measured

for J along [100] and along [001] respectively as reported in [Colombier 2008]. b) T 2-dependence at low

temperatures for sample A114. The Fermi-liquid relation is veri�ed for T < 1.8 K with ρ0 = 0.26µΩ.cm and

A = 0.054 µΩ.cm/K2.

Crystal electric �eld

In the tetragonal crystal �eld the J = 7/2 Hund's rule ground state splits into four doublets. Five
independent parameters are needed to determine the crystal �eld

HtetraCEF = B0
2O

0
2 +B0

4O
0
4 +B0

6O
0
6 +B4

4O
4
4 +B6

6O
6
6 (3.1)

where Oml are the equivalent Stevens operator and Bm
l is the set of crystal-�eld parameters to be

determined which can be found via inelastic-neutron scattering experiments.
In �gure 5.2 a) and b) are shown the CEF scheme levels deduced by Muzychka [Muzychka 1998]

and by Walter et al. [Holland-Moritz 1982]. There are slight di�erences between the energies of the
CEF levels, especially in the �rst excited level which corresponds to a temperature of T 1

CEF ≈ 130

K and T 1
CEF ≈ 190 K 2 for each scheme respectively. These values are close to the value of TMax.

The overall CEF splitting, ∆CEF ≈ 31− 32 meV (≈ 350 K), is almost the same in both cases and
it is much larger than the CEF splitting ( about 100 K) in other RCu2Si2 (R= rare earth) systems
with a stable 4f -shell 3. In general there are three main sources that signi�cantly contribute to the
observed crystal splitting: the 4f electron hybridization with conduction electrons, exchange and
coulomb interactions with conduction electrons, and the electrical �elds due to ionic point charges
[Walter 1992]. Thus, the presence of hybridization leads to big di�erences between the crystal �eld
of a rare-earth ion with a stable or a �uctuating 4f shell ion. This is re�ected in the crystal-�eld
parameters of YbCu2Si2. For example, the fourth-order parameter shows a large anomaly that has

2The error in the CEF levels in b) is about 10% [Holland-Moritz 1982].
3The IV compound CeCu2Si2 has also an �anomalous� large CEF splitting, about 31 meV [Dung 2009].
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been related to the hybridization contribution to the CEF potential: in contrast to CeCu2Si2 where
a strong hybridization takes place between the 4f and the Si p conduction electrons, in YbCu2Si2
the hybridization takes place between the 4f and the Cu electrons [Muzychka 1998].

Figure 3.5: Two crystal �eld schemes for YbCu2Si2 from inelastic-neutron scattering measuremnts a) by

Muzychka [Muzychka 1998] and b) by Holland-Moritz et al. [Holland-Moritz 1982].

3.2 P − T Phase diagram - comparison with previously reported

data

YbCu2Si2 is a clear example where magnetic order can be induced with pressure. In 1996, Alami
Yadri et al. observed that a distinctive anomaly appeared in the resistivity curves above 8 GPa
which was attributed to the onset of a magnetic order [Yadri 1996, Alami Yadri 1998]. Further
studies using Mössbauer spectroscopy [Winkelmann 1999] and micro-calorimetry [Colombier 2009]
have all con�rmed the presence of long range magnetic order at high pressures.

The work of Alami Yadri et al. was performed on polycrystals with a residual resistivity of
several µΩ.cm and in quasi-hydrostatic conditions [Alami Yadri 1998, Winkelmann 1999] up to 25
GPa and down to 300 mK. A few years ago, the �rst high-purity single crystals were grown in the
laboratory, with a RRR ≈ 120 and a weak residual resistivity, ρ0 < 0.5 µΩ.cm. Colombier et al.
determined the (P − T ) phase diagram using these high purity single crystals by ac-calorimetry
measurements in a DAC up to 11 GPa and down to 1.5 K using the 4He pressure in-situ device
[Colombier 2009].

In this work, we have performed a new set of measurements with a new generation of higher
quality single crystals (RRR ≈ 300, ρ0 = 0.26 µΩ.cm ) via ac-calorimetry and ac-susceptibility
measurements up to 13 GPa and down to 1.5 K using the 4He pressure in-situ device, and by
resistivity measurements up to 9 GPa and down to 0.04 mK using the in-situ pressure tuning
device at dilution fridge temperatures.

Several aims motivated these experiments:

• Ac-susceptibility measurements were performed to verify the (P −T ) phase diagram and they
were expected to shed some light on the nature of the pressure-induced magnetic order which
will be discussed in the next section.
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• To measure at very low temperatures in the pressure window ∆P ≈ 6− 8 GPa, close to the
critical pressure Pc ≈ 8 GPa, to look for the onset of the magnetic transition because so far
magnetism seems to appear suddenly at Pc and it has not been yet detected below 1 K.

• To look for superconductivity through the whole (P − T ) phase diagram using high-purity
single crystals (so far all attempts to �nd superconductivity have been in vain).

• To study the e�ect of the magnetic �eld at very low temperature close to Pc.

Ac-calorimetry under pressure

Figure 3.6 a) shows the low-temperature dependence of the ac-calorimetry curves expressed as C/T
at selected pressures. All curves were measured at 730 Hz. Above 7.6 GPa we detect an increase of
the signal for T< 3 K. A clear bump appears in the C/T curves above 8 GPa which we associate
to the magnetic transition. Above 10 GPa the peak gets broaden probably because of homogeneity
e�ects inside the sample chamber. Figure 3.6 b) shows the criterion we used to determine the
magnetic ordering temperature, TM .

Figure 3.6: a) Low-temperature dependence of ac-calorimetry at selected pressures. b) The criterion used

to determined TM .

Ac-susceptibility under pressure

Ac-susceptibility was measured with an ac-�eld of 0.1 mT generated by the primary coil outside the
pressure chamber at a frequency of 721 Hz. The magnetic �eld was applied parallel to the easy c
axis of magnetization. Figure 3.7 a) shows the low-temperature dependence of the ac-susceptibility,
χ′, at selected pressures. For pressures above 6.5 GPa we �nd the onset of an increase of χ′ for T < 4
K, which again becomes a clear peak for P > 8 GPa corresponding to the magnetic transition which
we followed up to nearly 13 GPa. The broadening of the peak and the decreasing intensity of the
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signal with increasing pressures, especially above 9 GPa, are probably due to a loss of homogeneity
as also observed in the ac-calorimetry curves above.

Figure 3.7: a) Ac-susceptibility versus temperature for di�erent P below and above the critical pressure,

Pc ≈ 8 GPa. b) The criterion used to determined TM .

Resistivity under pressure

The electrical resistivity, ρ, was measured at a frequency of 17 Hz. Figure 3.8 shows the ρ curves
at low temperatures for several pressures up to 9 GPa. A clear kink arises for P > 8 GPa which
corresponds to the signature of the magnetic transition.

We have performed a detailed study of the Fermi-liquid behavior under pressure. At low tem-
peratures, in the paramagnetic state, for P < Pc, a Fermi-Liquid behavior, ρ(T ) = ρ0 + AT 2, is
always found at low temperatures. If the upper interval boundary is extended to higher temper-
atures, a power law with a smaller exponent (n < 2) can be plotted to the data. To determine
the Fermi-Liquid temperatures, TFL, shown in �gure 3.9 a), we have plotted ρ(T ) as a function
of T 2 and we have �tted the low temperature data with a linear �t. TFL was taken as the highest
temperature of the linear �t before it starts to diverge as indicated in �gure 3.9 b).

The Fermi-Liquid region is reduced with increasing pressure when approaching the QCP. In the
magnetic ordered phase, the FL behavior is also found at low temperatures. The values of TFL
obtained in this study are in good agreement with those reported in [Alami Yadri 1998] as shown
in �gure 3.9, except for the value at ambient pressure.

In �gure 3.10 the pressure dependence of the A coe�cient and the residual resistivity ρ0 are
shown. They were obtained by �tting the resistivity curves with the T 2 power law using di�erent
temperature ranges, ∆T . The choice of ∆T becomes relevant for P > 5 GPa. Below 5 GPa, we
�tted systematically between 40 mK and 500 mK. But above 5 GPa, we reduced the temperature
range from 500 mK to 300 mK to not underestimate the A coe�cient. The values of ρ0 are less
sensitive to ∆T , so we use the same ∆T as for the A coe�cient in each pressure range.
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Figure 3.8: a) Temperature dependence of the electrical resistivity, ρ, at selected pressures below and above

Pc. b) The criterion used to determined TM . The blue-left axis corresponds to ρ and the red-right axis to

the d2ρ/dT 2. The arrows indicate TM for both curves.

Figure 3.9: a) Pressure dependence of the Fermi-Liquid temperature obtained from the resistivity curves in

this work and by [Alami Yadri 1998]. b) For each pressure, here we give an example at 4.8 GPa, we plotted

the ρ as a function of T 2 and we did a linear �t to determine TFL (indicated by an arrow).
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Figure 3.10: Pressure dependence of a) the coe�cient A and b) the residual resistivity ρ0. See details in

text.

The pressure dependence of the coe�cient A shows a maximum near Pc. A strongly increases
with pressure: about two orders of magnitude from A = 0.054 µΩ.cm/K2 (ambient pressure) to
A = 5.8 µΩ.cm/K2 (Pc ≈ 8 GPa). Above Pc, we found that A decreases in the magnetic ordered
state but at 9.3 GPa the value is still rather large, A = 2.5 µΩ.cm/K2. This strong increase of A
is often observed in heavy fermions near a magnetic instability due to the presence of strong spin
�uctuations.

This enhancement of the coe�cient A by a factor of 100 should correspond to a decrease in
TMax (TK) by a factor of 10 using the relation

Tmax ∝ TK = 1/
√
A (3.2)

which is valid in the FL picture. This value is in good agreement with that from [Alami Yadri 1998].
However, in the cited study A still increases above Pc while in the present work it decreases.

The residual resistivity increases smoothly with pressure but above Pc it is strongly enhanced
and in contrast to the coe�cient A, it does not decrease in the magnetic ordered phase but keeps
on increasing.

P-T Phase diagram

The (P−T ) phase diagram of YbCu2Si2 is shown in �gure 3.11. Red squares, blues circles and green
triangles correspond to TM values obtained in this work by ac-susceptibility, ac-calorimetry and
resistivity measurements respectively. Black crosses and stars correspond to TM values obtained
by [Colombier 2009] and [Winkelmann 1999] respectively.

The values of TM from the three di�erent techniques (ac-calorimetry, ac-susceptibility and
resistivity) are quite similar and in good agreement between them. Curiously, the values obtained
via ac-calorimetry in this work are higher than those obtained by [Colombier 2009] measured in
similar conditions (i.e., in a DAC with argon as pressure transmitting media in the 4He pressure in-
situ device). Maybe the di�erence is due to sample quality (RRRthis work ≈ 300, RRRColombier ≈
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120). However, up to 9 GPa, the values di�er about 350 mK, but at higher pressures the discrepancy
increases, reaching 800 mK at 11 GPa. This suggests that hydrostatic e�ects could be related to
this discrepancy. Even though we did not measure above 13 GPa, if we extrapolate our values of
TM to higher pressures, they could agree with those from [Winkelmann 1999] (black stars).

Figure 3.11: Pressure-temperature phase diagram of YbCu2Si2. Red squares, blues circles and green tri-

angles correspond to TM values obtained in this work by ac-susceptibility, ac-calorimetry and resistivity

measurements. Note that the green triangles below Pc indicate the pressures where we measured ρ down to

40 mK but no magnetic transition was found. TFL is also shown (purple symbol). Black stars and crosses

correspond to the values of TM from [Winkelmann 1999] and [Colombier 2009] respectively.

At �rst sight, the (P −T ) phase diagram of YbCu2Si2 follows the �mirror� image of a Ce system
phase diagram, as derived from the Doniach phase diagram discussed in chapter 1. However, there
are some signi�cant di�erences with the phase diagram of its Ce-counterpart, CeCu2Si2. First
of all, despite the considerable experimental e�orts to measure very close to the critical pressure
and at low temperatures, we have not detected the transition below 1 K. Magnetic order occurs
suddenly, at a pressure of Pc ≈ 7.5-8 GPa and a temperature of about 1.5 K. In fact, the possibility
of a �rst-order transition, in contrast to the second-order transition of the AFM phase in the
Doniach phase diagram, was already proposed from Mössbauer results where the coexistence of a
magnetic and non-magnetic component was found over a pressure range of several GPa above Pc
[Winkelmann 1999]. This inhomogeneous state could be the cause of the strong increase of ρ0 at Pc.
Another relevant di�erence with the phase diagram of CeCu2Si2 is the absence of superconductivity
in YbCu2Si2 in the whole P − T phase diagram. At least, down to 40 mK.

3.3 Nature of the pressure-induced magnetic order

At the beginning of this thesis, the nature of the pressure-induced magnetic order in YbCu2Si2 was
still an unsolved question because resistivity, calorimetry and Mössbauer studies can not distinguish
between antiferromagnetic (AFM) and ferromagnetic (FM) order. Moreover, the critical pressure is
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too high for neutron scattering measurements, and hence, no direct determination of the magnetic
structure is possible. Finally, the ac-susceptibility technique adapted for DACs, �rstly developed
in Cambridge and afterwards adapted in the laboratory, has succeeded in solving this long lasting
question.

As shown previously in �gure 3.7, the magnetic transition appears as a peak in the ac-susceptibi-
lity. Unlike with a dc-magnetization measurement, distinguishing between a FM and an AFM
transition with ac-susceptibility is not as trivial due to irreversibility e�ects in the FM state as χ′

can decrease with decreasing temperature below the Curie temperature (TC) and frequently shows
a peak as observed in �gure 3.12. Indeed a similar e�ect was seen in YbInCu4 [Mito 2007].

In order to determine the nature of the magnetic order we have made an estimation of the
absolute value of the susceptibility. This has been done using two methods. First, we calculated
the value using estimations of the sample and pick-up coil geometries using equation 2.2 and 2.3
(see chapter 2) with the following parameters: f = 721 Hz, Vs = 26.25 × 105 µm3, L ≈ 144 µm,
a ≈ 175 µm, N = 12, H = 86.9 A/m.

Second, we compared the signal from the sample with the superconducting transition of a Pb
sample with the same dimensions in the same set-up. The two methods gave similar results with
less than 20% di�erence.

Figure 3.12: Susceptibility at 8.9 GPa compared with expected Curie dependences for: µeff = 4.54µB
(dashed line) and µeff = 1.25µB (dotted line).

In �gure 3.12 the susceptibility at 8.9 GPa is compared with two Curie laws (red lines) and
a Curie-Weiss law (green line). The experimental χ′ contains an unknown but roughly constant
background, so the zero has been taken at the highest temperature measured (15 K). First we
compare the experimental curve with the Curie law corresponding to the e�ective moment of
µeff = 1.25µB which was determined experimentally by Mössbauer spectroscopy at a similar
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pressure [Winkelmann 1999]. This value is similar to that found in other Yb systems with the
tetragonal (ThCr2Si2) structure showing magnetic order and compatible with the moment expected
for Y b3+ taking into account the e�ects of the crystalline electric �eld (CEF) and Kondo screening
[Hodges 1987, Bonville 1991, Bonville 1994]. The experimental data show clearly a much larger
magnetic signal. In fact, with the present resolution, an AFM system with a moment of 1µB would
be lost in the noise, as is probably the case for YbCo2Zn20 (see chapter 4).

We also show the Curie law for an e�ective magnetic moment corresponding to the theoretical
value for the Y b3+ free ion, µeff = 4.54µB. Even in this case the experimental data still diverges
much more quickly than the theoretical curve below 5 K. The agreement of the experimental data
above 5 K is probably coincidental and it can also be compatible with a smaller moment and a
positive Curie-Weiss temperature. Finally, the green line shows the best �t for this data with a
Curie-Weiss law (with TC = 2.9K and µeff = 3.52µB). This value for µeff is surprisingly large.
This could be due to a combination of pressure and sample inhomogeneity, and the very strong
slope of dTM/dP , causing a spread of ordering temperatures within the sample. Nevertheless, all
these points strongly lead toward ferromagnetism. Of course from these results we can not exclude a
more complex magnetic structure like canted antiferromagnetism as recently suggested in YbInNi4
[Willers 2011] but we need at least a signi�cant FM component.

3.3.1 Ac-susceptibility measurements under magnetic �eld

Further proof of ferromagnetism is found in the behavior when a small constant magnetic �eld is
superimposed along the c-axis. Ac-calorimetry and ac-susceptibility curves for selected pressure
around 8.5 GPa are shown in �gure 3.13 a) and b) respectively. In both cases, the amplitude of
the transition decreases with the application of low magnetic �elds but at the same time, TM is
clearly shifted towards higher values for increasing �elds. This trend can be better observed in the
phase diagram (TM , H) of �gure 3.13 d) were we have plotted the transition temperatures versus
the applied magnetic �elds. This response, where TC increases with �eld, is consistent with the
usual behavior observed in a ferromagnetic system under magnetic �eld [Willers 2011], in contrast
to the usual behavior of an antiferromagnet where TNéel decreases when a magnetic �eld is applied.
Surprisingly, as shown in �gure 3.13 c), at 7.5 GPa where no transition is visible down to 1.5 K
at zero �eld we found we could induce a metamagnetic transition by the application of dc �elds
above 0.2 T. The rapid decrease of the intensity in χ′ is similar to the e�ect seen in YbInCu4

[Mito 2003] and probably mainly re�ects the loss of any ac response in the FM state once a single
domain has been created with the dc �eld, as well as the fact that under dc �eld the transition
becomes a crossover as the magnetic �eld also breaks time-reversal symmetry from a partially to
fully polarized state.

3.3.2 P-T-H phase diagram

A complete (P,H, T ) phase diagram of TM is shown in �gure 3.14. The red points correspond to
the values of TM at zero �eld (the values of the ac-susceptibility from the (P − T ) phase diagram
of �gure 3.11). The TM values under �eld correspond to the green circles and the values of TM
for the magnetic-�eld induced transition at 7.5 GPa are signaled with orange dots. We can observe
that the trend of the increase of TM under magnetic �eld at 8.5 GPa is valid for all pressures we
measured and simultaneously the transition is rapidly suppressed under �eld. Interestingly, we �nd
that TM does not signi�cantly change for any pressure at very low magnetic �elds (up to 0.1 T).
We suspect that it could be the �eld necessary to obtain a single domain and that below this value
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Figure 3.13: E�ect of magnetic �eld a) ac-calorimetry curves at 8.5 GPa and magnetic �elds up to 0.45 T.

b) Ac-susceptibility as a function of temperature at 8.6 GPa and selected magnetic �elds. c) Susceptibility

curves at 7.5 GPa under magnetic �eld. The transition is induced for �elds greater than 0.2 T. d) Magnetic

�eld dependence of TM near 8.5 GPa (blue and green curves) and 7.5 GPa (fuchsia curve) obtained from

speci�c heat (diamonds) and susceptibility (circles) measurements.
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the internal �eld depends weakly on the applied �eld. These trends are experimentally consistent
with the behavior of a FM system under magnetic �eld.

Figure 3.14: Complete phase diagram (P,H, TM ) at low-magnetic �elds and high pressures. Red and green

circles correspond to the values of TM at zero �eld (from 3.11) and under �eld above the critical pressure

respectively. Orange dots are the values of TM at 7.5 GPa (from �gure 3.13), close to the critical pressure,

and the black points indicate where ac-susceptibility curves detected no transition down to 1.5 K.

3.3.3 Magnetization measurements under pressure

Magnetization measurements are currently used as a probe for magnetic properties. Nevertheless,
performing such measurements under high pressure is still quite challenging from an experimental
point of view. In �gure 5.11 a) the low-temperature dependence of the magnetization for three
di�erent pressures in YbCu2Si2 are shown. We measured at 50 Oe. As it was expected, at ambient
pressure, when the system is paramagneticM is almost zero. At 7 GPa, close to Pc, a clear increase
in M is detected for T < 6 K. At 8.9 GPa, above Pc, the signal starts to increase earlier, for T < 7

K. The relevant point is that below the magnetic ordering temperature at this pressure4, the
magnetization keeps on increasing. We performed two temperature cycles at each pressure and the
values in both measurements (blue squares and circles) are consistent with each other. This is the

4The position is marked with an arrow and its value has been taken from the (P −T ) phase diagram of YbCu2Si2.
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behavior expected for a ferromagnetic material in contrast to an antiferromagnetic system, where
the magnetization would decrease below TNéel. Unfortunately, we could not measure the whole
saturation curve as the magnetic ordering temperatures are very close to the limiting temperature
range of the SQUID magnetometer (Tbase ≈ 1.8 K).

Figure 3.15: a) Temperature dependence of the magnetization curves for three di�erent pressures: ambient

pressure, 7 GPa and 8.9 GPa. b) Here the magnetization is expressed in µB per formula unit instead of

emu.

From Mössbauer measurements, Winkelmann et al. deduced the magnetic moment of the Yb
ion at a similar pressure: µ ≈ 1.25µB at 8.9 GPa. Assuming that this would be the value that we
should obtained in our curve at the same pressure once the magnetization achieves its saturated
value, if we express M in µB per formula unit instead of emu we could estimate how far we are
from the saturation.

To express M in µB we use the following expression:

M [µB/f.u] = M [emu]× M̄

msampleNAvµB
(3.3)

where M̄ is the molar mass and NAv is the Avogadro's Number. As we do not know the msample

but its dimension, thus its volume, V ≈ 100× 95× 50µ3, we can make an estimation of msample as

msample = δ × V,

δ =
ZM̄

Vunit cellNAv
,

(3.4)

where Z is the number of Yb atoms per formula unit and Vunit the unit cell volume. YbCu2Si2
has a tetragonal symmetry, Z = 2 and Vunit = a2 × c = 153.8× 10−24cm3.

Substituting the msample value obtained in eq. 3.4 in eq.3.5 we obtain

74



Chapter 3. YbCu2Si2

M [µB/f.u] = M [emu]× Vunit cell
ZV µB

M [µB/f.u] ≈ 16584×M [emu]

(3.5)

Figure 5.11 b) shows the magnetization in µB. Even though the values obtained are an
estimation rather than an exact value, we can conclude that we are still far from the estimated
saturated magnetization value of 1.25µB. Unfortunately, very few SQUID magnetometers are
equipped to measure below the Kelvin range. Finally, we also measured the �eld dependence of
the magnetization at 9.7 GPa at two di�erent temperatures, 1.8 K and 7K, below and above the
magnetic ordering temperature, to see any hysteresis behavior. But these measurements were not
conclusive because in both curves there was an hysteresis loop. This is due to the di�culty on
removing the background contribution which is �eld dependent to the weak measured signal.

3.4 Metamagnetism

In principle, the magnetic �eld is also a suitable external parameter like pressure to tune the
competition between Kondo and RKKY interaction, i.e., to tune the strength of the 4f−conduction
electron hybridization. When the Zeeman energy gµBH becomes comparable to the thermal energy
kBTK , the heavy fermion behavior is suppressed and local moment behavior is recovered. Similarly,
long-range (AFM) ordering is suppressed when the Zeeman energy is larger than the inter-site
coupling strength. Furthermore, applying a magnetic �eld will introduce a ferromagnetic component
to the spin �uctuations. Historically, metamagnetic-like behavior was �rstly ascribed to AFM
systems but nowadays we talk about metamagnetism when an abrupt non linear increase of the
magnetization is observed at a magnetic �eld Hm.

Many heavy fermion systems show a metamagnetic-like behavior at a magnetic �eld Hm for
temperatures T < Tχmax ≈ TK [Ohya 2010]. For example, YbIr2Zn20, with a T < Tχmax = 7.4 K

metamagnetism is observed at a Hm ' 100 kOe [Takeuchi 2010]. In CeRu2Si2, Hm = 80 kOe

(Tχmax = 10 K) [Haen 1987] while in UPt3, Hm = 200 kOe and Tχmax ≈ 20 K [Sugiyama 1999].
As a general rule, the higher Tχmax the greater magnetic �eld is required to observe metamagnetism.
Moreover, the ac-susceptibility curves at 7.5 GPa showed that we could induce the magnetic tran-
sition by applying weak magnetic �elds. This �nding motivated us to look for metamagnetism in
YbCu2Si2 at ambient pressure and for pressures below Pc. However, in YbCu2Si2, Tχmax ≈ 40 K
(for H ‖[100] , see �gure 3.3). From the former examples we expect that metamagnetism, if it takes
place, will require magnetic �elds above H > 200 kOe ≈ 20 T .

In the literature there are no reported studies in such high magnetic �elds in YbCu2Si2 so
far. In the next paragraphs we show the results of two experiments. The �rst one was carried
out at the LNCMI (Toulouse, France) in the high magnetic pulsed facility where we measured
the magnetization at ambient pressure up to 53 T and the second was carried out at the LNCMI
(Grenoble, France) where we measured the resistivity under pressure (for P < Pc) at constant �elds
up to 28 T.

3.4.1 Magnetization at high magnetic �elds

Figure 3.16 shows the �eld dependence of the magnetization of YbCu2Si2 for H ‖c up to 53 T, at
ambient pressure and at low temperatures, for T < Tχmax .
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3.4. Metamagnetism

Figure 3.16: Field dependence of the magnetization of YbCu2Si2 up to 53 T for three di�erent temperatures:

4, 12 and 30 K for H ‖ c.

Initially the magnetization increases linearly up to HL ≈ 15 T at 4 K (indicated by a dashed
black curve). With increasing temperature the linear dependence is slightly reduced to HL ≈
11 T at 30 K. Above HL, M(H) keeps on increasing continuously with the applied magnetic �eld
without any anomaly or sudden increase for all temperatures. Thus, no metamagnetic-like behavior
is detected at least up to 53 T for H ‖ c at ambient pressure. However, we can not exclude the
possibility that metamagnetism could appear at even higher magnetic �elds or when the magnetic
�eld would be applied along [100] which is the direction where Tχmax ≈ 40 K is observed in the
susceptibility curve (�gure 3.3). If we apply the experimental relation in YbCu2Si2 between Hm,
the metamagnetic �eld, and Tχmax proposed by Takeuchi et al. for heavy fermion compounds
[Takeuchi 2011a]

Hm(kOe) = 15Tχmax(K) (3.6)

we obtained a value ofHm ≈ 600 kOe = 60 T . This value should be taken only as an estimation,
not an exact value, but it suggests that 50 T is indeed not enough to detect metamagnetism in
YbCu2Si2. Only a few facilities, LNCMI (Toulouse), Los Alamos National Laboratory and Dresden
High Magnetic Field laboratory can reach, in the present, higher non-destructive pulsed �elds, up
to 82 (pulse duration, tp = 300 ms), 100 T (tp = 20 ms) and 90 T (ts = 10 ms) respectively. So
the door to detect metamagnetic-like behavior in YbCu2Si2 is not de�nitively closed.

3.4.2 Magnetoresistivity under pressure

Pressures below Pc

We have not detected metamagnetism at ambient pressure at least up to 52 T. However, in the
ac-susceptibility measurements a metamagnetic-like transition was induced at 7.5 GPa (very close
but slightly below Pc) by applying a weak magnetic �eld of 0.2 T (see �gure 3.13). So we did not
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give up and we looked again for metamagnetic signatures but this time in the resistivity under
pressure(for P < Pc) and under high magnetic �elds up to 28 T.

Figure 3.17 a)-e) shows the magnetoresistivity curves normalized at the value at zero �eld,
ρ(H)/ρ(0), for di�erent temperatures and for several pressures. In order to examine a single ion
scaling relation, as it is the case for several heavy fermions such YbNi2Ge2 ([Knebel 2001] and
YbCo2Zn20 [Saiga 2009], we have plotted ρ(H)/ρ(0) as a function of H/(T + T ∗). We did not �nd
a value of the characteristic temperature T ∗ that could scale on a single curve all the ρ(H)/ρ(0)

curves for any of the pressures. Figure 3.17 f) shows the best �t we found among all the pressures
which corresponds to T ∗ = 1 K at 6.1 GPa. Even in this case, the scaling is still not unique. The
failure of the Kondo scaling is somehow not surprising if we bring to mind that YbCu2Si2 is at
low pressures in an intermediate valence regime ( nh < 1) whereas YbCo2Zn20 is already trivalent
(see chapter 4) with nh ≈ 1. As pressure increases nh also increases, the Yb ion tends to the Y b3+

state and the Kondo regime will be reached at some point. From these results, we might infer that
YbCu2Si2 is still in an intermediate-valence regime up to at least 6 GPa.

At low pressures, 1.2 and 2.0 GPa, decreasing the temperature tends to smear out the large
bump observed for T > 4 K in ρ(H)/ρ(0) centered at 12 T and 7 T for 1.2 and 2.0 GPa, respectively.
So, at low pressures, lowering the temperature favors a positive magnetoresistance.

At intermediate pressures, 3.0 and 3.9 GPa, the pressure dependence of the magnetoresistivity
gets more complex. The bump observed at low pressures now is very pronounced and it has
shifted to lower magnetic �elds, at Hb ≈ 4.4 T (3.0 GPa) and 2 T (3.9 GPa). The position
of the maximum of this bump is weakly temperature dependent. Only above 6 K it shifts to
higher �eld values, up to 5.7 T (3.0 GPa). We can di�erentiate three di�erent �eld-dependent
regions in ρ(H)/ρ(0): at low �elds, H < Hb the magnetoresistivity is positive. Above Hb it
becomes negative and again positive at higher magnetic �elds (12-15 T). Pressure tends to shift
the bump to lower magnetic �elds, hence, reducing the region of positive magnetoresistivity and
at 6.1 GPa, we observe a negative magnetoresistivity up to 7-15 T depending on the temperature.
The positive magnetoresistivity at high magnetic �elds is recovered for all pressures we measured
and independently of the temperature.

In �gure 3.18 we have plotted the magnetoresistivity, ρ(H), as a function of pressure for three
selected temperatures: 2 K, 4 K and 6 K.

Now the e�ect of pressure in ρ(H) is highlighted. For example, at 2 K, we clearly see how
pressure increases ρ(0) and how the bump arises and shifts to lower �elds until only the negative
magnetoresistivity is observed at 6.1 GPa (H < 10 T). Above 10 T, we recover the positive mag-
netoresistivity for all the pressures. As previously discussed, the temperature has no big e�ects
on the magnetoresistivity except that it becomes slightly less sensitive to the magnetic �eld (the
bump smears out). Moreover, ρ(0) also increases with increasing temperature, as expected from
the phonon contribution.

The emergence of the negative magnetoresistivity might be related to the suppression of spin
�uctuations as the magnetic �eld polarize the spins. It is then quite natural to see that as the pres-
sure increases and we approach the critical pressure, the spins will align for lower �eld values and
at 6.1 GPa, the magnetoresistivity is negative also for small magnetic �elds. The positive magne-
toresistance observed at high �elds for all pressures and temperatures may correspond to the usual
behavior based on the cyclotron motion of charge carriers due to our experimental con�guration
as the current J⊥c and H ‖c . Even though we did not detect clear signs of a metamagnetic-like
behavior in YbCu2Si2, more information can be gathered about the e�ect of magnetic �eld close
to Pc by studying the low temperature behavior of the resistivity.
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3.4. Metamagnetism

Figure 3.17: a)-e) Temperature dependence of the magnetoresistance, ρ(H)/ρ(0), for several pressures below

Pc above Pc. f) Single ion scaling of the magnetoresistivity (see details in text).
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Figure 3.18: Pressure dependence of the magnetoresistivity in YbCu2Si2 for three di�erent temperatures a)

T = 2 K b) T = 4 K and c) T = 6 K.

79



3.5. Fermi-Liquid studies throughout the P-T-H phase diagram

3.5 Fermi-Liquid studies throughout the P-T-H phase diagram

In section 3.2 we have reported the pressure dependence of the A coe�cient, the residual resistivity
(ρ0) and the Fermi-Liquid region (TFL) at zero �eld. We observed a strong enhancement of A, which
showed a maximum near Pc as well as ρ0 whereas the FL region decreased when approaching the
QCP.

To ful�ll the study of the phase diagram in YbCu2Si2, we have followed the �eld dependence of
A, ρ0 and the FL behavior by applying magnetic �elds up to 7 T in the resistivity measurements
performed throughout the whole (P − T ) phase diagram (�gure 3.11). An example at 8.3 GPa is
given in �gure 3.19, where the temperature dependence of the resistivity at selected magnetic �elds
is shown. Contrary to the calorimetry and susceptibility measurements, the anomaly corresponding
to magnetic order in ρ disappears quickly even at very low �elds.

Figure 3.19: The temperature dependence of ρ at 8.3 GPa at several magnetic �elds. The arrow indicates

the position of the magnetic ordering temperature, TM , at zero �eld.

The magnetic �eld dependence of the A coe�cient under pressure is shown in �gure 3.20. The
red points correspond to the locii in the (P −H) phase diagram where we measured the resistivity.
First of all, we can clearly see that A shows a maximum versus pressure not only at zero �eld but
also for µ0H 6= 0 T . Secondly, A is strongly reduced with increasing magnetic �elds. For example,
at 7 T, the A coe�cient at 8 GPa is about 0.25 µcm/K2 whereas at zero �eld is about 6.2 µcm/K2.
This re�ects a strong reduction of the scattering cross-section among the quasiparticles. In addition,
the position of the maximum, AMax, is �eld-dependent. The evolution of the maximum of A is
easily distinguished in �gure 3.21 a) where the coe�cient A is plotted in a color scale contour plot
in the (P − H) plane. The red dashed line is a guide to the eyes which follows AMax. In �gure
3.21 b) the precise position of the maximum of A versus (P,H) is plotted. AMax shifts to lower
pressures with increasing �elds. At zero �eld, AMax is located at Pc ≈ 8 GPa while at 7 T it is
located about 3.5 GPa. The behavior of A under �eld clearly re�ects the loss of magnetic spin
�uctuations when applying high magnetic �elds and how a �eld-induced polarized magnetic state
is favored for low pressures.

The �eld dependence of ρ0(P ) is shown in �gure 3.22 a). The general tendency is that ρ0
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Figure 3.20: The magnetic �eld dependence of the A coe�cient under pressure for several magnetic �elds

up to 7 T.

increases with �eld but, remarkably, the strong enhancement of ρ0 observed at zero �eld for P ≈ Pc
is signi�cantly reduced in the high pressure range with magnetic �eld. For µ0H > 2 T, ρ0 also
shows a maximum which shifts to lower pressures for increasing �elds as shown in �gure 3.22 b).

Figure 3.21: a) Field dependence of the coe�cient A versus pressure in a color scale plot. b) Evolution of

the maximum of A (�lled black circles) in the (P −H) plane. The red dashed lines are a guide to the eyes.

The position of the maximum of AMax and ρMax
0 di�er signi�cantly. At 3 T, P (AMax) ≈ 5 GPa

while P (ρMax
0 ) ≈ 7.5 GPa. This is likely to be related to di�erences in the �eld dependence of the

di�erent scattering mechanisms of A and ρ0. Nevertheless, both terms are signi�cantly enhanced
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in the presence of strong spin �uctuations.

Figure 3.22: a) Field dependence of ρ0 under pressure for several �elds up to 7 T.b) Evolution of the

maximum of ρ0 within the (P −H) plane.

Figure 3.23: Evolution of n, the exponent in ρ(T ) = ρ0 + ATn within the (P − H) phase diagram of

YbCu2Si2. The red dashed line is a guide to the eyes. The white zone corresponds to the high pressure/high

�eld region where the temperature of ρ became to weak to extract a value of n.

To conclude, we show in �gure 3.23 the evolution of n, the exponent in

ρ(T ) = ρ0 +ATn, (3.7)

within the (P −H) phase diagram to detect FL and non-Fermi-Liquid (NFL) states. To calculate
n we have performed a �t using equation 3.7 to our resistivity data from the lowest temperature to
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1 K. Even at the lowest pressure (2.2 GPa) the �t over the temperature range 0.04− 1 K gives an
exponent n < 2 (about 1.8) at µ0H = 0 T . Indeed, in section 3.2 we found that the temperature
where a signi�cant deviation from FL behavior at 2.2 GPa was about TFL ≈ 1 K.

On increasing pressure n shows a small but signi�cant minimum at P ≈ 7.5 GPa for µ0H = 0 T ,
coinciding approximately with the critical pressure. Above Pc, FL behavior is quickly recovered.
With an applied �eld the minimum of n persists, but again it shifts to lower pressures, at 3 T
the minimum is located at P ≈ 4 GPa. In the high pressure/high �eld region the temperature
dependence of ρ becomes to weak to extract a value of n (white region).

3.6 Interplay of magnetism and valence change

From all these results it became clear that the next step to better understand the phase diagram
of YbCu2Si2 was the study of the Yb valence throughout the (P − T ) phase diagram, in order to
clarify the interplay between magnetism and valence change and also Kondo related e�ects.

3.6.1 Valence measurements under extreme conditions

As the energy scales and the magnetic ordering temperatures are low, it was important to com-
bine both conditions of high pressure and low temperature. Early measurements in YbCu2Si2
[Lawrence 1994, Moreschini 2007] and in the sibling compounds YbNi2Ge2 and YbPd2Si2 [Yamaoka 2010]
at ambient pressure already pointed out a continuous valence decrease with temperature, while un-
der pressure, Yb is shown to approach a trivalent con�guration in both YbNi2Ge2 and YbPd2Si2
(at 300 K). But all these measurements were taken far from the critical region, in either pressure
or temperature parameter space, to provide an accurate description of the low-energy interactions
and of their interplay.

Therefore, we have performed such experiment combining extreme conditions at the ESRF
(Grenoble, France) using resonant inelastic x-ray scattering spectroscopy (see Chapter 2), a truly
bulk technique that has signi�cantly improved the accuracy of RE valence estimation. As shown
in �gure 3.24 a), we measured the Yb valence throughout the phase diagram, from deep inside
the paramagnetic state to well above the critical pressure, up to 22 GPa and, importantly, at low
temperatures, the lowest being 7 K5, almost down to the ordering temperature.

Figure 3.24 b) shows the absorption spectra at the Yb L3 edge at selected pressures and the
�rst sign of the mixed-valent state can be observed. The spectra were recorded in the partial
�uorescence (PFY) mode at the Yb Lα1 line in order to reduce lifetime broadening e�ects and
sharpen the spectroscopic features [Rue� 2010]. The spectral line shape presents a double-edge
structure reminiscent of an admixture of Y b2+ and Y b3+ ions. A weak feature on the low-energy
side of the Y b2+ peak denoted E2 is related to a quadrupolar transition 2p64f13 → 2p54f14 towards
empty Y b3+ state. We notice a strong variation of the Y b2+ to Y b3+ intensity ratio with increasing
pressure, signaling the progressive conversion towards the Y b3+ state. Although the valence can,
in principle, be extracted from the PFY x-ray absorption spectroscopy (XAS) spectra, the method
is somewhat complicated by the uncertainty about the position of the edge step. A better way is
to use the resonant emission spectra instead. The main advantage of the resonant regime (RIXS)
is the possibility to selectively enhance either the Y b2+ (2p64f145d0) or the Y b3+ (2p64f135d1)

component by an appropriate choice of the incident photon energy hin which provides a higher
accuracy in the estimation of the valence.

5Even though we sought to measured the valence inside the magnetic ordering phase, due to technical reasons,
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Figure 3.24: a)(P −T ) phase diagram of YbCu2Si2 (from �gure 3.11 for P < 13 GPa and for P > 13 GPa

from Ref. [Winkelmann 1999]). TM (squares) and Pc are the ferromagnetic ordering temperature and the

critical pressure respectively. Solid circles indicate the (P ,T ) locii where valence was measured at constant

temperature (300, 15 and 7 K) while open circles are the locii where valence was measured at constant

pressure (7 and 15 GPa). TMax [Alami Yadri 1998] is related to the Kondo temperature.b)PFY-XAS spectra

measured at 7 K at selected pressures. The position of Yb2+ and Yb3+ components are indicated along with

the assumed quadrupolar peak E2.

The Yb Lα1 RIXS spectra measured at the Y b2+ resonance (hin = 8.9404 keV) are summarized
in �gure 3.25 for di�erent pressure and temperature conditions. The two main features peaking at
an energy transfer, Et = hin − hout , of 1525.5 and 1530.5 eV correspond to transitions from the
Y b2+ and Y b3+ components of the initial mixed-valent ground state |g〉 = a

∣∣f13
〉

+
∣∣f14

〉
while

the vertical arrow around Et = 1520 eV indicates the position of the E2 transition which in RIXS
spectra is less pronounced than in PFY.

To enhance spectral changes, all the spectra were normalized to the Y b2+ intensity and plotted
as a function of Et. We observe a clear increase of the Y b3+ intensity under pressure with respect
to Y b2+ at all measured temperatures (7, 15 and 300 K (not shown in �gure 3.25)), while the weak
E2 feature stays mostly unchanged. This transfer of spectral weight is consistent with the expected
delocalization of 4f electrons under pressure and the increase of Yb valence. In contrast, the Yb
valence is found to decrease upon cooling at 7 and 15 GPa tending towards a divalent state. This
behavior agrees with the one reported at ambient pressure [Moreschini 2007].

To extract the Yb valence from the RIXS spectra we used the expression

v = 2 +
I3+

I2+ + I3+
(3.8)

where I2+ and I3+ are the integrated intensity of the pure-valent spectral components. The spectra
were evaluated by �tting the data with two Gaussian line shapes centered on the 2+ and 3+ peaks.
The background contribution was taken into account by an arctangent function and the E2 feature
was disregarded in the analysis because of its negligible contribution. These calculations were

the cooling power of the cryostat, we could not measure below 7 K.
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Figure 3.25: Pressure and temperature dependence of the Yb Lα1 RIXS spectra in YbCu2Si2. The four

panels summarize the results obtained at constant temperature (a) 7 K, (b) 15 K and constant pressure (c)

and (d) at 7 GPa and 15 GPa respectively. The arrow indicates the quadrupolar peak E2.

85



3.6. Interplay of magnetism and valence change

carried out by V. Balédent and J. P. Rue�. The results of the pressure and temperature dependence
of the valence of YbCu2Si2 will be discussed in the following sections.

3.6.1.1 Pressure-induced valence crossover

Figure 3.26 shows the pressure dependence of the valence in YbCu2Si2 at three di�erent temper-
atures: 300 K, 15 K and 7 K. All three curves show a monotonous increase of the valence under
pressure towards trivalency, independently of the temperature, as we previously inferred from the
spectra inspection. At all temperatures, the v(P ) dependence shows a strong and close-to-linear
increase at low pressures, followed by a much weaker increase at high pressures. This change of
slope occurs in a relatively small pressure window (9-11 GPa) for all the temperatures we measured.
It is particularly visible at 15 K, where the kink (denoted as Pk in the following) is found at Pk ≈
10 GPa, a pressure comparable to Pc ≈ 8 GPa. Above Pk the valence keeps increasing, but more
slowly. In the vicinity of the magnetic ordered phase, the valence reaches 2.95 (at 15 K) and 2.93
(at 7 K).

Figure 3.26: Valence-pressure dependence of YbCu2Si2 at 7, 15 and 300 K. The arrow points the pressure

where a kink is observed (Pk).

Thus, in the high-pressure region of the phase diagram, magnetism probably sets in for a non-
integer valence (v < 3). Even though a FOVT at the magnetic ordering temperature Tm can not
be completely discarded, it seems however very unlikely to occur.

3.6.1.2 Valence-temperature dependence

In �gure 3.27, the temperature dependence of the valence at constant pressure further highlights the
interplay of the signi�cant energy scales. For all pressures the valence decreases with decreasing
temperature. The previous reported measurement at ambient pressure [Moreschini 2007] found
that this decrease occurs mainly in the temperature range T < 150 K. In this study we focused
more speci�cally on the low-temperature side below 150 K. We do, however, �nd under pressure
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a decrease of the valence in the temperature range 7-150 K, at least as strong as that found at
ambient pressure, and virtually no temperature change of the valence between 150 and 300 K.

Figure 3.27: b) Valence-temperature dependence at 15 GPa, 7 GPa and at ambient pressure (green rian-

gles [Moreschini 2007]. The black diamond is the value we obtained in this work). Dashed lines are guides

to the eyes.

This implies that the temperature where the valence starts to decrease is relatively insensitive to
pressure and so is probably not directly related to the Kondo temperature, which strongly decreases
with pressure (see �gure 3.24). These features are likely related to CEF e�ects and to the localized
behavior of the 4f electrons at high temperature which leads the system to favor an integer valence.
In fact, neutron measurements [Holland-Moritz 1982, Muzychka 1998] have revealed that the �rst
excited doublet in YbCu2Si2 is located around 140 K, and the second one is above 300 K. Finally,
the initial increase of slope |∂v/∂T | between 0 and 7 GPa may be understood as being due to an
increase of magnetic spin �uctuations while approaching Pc.

3.6.1.3 CeCu2Si2 versus YbCu2Si2 valence change

Recent valence measurements carried out in CeCu2Si2 in similar extreme conditions [Rue� 2011]
o�er the valuable opportunity to draw a direct comparison between 4f electron (Ce) and hole (Yb)
occupancy, nf . As YbCu2Si2 (bulk modulus, B0=168 GPa) [Sanchez 2000] is harder than CeCu2Si2
(B0=112 GPa) [Tsuduki 2005], it is more appropriate to compare their nf with respect to their
relative critical volume change rather than the applied external pressure as shown in �gure 3.28.
The critical molar volume, Vc, for YbCu2Si2 is taken as 145.97 Å3 (the cell volume at 8 GPa)
whereas for CeCu2Si2 we toke the volume at ambient pressure (165.324 Å3) assuming the critical
pressure is close to Pc =0. The upper axis has been shifted in order to align the critical molar
volume for both compounds.The blue and red arrows indicate the increasing direction for pressure
for YbCu2Si2 and CeCu2Si2 respectively. Our results show that the volume e�ect on the valence for
both systems is actually quite similar. However, in YbCu2Si2 the change of nf versus the relative
volume change in the region V>Vc is about 50% larger than in CeCu2Si2, and at Vc, nf is much
closer to one in CeCu2Si2 (0.96) than in YbCu2Si2 (0.90).
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Figure 3.28: f electron and hole occupancy of CeCu2Si2 (upper axis) and YbCu2Si2 (low axis) respectively

versus their molar volume normalized to their critical molar volume, Vc (see details in text) at T≈ 15 K.

The blue and red arrows indicate the direction of increasing applied external pressure for YbCu2Si2 and

CeCu2Si2 respectively, while the vertical black arrow indicates the volume which corresponds to Pk ≈ 10

GPa. The dashed black line is a linear �t for V>Vc.

As we have already emphasized in YbCu2Si2 magnetic order is likely to appear before the triva-
lent state is reached. For YbCu2Si2 the slope change of v(P ) seen in �gure 3.26 is also apparent
in the nf (V/Vc) dependence as the deviation from the linear behavior (dashed black line) at a
V/Vc ≈ 0.99 which corresponds to Pk (indicated by the black arrow in �gure 3.28). Further studies
in other compounds would be of great interest in order to clarify if this is a general tendency in Ce
and Yb systems or a particular trend of the 122 family. The most striking result is the di�erent
position of the critical volume in relation to the valence change. From these results, it is tempting
to conclude that valence �uctuations in YbCu2Si2 could seed unconventional superconductivity at
high pressure as theoretically predicted in the 122 family [Holmes 2007, Watanabe 2011] and exper-
imentally con�rmed in CeCu2Si2 [Rue� 2011]. But, as as previously reported in [Colombier 2009]
and also shown in this work, there is a lack of any evidence of superconductivity in YbCu2Si2. This
implies that valence �uctuations does not su�ce and other phenomena notably the predominance
of ferromagnetic correlations may in fact prevent superconductivity.

3.6.2 Valence measurements under magnetic �eld

Figure 3.29 shows the XAS spectra at the L3-edge of YbCu2Si2 measured at 2.1 K at zero �eld and
at 10 T. The spectra are found to be insensitive to the application of the magnetic �eld.

3.7 Conclusions

In this chapter we present a detailed study of the transport, magnetic and electronic properties of
the moderate heavy fermion and intermediate-valence compound YbCu2Si2 by means of resistivity,
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Figure 3.29: L3-edge absorption spectra of YbCu2Si2 single-crystal sample taken at 0 and 10 T at 2 K.

ac-calorimetry, ac-susceptibility, magnetization and valence measurements under pressure and high
magnetic �elds.

The (P − T ) phase diagram of YbCu2Si2 can be interpreted as a �rst approximation as the
�mirror� image of a Ce-based HF phase diagram within the Doniach picture and it is at least qual-
itatively in agreement with the spin-wave �uctuation scenario: the FL region in the paramagnetic
state decreases with increasing pressure and above the critical pressure Pc ≈ 8 GPa a magnetic
order appears. This is accompanied with a large enhancement of the coe�cient A of the resistivity,
about two orders of magnitude, but TK ∝ TMax ∝ 1/

√
A stays �nite across the QCP.

However, there are some relevant di�erences with the phase diagram of its Ce-counterpart,
CeCu2Si2. First of all, the ac-susceptibility and magnetization measurements show that the nature
of the magnetic order is ferromagnetic. The �nding of ferromagnetic order could be at �rst sight
quite surprising. Actually, YbCu2Si2 is not the sole example among Yb-based heavy fermion
compounds. YbInNi4 orders ferromagnetically at ambient pressure [Sarrao 1998] or at least with
a strong FM component [Willers 2011]. There is also indirect evidence for ferromagnetism under
pressure in at least 2 other systems, YbNi2Ge2 [Knebel 2001] and YbIr2Si2 [Yuan 2006]. It seems
that the presence of strong FM correlations might be a general trend in Yb systems, on the contrary
to cerium, which orders antiferromagnetically.

Secondly, despite the considerable experimental e�orts to measure very close to Pc and at low
temperatures, we have not detected the transition below 1 K. Magnetic order occurs suddenly at a
pressure of Pc ≈ 7.5-8 GPa and a temperature of about 1.5 K. The possibility of a �rst-order transi-
tion, in contrast to the second-order transition of the AFM phase in the Doniach phase diagram, was
already suggested from Mössbauer results where the coexistence of a magnetic and non-magnetic
component was found over a pressure range of several GPa above Pc [Winkelmann 1999]. An-
other relevant di�erence with the phase diagram of CeCu2Si2 is the absence of superconductivity
in YbCu2Si2 in the whole (P − T ) phase diagram.

We have performed a detailed search for signatures of metamagnetism in YbCu2Si2. The mag-
netization along the c axis shows no signs of metamagnetic behavior at ambient pressure when

89



3.7. Conclusions

a magnetic �eld up to 52 T is applied. Under pressure, a clear bump in the magnetoresistivity
measurements arises. The position of the maximum shifts to lower magnetic �elds with increasing
pressure (as summarized in �gure 3.10 b) ) and at 6.1 GPa the magnetoresistivity is negative even
at low �elds. In fact, the magnetoresistivity curves of YbCo2Zn20 at ambient pressure, where meta-
magnetism is observed, are very similar of those at 6.1 GPa in YbCu2Si2. In [Ohya 2010] the �eld
where a bump is observed in the magnetoresistance curves is associated to the metamagnetic �eld,
Hm. But in YbCo2Zn20 a clear anomaly in the magnetization, M(H), is observed. In YbCu2Si2,
the bump we observe can be ascribed to a cross-over between a paramagnetic sate at low �elds to
a �eld-induced polarized state at high magnetic �elds.

To complete the study of the magnetic �eld e�ects in the phase diagram of YbCu2Si2 we have
followed the evolution of the exponent n (ρ(T ) = ρ0 +ATn), and the A coe�cient and the residual
resistivity ρ0 of the Fermi-liquid regime (n = 2).

The evolution of the exponent n under magnetic �eld reveals that a large region of the (P −H)

phase diagram is located in a cross-over regime with 1.4 < n < 2 with a minimum close to the critical
pressure. At zero �eld, the value of the exponent n near the QCP is about 1.4 − 1.5. This value
is slightly lower than the one proposed for a 3D ferromagnetic system within the spin �uctuation
model which predicts a power law dependence of the resistivity near the QCP of ρ ∝ T 5/3. Whereas
n decreases under pressure, the magnetic �eld tends to increase it and the FL state is found for
H > 6 T.

At zero �eld the maximum of A and ρ0 and the minimum of n correspond to the critical
pressure where magnetic order occurs. Under �eld we quickly lose the signature of a clear phase
transition. Nevertheless, the results show a persistence of the critical �uctuations which occur at
lower pressures. This could be the signature of the metamagnetic behavior we searched for, however
the transition quickly becomes a crossover to the polarized state. Interestingly, the maximum
observed in the magnetoresistivity curves at 2 K and the position of Amax have a similar response
under �eld as shown in �gure 3.31.

Figure 3.30: (�lled black circles) Evolution of AMax , (Open squares) the maximum observed in the mag-

netoresistance curves at T = 2 K in �gure 3.18 a) and from resistivity measurements in 3.5 (stars) at T =

2 K and (open circles) T = 1 K within the (P −H) plane.

All these results drove us to the study of how the Yb valence changes throughout the (P − T )
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phase diagram to better understand the interplay between magnetism and valence change to know
how the di�erent regimes, i.e., intermediate-valence, Kondo and RKKY compete.

The knowledge of the pressure dependence of the RE valence is key to quantify the hybridization
between the 4f electron and the conduction band. Figure 3.31 shows the most complete (P − T )
phase diagram of YbCu2Si2 so far. The pressure dependence of the main energy scales are shown:
the magnetic ordering temperature TM , TMax ∝ TK and the Fermi-liquid temperature, TFL. The
pressure dependence of the crystal �eld, which is another relevant energy scale as deduced from our
results, is not known. The kink we observed in the pressure dependence of the valence, Pk, is also
shown.

As discussed in the theoretical introduction (chapter 1), in several heavy fermion compounds
the boundary between the intermediate-valence regime (nh < 1) and the Kondo regime (nh ≈ 1) is
not sharp, i.e instead of a FOVT marked with a discontinuity in nf , there is a crossover between
both regimes. The kink we observe at Pk in YbCu2Si2 it might be identify as the pressure where
the system passes trough one regime to another.

We can now interpret the (P − T ) phase diagram of YbCu2Si2 as follows:
At high temperatures (for T > TMax and TCEF ≈ 140 K) and ambient pressure the sys-

tem is already in an intermediate-valence regime where the f electrons act as a set of free quasi-
localized spins (v(0 GPa) ≈ 2.85). Upon increasing pressure the trivalent state is almost achieved
(v(22 GPa) ≈ 2.98).

When cooling and below TCEF , which is similar to TMax at ambient pressure, the valence
decreases signi�cantly (at 7 K, v(0 GPa) ≈ 2.75). At lower temperatures, T < 1 K, the heavy
fermion state develops within the IV regime. As we pointed it out in chapter 1, this is probably
one of the major di�erences with Ce-based HF compounds: in Yb-based HF systems the heavy
fermion state can be developed for a wider valence range.

When pressure is applied, the system moves towards the trivalent state and above Pk the valence
is above 2.9, so theoretically it can be described within the Kondo regime (nh ≈ 1) approximation in
the Anderson model. For P > 8 GPa, the ground state is ferromagnetic with a valence value above
2.9, slightly less than 3, at least up to 25 GPa. In �gure 3.32 all these regimes are summarized.

Finally, although YbCu2Si2 seems an ideal candidate to �nd superconductivity in an Yb-based
HF system, we have now performed a rather extensive search down to 40 mK over the whole phase
diagram below and slightly above Pc on a high quality sample. Still no signs of superconductivity
have been found.
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Figure 3.31: (P − T ) phase diagram of YbCu2Si2 with all the main energy scales, TM , TMax ∝ TK and

TFL and in a color scale, the valence of the Yb ion in YbCu2SI2.

Figure 3.32: Schematic diagram of the di�erent regimes: intermediate-valence regime and Kondo regime

as a function of P and T in YbCu2Si2.
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The discovery of the new Yb-based heavy fermion family, YbT2Zn20 (T= Fe, Co, Ru, Rh, Os, Ir)
by Torikachvili et al., has attracted much attention and at the present moment, it is a very intense
and proli�c research �eld [Torikachvili 2007, Matsubayashi 2010] with more than 20 publications
since 2008.

This novel family has signi�cantly increased the number of Yb-based HFC known so far and
it o�ers the opportunity to study six new closely related (structurally) compounds of a di�erent
family to the YbM2X2 (M= transition metal, X= Si, Ge) with the tetragonal ThCr2Si2 structure.

The thermodynamic and transport properties of the YbT2Zn20 family are presented in the
following paragraph. Next, I present a detailed review of the physical properties of YbCo2Zn20,
one of the heaviest heavy fermions ever found. Then, the main experimental results on YbCo2Zn20

will be discussed:

• The (P − T ) phase diagram up to 14 GPa determined through calorimetry measurements.

• The ac-susceptibility measurements and the (T − H) phase diagram which shed some light
on the nature of the pressure-induced magnetic order.

4.1 The YbT2Zn20 family

The YbT2Zn20 family crystallizes in the cubic CeCr2Al20 structure (fd3m space group) as shown
in �gure 4.1. The lattice constant and the distance between Yb-Yb atoms are rather large, a ≈
14 Å (see table 4.1) and dY b−Y b ≈ 6 Å respectively, which probably leads to weaker interactions
compared with other compounds with smaller lattice constants [Torikachvili 2007].

The characteristic crystal structure is the following: the transition metallic atoms (T) have an
icosahedral zinc coordination which forms a caged structure while each Yb ion is coordinated by a
16 Zn atom Frank-Kasper polyhedron with a cubic point symmetry. It is expected that due to this
near spherical distribution of Zn atoms the crystalline electric �eld splitting will be relatively low
and thus, these six compounds are interesting models to investigate the heavy fermion state with a
large degeneracy of the Yb ion [Matsubayashi 2010, Torikachvili 2007, Nakanishi 2009] as inferred
from �gure 4.2: the Kadowaki-Woods (KW) type plot shows that the YbT2Zn20 compounds have
a degeneracy N of 4 ≤ N ≤ 8.



4.1. The YbT2Zn20 family

Figure 4.1: Cubic structure of YbT2Zn20 family adapted from Takeuchi et al. [Takeuchi 2010]. Blue spheres

correspond to Yb atoms, the yellow to transition (T) atoms and the gray to Zn atoms.

The main thermodynamic and transport properties of the YbT2Zn20 family are summarized in
�gure 4.3 and table 4.1. First we will focus on T =Fe,Ru,Rh,Os and Ir as they have qualitatively
similar properties. They all exhibit the heavy fermion behavior at low temperatures: the suscep-
tibility curves follow a Curie-Weiss behavior down to 100 K with an e�ective magnetic moment
close to the value of the free Yb+3 ion and then they show a loss of the local moment behavior
below Tχmax (�gure 4.3 a)). The linear coe�cient of the speci�c heat (�gure 4.3 c)) has a value
which varies from γ ≈ 500−800 mJ/molK2 1. The electrical resistivity follows the characteristic T2

dependence of a Fermi liquid for T< 1− 10 K depending on the compound (inset of �gure 4.3b)).

Figure 4.2: Log-log plot of A versus γ (Kadowaki-Woods plot) of the YbT2Zn20 family. The solid lines

correspond to degeneracies N=2,4,6 and 8 [Torikachvili 2007].

At a �rst glance, the properties of YbCo2Zn20 di�er somehow from the other �ve compounds:
the magnetic susceptibility shows a Curie-Weiss behavior down to 1.8 K (inset of �gure 4.3 a)).
The Sommerfeld coe�cient is extremely large γ = 7900 mJ/molK2, making YbCo2Zn20 one of the
heaviest fermion compound so far (�gure 4.3 d)) with an estimated Kondo temperature ≈ 1 K. But

1According to the authors, the rise of the C(T)/T at low temperatures is probably due to a nuclear Schottky

anomaly. For more details see [Torikachvili 2007].
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Figure 4.3: Thermodynamic and transport properties of YbT2Zn20 from [Torikachvili 2007]. a) Mag-

netic susceptibility (H=0.1T). (Inset) Temperature-dependent inverse susceptibility for YbCo2Zn20 and

YbOs2Zn20. b) Electrical resistivity. (Inset) Low temperature resistivity as a function of T2 for T=Fe,

Rh, Ru, Os, Ir; note separate axes for T= Os on top and right. c) Low temperature-speci�c heat C, divided

by temperature, as a function of T2 (T= Co not shown here). d) Low temperature electrical resistivity (left

axis) and C/T (right axis) of YbCo2Zn20 as a function of T 2.

Table 4.1: From [Torikachvili 2007] are shown the cubic parameter lattice, a; paramagnetic Curie−Weiss

temperature, Θ; the e�ective moment, µeff ; low temperature magnetic susceptibility, χ0 taken at 1.8 K;

magnetic susceptibility maximum, χmax; residual resistivity, ρ0, taken at 20 mK; A coe�cient from the T2

resistivity (with range of �t below); RRR; Sommerfeld coe�cient, γ; Wilson ratio, WR, Kadowaki−Woods

ratio, KWR; degeneracy, N and estimated Kondo temperature, TK .
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at very low temperatures, T < 0.2 K, its ground state corresponds also to a Fermi liquid as shown
in �gure 4.3 d) with a large coe�cient of the T 2 resistivity A ≈ 165 µΩ cm/K2.

No indications of magnetic order nor superconductivity down to 20 mK are found in any member
of the YbT2Zn20 family. Nevertheless, YbCo2Zn20 is considered to be close to a QCP due to its
rather low TK ≈ 1 K. In fact, Saiga et al. revealed that pressure induces a magnetically ordered
state above a critical pressure of only ≈ 1 GPa [Saiga 2008]. This �nding has opened the study of
quantum criticality in a new Yb-based heavy fermion family.

In summary, the fundamental properties of the YbT2Zn20 systems are:

• A strong hybridization between 4f and conduction electrons is expected because of the high
coordination Zn ions surrounding the Yb ion.

• The Yb site has a high symmetry (cubic) with a nearly spherical cage structure. The CEF
splitting is expected to be small and therefore, the degeneracy N of the Yb ion may play a
relevant role in the formation of the heavy fermion state.

• The magnetic interactions are expected to be weak due to the large Yb-Yb distance (dY b−Y b ≈
6 Å). This favors the formation of the heavy fermion state and maybe other exotic ordered
states could also arise.

4.2 Introduction of YbCo2Zn20

In the past few years, YbCo2Zn20 has attracted much attention due to its �striking� physical
properties related to its large Sommerfeld coe�cient. Interesting phenomena arise when a magnetic
�eld or pressure are applied which makes YbCo2Zn20 a good candidate for quantum criticality
studies.

4.2.1 Heavy fermion state

Takeuchi et al. measured the temperature dependence of the speci�c heat of YbCo2Zn20 and the
non-4f reference compound LuCo2Zn20 (�gure 4.4 a)) [Takeuchi 2011b]. Above 30 K the speci�c
heat data are almost identical in both compounds, suggesting that the total CEF splitting is
small, about 30 K. YbCo2Zn20 shows a shoulder-like anomaly at 3 K and then the speci�c heat
C decreases rapidly with decreasing temperature (see the inset). A second anomaly appears at 1
K. These features are better distinguished when the magnetic speci�c heat of YbCo2Zn20 Cmag =

C(Y bCo2Zn20) − C(LuCo2Zn20) is plotted as Cmag/T vs T (�gure 4.4 b)). With decreasing
temperature, a bump around 2 K arises, then Cmag/T increases logarithmically below 1 K and
it saturates around 0.2 K with a large value about 7.9 J/(molK2) which indicates the formation
of the heavy fermion state with large quasi-particle masses, as γ ∝ m∗, and a rather low Kondo
temperature is estimated, TK ≤ 1K.

From de Haas-van Alphen (dHvA) measurements Ohya et al. have determined the cyclotron
e�ective mass m∗c in YbCo2Zn20 [Ohya 2010]. In �gure 4.5 the �eld dependence of the A co-
e�cient of the T 2 electrical resistivity and the m∗c are shown. At zero �eld, A is rather large,
A ≈ 165µΩ cm/K2. But when a magnetic �eld is applied both m∗c and

√
A strongly decreases.

From this kind of plot is possible to estimate the m∗c at zero �eld which at F = 3.56 × 107Oe is
large, about 200 m0.

The origin of the heavy fermion properties of YbCo2Zn20 is still unclear. The occurrence of such
an extremely large γ has led to systematic investigations of its magnetic and structural properties
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Figure 4.4: a) Temperature dependence of the speci�c heat C of YbCo2Zn20 and the reference compound

LuCo2Zn20 plotted on log-log scale. The inset shows the data for T < 10 K plotted on linear scales. b) and

c) show the temperature dependence of the magnetic speci�c heat in the form of Cmag/T and the magnetic

entropy Smag of YbCo2Zn20 on a logarithmic T scale, respectively. The red dot-dashed lines show theoretical

curves and the blue solid lines are calculated on the basis of the CEF model [Takeuchi 2010].
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Figure 4.5: The magnetic �eld dependence of the
√
A coe�cient for J‖H‖ 〈100〉 shown by squares (left

vertical axis). On the right, the �eld dependence of m∗
c for F = 3.56 × 107 Oe, shown by closed circles for

H‖ 〈100〉 (on the right) [Ohya 2010].

[Nakanishi 2009, Takeuchi 2011b, Kaneko 2012]. A key point to understand the low-temperature
properties is to determine the CEF splitting levels.

By analyzing the magnetic entropy Smag from �gure 4.4 (c), some relevant information of the
electronic state of YbCo2Zn20 can be inferred. Smag crosses R ln 2 just above 1 K, which corresponds
to a degeneracy of the Y b3+ ion of N= 2 and a spin S = 1/2. Smag increases monotonically with
increasing temperature up to 30 K, when it reaches Smag ≈ 17 J/(Kmol), a value very close to
Rln8 = 17.3 J/(Kmol), which corresponds the total entropy expected for the J=7/2 multiplet of
Y b3+ [Takeuchi 2011b]. Then, it is possible to deduce that the total CEF splitting in YbCo2Zn20

is rather small, about 30 K. In YbIr2Zn20, for example, the CEF splitting is signi�cantly larger,
about 106 K [Takeuchi 2010].

Takeuchi et al. have proposed a CEF schema based on the results of susceptibility, heat capacity
and magnetization measurements. The cubic CEF splits the J = 7/2 multiplet of the Y b3+ ion into
a Γ6 doublet, a Γ7 doublet and a Γ8 quartet. The CEF Hamiltonian for the cubic site symmetry is
given in terms of the Stevens operators by

HcubicCEF = B4(O0
4 + 5O4

4) +B6(O0
6 − 21O4

6) (4.1)

= W

[
x

(
O0

4 + 5O4
4

F (4)

)
+ (1− |x|)

(
O0

6 − 21O4
6

F (6)

)]
, (4.2)

where Bl are the CEF parameters, Oml are the Stevens operators, and F (4) = 60 and F (6) =

1260 for the Y b3+ ion with J = 7/2. Takeuchi et al. propose a set of parameters of x = 0.95 and
W = −0.95, which leads to the following CEF schema: Γ6(0 K) − Γ8(9.1 K) − Γ7(28.5 K) (see
�gure 4.6 a)) and [Takeuchi 2011b] for more details).

The anomaly in Cmag/T around 2 K can be qualitatively explained as a Schottky excitation
among the 4f CEF levels of the Y b3+ ion. The red dot-dashed line in �gure 4.4b) corresponds
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to the theoretical speci�c heat based on the resonant level model using S = 1/2 and a Kondo
temperature TK = 1K.

From all of this, it can be deduced that the extremely large value of Cmag/T at low temperatures
is due to the Kondo e�ect below TK ≈ 0.2−1 K originate from the doublet ground state and it does
not come from a degenerated crystal-�eld ground state, as the energy of the �rst excited CEF level
is much larger than the energy scale of the Kondo temperature [Takeuchi 2011b, Kaneko 2012].

Recent neutron scattering measurements on poly crystalline YbCo2Zn20 samples [Kaneko 2012]
corroborates the CEF scheme proposed by Takeuchi et al. even though there is a small discrepancy
in the energy of the �rst excited level as shown in �gure 4.6. But the overall splitting energy is
consistent with the suggested model.

Figure 4.6: Scheme of the CEF levels a) from the model proposed by Takeuchi et al. from ac-susceptibility,

magnetization and speci�c heat measurements [Takeuchi 2011b] and b) from neutron scattering measure-

ments on poly-cristalline YbCo2Zn20 samples [Kaneko 2012]. See details in text.

4.2.2 Physical properties under magnetic �eld

4.2.2.1 Metamagnetism

Down to 1.8 K the susceptibility of YbCo2Zn20 follows a Curie-Weiss law with a paramagnetic
Curie temperature Θ = −4.3 K and an e�ective magnetic moment µeff = 4.3 µB/Y b as shown
in �gure 4.3. But at lower temperatures, the χac(T ) in �gure 4.7 shows a broad maximum at
Tχmax = 0.32 K associated to the formation of the heavy fermion state.

Figure 4.7: Temperature dependence of ac-susceptibility in YbCo2Zn20 [Ohya 2010].
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Figure 4.8 a)-c) shows the �eld dependence of the ac-susceptibility, heat capacity and mag-
netoresistance of YbCo2Zn20 for H ‖ 〈100〉. A peak in χac is clearly observed at Hm = 5.7 kOe,
which is most likely due to a non linear increase of magnetization. A step-like jump is also observed
in the longitudinal magnetoresistance for J ‖H‖ 〈100〉 at Hm ≈ 5 kOe for T < Tχmax . The �eld
dependence of the speci�c heat C(H) is more complex. At 95 mK it shows two peaks which are
located at 4.0 and 7.5 kOe respectively. This two-peak structure is not seen anymore above T ≈ 0.3

K. The likely metamagnetic behavior seen at Hm = 5.7 kOe in the χac and magnetoresistance plots,
it is now located in the C(H)/T roughly between the two peaks [Ohya 2010].

Figure 4.8: Magnetic �eld dependences of a) ac-susceptibility at 60 mK for H ‖ 〈100〉 b) speci�c heat in

form C/T at 95 mK for H ‖ 〈100〉 and c) longitudinal magnetoresistance for J ‖ H ‖ 〈100〉 [Ohya 2010].

In �gure 4.9 the (H,T ) phase diagram of YbCo2Zn20 is shown. The circles correspond to Hm

from the magnetoresistance, the triangles are the two-peak structure from heat capacity measure-
ments C(H) and the square is the value of Tχmax [Ohya 2010].

Ohya et al. have also measured the temperature dependence of ρ(T ) under several magnetic
�elds (see �gure 4.10). At 0 kOe, ρ(T ) follows a Fermi liquid relation ρ = ρ0 + AT 2 for T <

0.140 mK. At H = 4 kOe, ρ(T ) shows a T-linear dependence for T < 0.2 K, revealing a non-
Fermi liquid behavior. For H > 8 kOe, the Fermi liquid behavior appears again and it expands to
higher temperature range. The magnetic �eld dependence of the A coe�cient was already shown
in �gure 4.5 but not yet analyzed. Firstly, for H < Hm A increases with increasing magnetic �eld
up to H ≈ Hm = 5.7 kOe. At Hm the authors could not determine its value as ρ(T ) shows NFL
behavior. Above Hm, A is strongly reduced with increasing �eld, from

√
A = 12.6(µΩcm/K2)1/2

at 0 kOe to
√
A = 0.145(µΩcm/K2)1/2 at 150 kOe. It is reduced about a factor of 102 at high

�elds [Ohya 2010].
The metamagnetic behavior is de�nitively proved by recent magnetization measurements below

Tχmax [Shimura 2011] as shown in �gure 4.11. A metamagnetic crossover is indeed observed at
Hm = 0.6 T which is consistent with the anomalies observed in the ac-susceptibility, resistivity and
heat capacity at Hm = 0.57 T previously reported. It is much clear in the inset of �gure 4.11 where
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Chapter 4. YbCo2Zn20

Figure 4.9: Phase diagram obtained by the magnetoresistance (circles) and speci�c heat (triangles) for

H| 〈100〉 and ac-susceptibility (squares) measurements. The solid line indicates the temperature dependence

of the magnetic �eld showing the metamagnetic like behavior Hm and broken lines show the magnetic �eld

where the C/T shows the two peak structure at constant temperature. These lines do not correspond to real

transitions but rather crossover lines [Ohya 2010].

Figure 4.10: Temperature dependence of ρ under several magnetic �elds in YbCo2Zn20. The data at 0 kOe

are shifted upward by 3 µΩcm for clarity. Solid lines indicate the T 2-dependence of the electrical resistivity

[Ohya 2010].
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dM/dH is plotted for �elds below 1 T at 0.07 K.

Figure 4.11: Field dependence of M(T ) at 0.08 K for H ‖ 〈111〉. The inset shows the �eld dependence

of the di�erential susceptibility at 0.07 K below 1 T. The solid and open arrow indicate the metamagnetic

behavior at µ0Hm = 0.6 T and µ0H
′

m = 6 T , respectively [Shimura 2011].

4.2.2.2 Field-Induced Quadrupolar Ordered Phase

The high �eld region of the magnetization in YbCo2Zn20 in �gure 4.11 shows a second anomaly at
µ0H

′
m = 6 T [Shimura 2011]. This anomaly has also been detected by Takeuchi et al. via resistivity

measurements as shown in �gure 4.12 [Takeuchi 2011b] and it has been associated to a �eld-induced
ordered phase (FIOP) (for detailed information see the cited references)2.

Figure 4.12 a) shows the ρ(H) for J‖ 〈110〉 direction for several �eld angles θ at 0.08 K. The
magnetic �eld was rotated within the 〈110〉 plane and θ was de�ned as the angle between the
direction of the magnetic �eld and the 〈110〉 direction [Takeuchi 2011b].

The metamagnetic transition at µ0Hm = 5.7 kOe for H‖ 〈100〉 direction (θ = 0◦) shows almost
no anisotropy when the magnetic �eld is tilted. On the contrary, the FIOP transition, HQ, is only
detected for a reduced angular range Θ around the 〈111〉 direction. For θ > 40◦, a bump arises
around 60 kOe. It becomes a clear peak for θ = 54.7◦ which corresponds to H‖ 〈111〉. For higher
�eld angle θ, the peak at HQ ≈ 60 kOe shifts to higher �elds and disappears at θ ≈ 80◦.

The temperature dependences below 1.2 K of Hm and HQ are shown in �gure 4.12 b). With
increasing temperature Hm rapidly smears out for T > 0.3 K whereas the peak HQ slightly shifts
to higher �elds and it becomes broader but it is still detected up to T > 0.6 K. For higher
temperatures it becomes a weak shoulder-like anomaly. This temperature dependence of HQ was
also observed in magnetization measurements [Shimura 2011].

4.2.2.3 H-T phase diagram of the FIOP

Figure 4.13 shows the (H −T ) phase diagram of YbCo2Zn20 [Shimura 2011]. For H > 3 T another
(broad) peak arises in the M(T ) curves (not shown here). The temperature at which this peak

2Shimura and Takeuchi use two di�erent nomenclatures and units for the FIOP. While Shimura uses the expression

H
′
m, Takeuchi uses HQ. The former expresses the magnetic �eld in Tesla while Takeuchi in kOe. I will respect each

nomenclature and units for each author.
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Chapter 4. YbCo2Zn20

Figure 4.12: a) Field dependence of the electrical resistivity at 0.08 K for H and J‖ 〈111〉 for di�erent �eld
angles θ [Takeuchi 2011b]. b) Temperature dependence of Hm and HQ [Shimura 2011].

arises is de�ned as TMax. At even higher �elds, H > 6 T , a kink in the M(T ) curves is observed
and its position corresponds to To. The To(H) line smoothly connects with the H

′
m(T ) line. This

(H − T ) phase diagram has been corroborated via heat capacity and resistivity measurements by
Takeuchi et al. It is remarkably that YbCo2Zn20 is likely to be the �rst Yb-based heavy fermion
compound where a FIOP has been observed.

Figure 4.13: (H − T ) phase diagram for H‖ 〈111〉 direction for YbCo2Zn20. Closed circles and squares

indicate To and H
′

m, respectively. Filled triangles show TMax. See [Shimura 2011] for more details.
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4.2.2.4 Order parameter of the FIOP

Several e�orts have been done to study this FIOP in YbCo2Zn20 and to determine the order
parameter of this phase. Shimura et Takeuchi highlight in their work the similarities between the
(H − T ) phase diagram of YbCo2Zn20 and those observed in some cubic Pr-based skutterudites
like PrOs4Sb12 [Kohgi 2003] and PrFe4P12 [Tayama 2004] which show a �eld-induced antiferro-
quadrupole (AFQ) ordered phase as shown in �gure 4.14.

Figure 4.14: Phase diagram of the skutterdite PrOs4Sb12 [Kohgi 2003].

The FIOP in PrOs4Sb12 was observed in a limited angular range around the 〈010〉 when
H ‖ 〈001〉 [Kohgi 2003]. This behavior (the limited angular range on the FIOP) is also observed in
YbCo2Zn20. Kohgi et al. explain the phase diagram of PrOs4Sb12 using a two-sublattice mean-�eld
model with quadrupole interactions for O0

2 and O2
2.

The results of Takeuchi et al. show that on the basis of the quadrupole moment O0
2 the char-

acteristic features on the magnetization in YbCo2Zn20 are well explained and the experimental
(H − T ) phase diagram is qualitatively reproduced [Takeuchi 2011b]. Even though there are not
yet su�cient experimental data to settle the order parameter of the FIOP in YbCo2Zn20, this study
strongly points out that the FIOP corresponds to a quadrupole ordered phase with a quadrupole
moment of Γ3-type symmetry (O0

2 or O2
2).

4.2.2.5 Valence measurement under magnetic �eld

In order to better understand the origin of the signi�cant magnetic �eld e�ects in the physical
properties of YbCo2Zn20 (e.g.: metamagnetism, FIOP, strong decrease of the HF mass, m∗c), and
especially if they are related to the valent degrees of freedom we performed X-ray absorption
spectroscopic measurements on a single crystal (500× 400× 50 µm3) as a function of temperature
and magnetic �elds up to 10 T in ID 20 at the ESRF(Grenoble) in collaboration with J. P. Rue�,
V. Balédent and L. Paolasini.

The XAS spectra at the Yb L3-edge at 200, 50 and 2 K at zero �eld are shown in �gure 4.15
a). The main peak located at 8.947 keV corresponds to the trivalent component whereas the signal
of the Y b2+, which should appear around 8.939 keV, is very weak and not clearly distinguished.
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Figure 4.15: L3-edge absorption spectra of YbCo2Zn20 single-crystal sample taken a) at 200, 50 and 2 K

in zero �eld b) at 0 and 10 T at 2 K.

There are no di�erences in the line shape within the experimental error down to 2 K. From this
features, it can be inferred that the Yb valence will be very close to the trivalent state for he whole
temperature range. This is consistent with the behavior of the susceptibility measurements which
follow the Curie-Weiss law down to 1.8 K.

The absorption spectra from �gure 4.15 b) are found to be insensitive to the application of
a magnetic �eld of 10 T. No perceptible changes in the Yb valence from the nearly 3+ state are
observed. These results are equivalent with those reported by Mito et al. which were measured on
a powdered sample instead of a single crystal [Mito 2010].

4.3 High pressure phase diagram

The main contribution of this work in the study of YbCo2Zn20 is to extend the known (P − T )
phase diagram to higher pressures, up to 14 GPa, and bring some information to the nature of the
magnetic order through ac-susceptibility measurements and ac-calorimetry measurements under
magnetic �eld.

4.3.1 Pressure-induced magnetic order

Saiga et al. were the �rst to report the pressure-induced magnetic transition in YbCo2Zn20

[Saiga 2008]. The resistivity measurements on a single crystal up to 2.37 GPa are shown in �g-
ure 4.16. They found an anomaly at TM ≈ 0.15K at about 1 GPa that shifts to higher temperatures
with increasing pressure.

Pressure-induced magnetic transitions have already been observed in other Yb-based heavy
fermion compounds as YbCu2Si2 [Alami Yadri 1998], YbIr2Si2 [Yuan 2006] and YbNi2Ge2 [Knebel 2001].
In these compounds, the critical pressure is about Pc ≈ 5−8 GPa in contrast to the low Pc ≈ 1 GPa

in YbCo2Zn20 which is an advantage for the study of quantum critical phenomena in high-pressure
experiments.
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Figure 4.16: Electrical resistivity of YbCo2Zn20 as a function of the temperature a) from 300 - 0.1 K b)

at low temperatures for selected pressures. TMax and TM correspond to the temperature of the maximum in

the ρ(T ) and the magnetically ordered temperature respectively [Matsubayashi 2010].

At ambient pressure ρ(T ) exhibits a minimum around 50 K (which does not signi�cantly move
under pressure) and below this temperature, ρ(T ) follows a −lnT dependence down to ≈ 2.5 K,
where a broad maximum arises. Below Tmax, ρ(T ) decreases with decreasing temperature. Applying
pressure shifts Tmax to lower temperatures. If we assume that Tmax scales with TK , then TK would
also decrease with increasing pressure as it is expected in Yb-based heavy fermion compounds when
the system is driven near the magnetic QCP.

Fermi Liquid properties under pressure

Figure 4.17 shows ρ(T ) as a function of T 2 at several pressures in order to study the e�ect of
pressure on the Fermi liquid behavior described by ρ(T ) = ρ0 + AT 2. At ambient pressure, ρ(T )

shows FL behavior at T < TFL ≈ 0.2 K. For P < 0.7 GPa, the slope of the solid line increases
because the A coe�cient is strongly enhanced in that pressure range (see �gure 4.17) but the TFL
gradually decreases. NFL behavior is observed for the pressure range 0.7 < P < 1.49 GPa where
ρ(T ) deviates from the T 2 dependence and it shows a Tn dependence with 1 ≤ n ≤ 2. Finally,
the FL behavior is recovered at higher pressures but in a reduced temperature range (at 1.96 GPa
TFL ≈ 0.12 K) and for lower values of the A coe�cient.

The pressure dependence of A and ρ are represented in �gure 4.17. As pressure increases and
approaches Pc, A is strongly enhanced and achieves a value of about 400 µΩcm/K2. In the pressure
range where non-Fermi liquid behavior is observed the A coe�cient is not determined. The residual
resistivity ρ0 shows a similar behavior. It increases with pressure and shows a broad peak slightly
above Pc. The enhancement of A and ρ0 is often observed in heavy fermions systems in the vicinity
of a magnetic QCP due to large critical �uctuations.

From all these experimental features, Saiga et al. associate the anomaly of the resistivity at TM
to the appearance of a magnetically ordered state above Pc.
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Figure 4.17: a) ρ(T ) as a function of T 2 at selected pressures. Solid lines are �ts to ρ(T ) = ρ0 +AT 2. TFL
corresponds to the upper limit of the T 2 dependence of ρ(T ) (indicated by an arrow) b) Pressure dependence

of A and ρ0 up to 2.5 GPa in YbCo2Zn20 [Saiga 2008].

4.3.2 P − T phase diagram at low pressures

The (P − T ) phase diagram of YbCo2Zn20 obtained by Saiga et al. up to 2.5 GPa is shown in
�gure 4.18 [Saiga 2008]. The crossover temperature TFL corresponds to the upper limit of the
observed T 2 behavior in the ρ(T ), TM is the magnetic ordering temperature and TMax is the
temperature corresponding to the resistivity maximum. Under pressure TFL is suppressed near
Pc and TMax decreases from 2.5 K at ambient pressure to 1 K around 2.4 GPa. TM increases
monotonically for the pressure range P > Pc.

Figure 4.18: (P − T ) phase diagram of YbCo2Zn20 [Saiga 2008].

107



4.3. High pressure phase diagram

4.3.3 P − T phase diagram from ac-calorimetry studies under pressure

The (P − T ) phase diagram of YbCo2Zn20 from �gure 4.18) was obtained by resistivity measure-
ments under pressure up to 2.5 GPa [Saiga 2008]. The magnetic transition manifests itself by a
kink on the ρ(T ) curves (�gure 4.16) but it is not very marked and it smears out with increasing
pressure. In this work we wanted to measure the speci�c heat of YbCo2Zn20 under pressure and
see if the anomaly would be more distinguishable.

We have measured the phase diagram up to 14 GPa via the ac-calorimetry technique of a
single YbCo2Zn20 crystal in a DAC with 0.7 mm culet using the dilution fridge with the in-situ

pressure device. Only one run of measurements was necessary as the thermocouple stood the whole
experiment.

In the following paragraphs we will �rst analyze the phase diagram up to 2.5 GPa and later up
to the highest pressures in this study, 14 GPa.

Phase diagram up to 2.5 GPa: comparison with previously reported data

We measured the ac-calorimetry at a frequency f = 77 Hz which we chose from the frequency
test (see chapter 2 for more details). The curves at di�erent pressures have been measured and
compared at the same frequency.

In this paragraph the magnitude C/T is used rather than C. In �gure 4.19 a) the temperature
dependence of C(T )/T is plotted for all the pressures we measured up to 2.5 GPa. At 0.4 GPa,
C(T )/T increases below T < 0.6 K but no anomaly is detected down to 200 mK, the lowest
temperature we reached.

Figure 4.19: a) Temperature dependence of the ac-calorimetry of a single crystal of YbCo2Zn20 plotted as

C/T for all the pressures we measured up to 2.5 GPa. b) The criterion to determine TM is shown. We took

the in�ection point (the minimum in the derivative curve on the right axis).

At 0.85 GPa (red curve), we start to detect a rather large anomaly at T ≈ 0.4 mK that we
associate to the magnetic transition. The temperature at which the anomaly appears shifts with
pressure and even though it gets broaden it is more pronounced than the kink on the resistivity
curves [Matsubayashi 2010].
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Figure 4.20 a) shows the (P − T ) phase diagram we obtained in comparison with the one
reported in [Saiga 2008]. The criterion we used to determine the magnetic ordering temperature
TM is shown in 4.19 b) for 1.1 GPa. We took the in�ection point which corresponds to the minimum
in the derivative C/T versus T curve. The in�ection point corresponds to the faster C/T change
and the point where there is a majority volume sample change as well. As the raw data are quite
noisy, before the derivative we smoothed them.

Figure 4.20: (P − T ) phase diagram of YbCo2Zn20 up to 2.5 GPa. Open circles correspond to TM values

from [Saiga 2008] and red points to TM values obtained in this work by ac-calorimetry measurements.

The disagreement between our results with those from [Saiga 2008] are not negligible, especially
at low pressures for P < 2 GPa where we �nd higher values for TM and a linear pressure dependence
up to 1.5 GPa, but they become comparable for P ≥ 1.8 GPa. In addition, they do not detect the
transition for P < 1 GPa in the resistivity curves but we do in our ac-calorimetry curves at 0.85
GPa. This discrepancy in the value of Pc is not very large and could be explained by a di�erence
in the sample quality. The di�erence in the values of TM are likely to be related on the technique
criterion (ρ, C/T ) while the shift in pressure where the initial increase occurs could be due to the
di�erence in the high pressure technique: Saiga et al. used a hybrid-piston-cylinder-type pressure
cell with Daphne oil 7373 as pressure transmitting medium whereas we used a DAC cell with argon
as pressure transmitting media which in general has better quasi-hydrostatic conditions.

Extended P − T phase diagram

The ac-calorimetry curves C/T for P > 3 GPa and the (P − T ) phase diagram of YbCo2Zn20 up
to 14 GPa are shown in �gure 4.21 a) and b) respectively.

As mentioned in the previous paragraph TM increases linearly up to 1.5 GPa. From 1.5 to 3.0
GPa it decreases slightly and above P > 3.0 GPa it increases monotonically from TM ≈ 0.5 K to
nearly 1 K at 14 GPa. The characteristic pressure dependence of TM will be discussed in terms of
the competition of the principal energy scales of the system (TK , TCEF , TRKKY ) in section 4.4.
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Figure 4.21: a) Temperature dependence of C/T curves of YbCo2Zn20 for P > 3 GPa and up to 14 GPa.

Curves have been shifted for clarity. b) (P−T ) phase diagram of YbCo2Zn20 up to 14 GPa by ac-calorimetry

measurements in this work (red points).

4.3.4 Nature of the magnetic order

In chapter 3 we have shown how the existence of ferromagnetic order in YbCu2Si2 has been deter-
mined by ac-susceptibility measurements under pressure and under magnetic �eld. These results
motivated us to apply this technique to other compounds like YbCo2Zn20 where the metamagnetic
behavior found at ambient pressure might suggest a tendency towards ferromagnetism.

Here we present the ac-susceptibility measured at f = 723 Hz of YbCo2Zn20 in the dilution
refrigerator before the pressure in-situ device was set in. Unfortunately the contacts of the pick-up
coil short circuited after 5 pressure changes and the highest pressure we achieved was 2 GPa. But
as Pc in YbCo2Zn20 is only about 1 GPa, this setback did not prevent us to measure in the relevant
pressure range.

In �gure 4.22 the temperature dependence of the imaginary or out-of-phase contribution (e�
∝ χ′) of the measured signal (Lock-In output) is plotted for two selected pressures: at 0.4 GPa
and 2 GPa, below and above Pc respectively. There are no di�erences between both curves, we
do not detect any anomaly in the susceptibility curve at 2 GPa down to 0.1 K in contrast with
the ac-calorimetry measurements, where TM at 2 GPa was estimated TM ≈ 0.5 mK. We also
measured at 1.2, 1.35 and 1.6 GPa (not shown here) and the experimental curves are as �at as for
0.4 and 2 GPa. Notice that in �gure 4.7, TχMax in the χac curve at ambient pressure is detected
whereas we have a �at curve. The reason is that they have a larger sensitivity because they used
a piston-cylinder cell where the volume of the sample is much larger than in a DAC. In a recent
study, also with a piston-cylinder type cell Ohya [Taga 2012] have detected the magnetic transition
under pressure with ac-susceptibility.

The arrow in �gure 4.22 indicates the amplitude of the anomaly in the ac-susceptibility curves of
YbCu2Si2 above Pc ≈ 8 GPa. The magnetic order in YbCu2Si2 has been identi�ed as ferromagnetic
(or at least with a ferromagnetic component).

All these elements suggest that the magnetic order is likely to be antiferromagnetic with a
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Figure 4.22: The temperature dependence of the measured signal, Lock-In output, is plotted for two selected

pressures: at 0.4 GPa and 2 GPa below and above Pc ≈ 1 GPa respectively. The arrows indicates the

amplitude of the Lock-in output measured in YbCu2Si2 above Pc ≈ 8 GPa (see details in text).

magnetic ordering moment too weak to be detected by measuring the ac-susceptibility using a
DAC.

Another element that supports antiferromagnetic order comes from the behavior of TM when
a magnetic �eld is applied as shown in �gure 4.23. We applied 2, 4 and 6 T at 14 GPa in the
ac-calorimetry curve and TM slightly decreases with increasing �eld as shown in the (H −T ) phase
diagram in �gure 4.23 b).

In general, in a ferromagnetic compound TM increases with �eld as in YbCu2Si2 whereas it
decreases for an antiferromagnetic system. Note that the criterion to determine TM is not the same
as the criterion used for the (P − T ) phase diagram as we did not measure above 1.2 K and thus
we can not determine precisely the in�ection point. The criterion used in this plot is shown in the
curve at zero �eld which corresponds to the position of the maximum, using this criterion TM is
200 mK lower than the value obtained in the (P − T ) phase diagram at zero �eld.

Direct proof of the magnetic order has been recently reported in [Takeuchi 2011b]. Recent
neutron scattering measurements3 clarify that the nature of the magnetic order in YbCo2Zn20 is
antiferromangetic as inferred from our results.

4.4 Conclusions

I present here ac-calorimetry measurements under pressure in YbCo2Zn20 which extends the (P−T )
phase diagram up to 14 GPa. The critical pressure in this study is Pc ≈ 0.85 GPa. At low pressures
the TM values are signi�cantly higher than in previously reported data [Saiga 2008].

The whole phase diagram is now shown in �gure 4.24 a) with the Fermi-liquid region (values
of TFL were taken from [Saiga 2008]). In 4.24 b) the pressure dependence of TMax ∝ TK , which
corresponds to the maximum of the resistivity is shown. The phase diagram can be interpreted in

3Cited as a private communication.
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Figure 4.23: a) Temperature dependence of the ac-calorimetry curves at 14 GPa for several magnetic �elds.
b) (H − T ) phase diagram of YbCo2Zn20 at 14 GPa. The criterion used to determine TM is shown in a)

for the curve at zero �eld.

terms of the competition between the Kondo and RKKY interactions as in the Doniach picture.

Figure 4.24: a) (P −T ) phase diagram of YbCo2Zn20. Red circles correspond to the values of TM from this

work and green squares are the values of the Fermi-liquid temperature, TFL from [Saiga 2008]. b) Pressure

dependence of TMax, the temperature where the maximum in the resistivity is observed, for YbCo2Zn20
[Matsubayashi 2010] (broken lines are guides to the eyes).

For P < Pc, a heavy fermion ground state dominates but when pressure is increased TFL and
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TMax decreases as expected for Yb-based heavy-fermion compounds. Near Pc NFL behavior is
observed. For Pc ≈ 0.85 GPa the RKKY interaction becomes dominant and a magnetic ordering
state occurs at TM ≈ 0.4 K.

However, the pressure dependence of TM shows a non-monotonic behavior and it decreases
from 2 to 4 GPa. Interestingly, TMax exhibits a minimum near P ≈ 1.5 GPa, a value close to Pc
and the pressure where TM starts to decrease. Upon further increasing pressure, TMax increases
reaching 13 K at 12 GPa [Matsubayashi 2010]. Even though it is tempting to associate the increase
of TMax to the increase of TK which might explain the non conventional behavior of TM , we can
not discard CEF e�ects in the pressure dependence of TMax even though the overall CEF splitting
in YbCo2Zn20 is small. This is another hallmark of this compound, the energy scales involved in
this system are low: TK ≤ 1 K, ∆CEF ≈ 9 K (of the �rst excited level) and TM ≈ 0.4− 1 K.

We have also measured the ac-susceptibility and the �eld dependence of the ac-calorimetry
curve at 14 GPa to shed some light in the nature of the magnetic order. In contrast to YbCu2Si2
where a clear jump in the signal was observed when measuring in a DAC, here no anomaly was
detected above Pc. This suggests that the magnetic order is probably antiferromagnetic. Also the
�eld dependence of TM , which decreases under �eld, corresponds to the behavior generally observed
in antiferromagnetic compounds. Direct proof of antiferromagntism has been recently reported by
neutron scattering measurements. The non-monotonic behavior of TM could also indicate a change
of the magnetic structure under pressure. It will be interesting to repeat the ac-susceptibility
measurements, but this time at P > 4 GPa.

Finally, the valence of a single crystal of YbCo2Zn20 has been measured using XAS under mag-
netic �eld and at di�erent temperatures down to 2 K. The results show that there is no perceptible
change from the almost trivalent state from room temperature to 2 K and neither between zero
�eld and 10 T. This behavior contrasts with the strong �eld dependences observed in the physical
properties under magnetic �eld like metamagnetism, FIOP and the strong decrease of the HF mass,
m∗c . Hence, the origin of the �eld e�ects in YbCo2Zn20 close to the magnetic-nonmagnetic transi-
tion are probably related to the interaction between the magnetic �eld and the magnetic moments
(spin) of the 4f electrons and not from the valence (charge degree) of the Yb ions.
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Chapter 5

YbRh2Si2

5.1 Introduction

YbRh2Si2 is another ternary compound with the ThCr2Si2-type tetragonal crystal structure as
YbCu2Si2 (see �gure 4.1), but now the fuchsia spheres correspond to the Rh atoms instead of
Cu. The lattice parameters are a = 4.010 Ȧ and c = 9.841 Ȧ. YbRh2Si2 is a heavy fermion
with TK ≈ 25 K [Gegenwart 2006] and a Sommerfeld coe�cient of γ ≈ 1.2 J/molK2 (from
the extrapolation of the speci�c heat curve, C/T → 0). YbRh2Si2 at ambient pressure is also
at an intermediate-valence state and its valency is about 2.92 at room temperature. It orders
antiferromagnetically at ambient pressure for TN ≈ 70 mK [Trovarelli 2000] with a tiny magnetic
moment about µeff ≈ 10−2 − 10−3 µB [Gegenwart 2002, Knebel 2005].

The susceptibility follows a Curie-Weiss law for T > 200 K along both crystallographic direc-
tions (a and c) with µ ≈ µY b3+ = 4.53 µB. As shown in �gure 5.1 there is a strong magnetocrys-
talline anisotropy and at T = 2 K, the magnetic susceptibility measured along the basal ab plane
is about 20 times larger compared to the value measured when the magnetic �eld is applied along
the c axis. Thus, the ab plane is the �easy� magnetization plane whereas the c axis is the �hard�
magnetization axis, contrary to YbCu2Si2.

Figure 5.1: Magnetic susceptibility for both crystallographic directions (a and c) in YbRh2Si2. The inset

shows the sharp AFM transition at 70 mK [Gegenwart 2003].



5.1. Introduction

5.1.1 Crystal electric �eld

From inelastic neutron-scattering measurements on YbRh2Si2 powder the CEF excitations of the
Y b3+ ion in the tetragonal symmetry have been determined and the scheme is given in �gure 5.2
[Stockert 2006].

Figure 5.2: CEF scheme obtained by inelastic neutron-scattering measurements using YbRh2Si2 powder

[Stockert 2006].

The doublet ground state is well separated from the �rst excited CEF level (17 meV ≈ 200 K).
This CEF level scheme is consistent with the magnetic entropy Sm(T ) of the Y b3+ where the value
corresponding to the J = 7/2 multiplet is recovered above room temperature while the single-ion
Kondo temperature of the CEF ground state which corresponds to Sm(TK) = Rln2 is found for
TK ≈ 25 K [Gegenwart 2006].

5.1.2 Field-induced quantum critical point

On cooling, YbRh2Si2 shows strong deviations from the standard FL properties already at ambient
pressure and zero magnetic �eld, being the �rst Yb-based HF compound showing NFL behavior
at such conditions. In fact, only a few examples of stoichiometric HF systems does it (e.g. UBe13,
CeNi2Ge2 and CeCu2Si2) [Mederle 2001]. As shown in �gure 5.3 a) the temperature dependence
of the resistivity is linear (∆ρ = ρ− ρ0 ∝ T ) over a large temperature range and the speci�c heat
increases as C/T ∝ − lnT between 0.3 and 10 K (�gure 5.3 b) ) [Trovarelli 2000]. Very often,
NFL e�ects are observed not just at, but also in the vicinity of a magnetic quantum critical point
like in some Ce-based HF compounds by varying the chemical composition [Löhneysen 1994] or in
stoichiometric HF systems by applying hydrostatic pressure as a control parameter to reach the
QCP like in YbCu2Si2 and YbCo2Zn20 (see details in Chapter 3 and 4).

In contrast, YbRh2Si2 is at ambient pressure located very close to an AFM �eld-induced QCP.
The Néel temperature TN decreases with increasing �eld and the weak magnetic order is suppressed
in a �eld ofHc ≈ 0.06 T applied in the easy magnetic ab plane. Due to the large magnetic anisotropy
the critical �eld necessary in the hard c axis is Hc ≈ 0.6 T. In �gure 5.4 the (T−H) phase diagram
is shown for H⊥c [Gegenwart 2007].
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Chapter 5. YbRh2Si2

Figure 5.3: a) Low-temperature electrical resistivity of YbRh2Si2 at ambient pressure along the a axis

obeying ρ(T ) = ρ0 +bTn, with n ≈ 1. (Inset) Temperature dependence of the e�ective exponent n, de�ned as

the logarithmic derivative of ρ−ρ0 with respect to T. b) Yb increment to the speci�c heat as ∆C/T vs T on a

logarithmic scale at di�erent �elds applied along the a axis. The dotted line, representing ∆C/T = γ0 lnT0/T ,

is a guide to the eye [Trovarelli 2000].

Figure 5.4: The (T −H) phase diagram of YbRh2Si2 at ambient pressure for H⊥c. The gray diamonds and
triangles represent, respectively, the Néel ordering temperature (TN ) and the crossover temperature (TLFL)

below which the electrical resistivity has the Fermi liquid behavior.The solid and dotted lines are guides to

the eyes [Gegenwart 2007].
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5.2. P − T −H phase Diagram

As mentioned in the theoretical introduction, the magnetic �eld is also a suitable control pa-
rameter to tune the competition between Kondo e�ect and RKKY interaction, i.e., to tune the
strength of the 4f−conduction electron hybridization. But in literature there are only a few sys-
tems that had been tuned by magnetic �eld through a QCP, e.g., CeCu6−xAgx [Heuser 1998] and
YbCu5−xAlx [Seuring 2000]. Therefore, YbRh2Si2 has attracted much attention in the past few
years because it is a good candidate for quantum criticality studies as it is an stoichiometric HF
compound where a �eld-induced QCP is reached by applying low Hc. Above the critical �eld, the
dominance of the Kondo e�ect causes the formation of a heavy Fermi-liquid state at su�ciently
low temperatures.

The nature of the QCP in YbRh2Si2 has been largely discussed. It was reported that just above
Hc the coe�cient A may diverge as A ∝ (H −Hc)

−1 [Gegenwart 2002]. An unusual temperature
dependence of the Grüneisen parameter just above TN [Küchler 2003] or a possible drop of the
Hall constant at Hc [Paschen 2004] are features that can not be explained within the conventional
spin �uctuation scenario and they were taken as evidences for a local quantum criticality scenario
where the hallmark is a strong renormalization at the Fermi surface at the QCP where the heavy
quasi-particles decomposed (�Kondo breakdown�).

5.2 P − T −H phase Diagram

Pressure tends to favor the trivalent magnetic con�guration in the Yb ion1. Therefore, as shown
in the (P − T ) phase diagram of YbRh2Si2 in �gure 5.5 [Knebel 2006a], applying pressure moves
YbRh2Si2 away from a pressure-induced QCP as the magnetic ordering temperature increases with
increasing pressure. It has been argued that for a tiny volume expansion at a negative pressure
Pc ≈ −0.2 GPa a continuous switch from antiferromagnetism to a paramagnetic state would occur.
This is supported, at least qualitatively, by the drop of TN from 70 to 20 mK on doping YbRh2Si2
with nominally 5% of germanium [Küchler 2003].

The (P − T ) phase diagram can be divided in three regions:

1. For P < 3 GPa, TH(P ) increases with a rate of 0.37 GPa/K and a second anomaly identi�ed as
TL appears at low temperatures above 1 GPa [Mederle 2001, Gegenwart 2002, Knebel 2006a].

2. TH(P ) shows a broad maximum around 4-5 GPa and for further increasing pressure, both
TH(P ) and TL(P ) decrease.

3. Above P ∗ > 9 GPa, only one anomaly is detected. TN increases at a rate of 0.1 GPa/K up
to 15 GPa and it is constant, TN ≈ 7.5 K, for higher pressures [Plessel 2003].

The drastic change in TN (P ) at P ∗ seems associated to the �rst-order magnetic phase transition
from a low−moment to a high−moment state (µeff = 1.9 µB)2 occurring at 10 GPa which was
detected in Mössbauer measurements [Plessel 2003]. In �gure 5.6 the pressure dependence of the
magnetic moment is shown.

Finally, Knebel et al. reported a very sharp and marge jump in the magnetoresistance for a
limited pressure range when the �eld was applied along the hard axis (H ‖c)

In this thesis we have measured the resistivity of YbRh2Si2 under pressure and under magnetic
�eld to deepen the understanding of two main issues:

1As largely discussed in chapter 1 and made it evident with the valence measurements under pressure in YbCu2Si2
in chapter 3.

2In this high-moment phase the valence of the Yb ion might be very close to Y b3+. The value of µeff is highly

reduced from the one expected from the free Yb ion (4.53µB) due to CEF e�ects.
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Figure 5.5: (P − T ) phase diagram of YbRh2Si2 from: TH corresponds to the Néel temperature and TL to

the magnetic ordering temperature of the second low-temperature anomaly. P ∗ marks the critical pressure

where the valence of the Yb ion might be very close to Y b3+ (see details in text) [Knebel 2006a].

Figure 5.6: The upper part shows the pressure-temperature magnetic phase diagram for YbRh2Si2. The

lower part shows the pressure dependence of the magnetic moment µY b [Plessel 2003].
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5.2. P − T −H phase Diagram

• To study the (P − T ) phase diagram in greater detail to verify the evolution of TH , TL and
TN versus pressure. Especially in the pressure range between 6-10 GPa, close to P ∗.

• To perform a detailed research of the (H − T ) phase diagram under pressure in YbRh2Si2 to
investigate the evolution of the magnetic ordering temperatures, TH and TL, as a function
of H and P to better understand the interplay of these control parameters. One major
motivation of this work was to con�rm and precise this feature.

5.2.1 P − T phase diagram

We have measured the resistivity of YbRh2Si2 under pressure and under magnetic �eld in three
di�erent runs but in each one we used a high-purity single crystal from the same batch with
a RRR = 300. We measured at low temperatures down to 100 mK using the dilution fridge.
However, in the �rst two runs, we measured up to 5 GPa because the modulation pressure device
was not yet working and we changed the pressure at room temperature. For the third run, we could
changed the pressure at low temperatures and we measured in the high pressure range from 6 to 9
GPa.

In this section we will present the results we obtained at zero �eld. In �gure 5.7 a) the resistivity
curves at zero �eld (from Run 1) for two selected pressures are shown: at 0.3 GPa one anomaly
is detected (signaled by an arrow). At 1.3 GPa, TH has shifted to a higher value and a second
anomaly is also detected at low temperatures (TL). Figure 5.7 b) shows the derivative ∂ρ/∂T that
we used as the criterion to determine the values of TL and TH .

Figure 5.7: a) Low-temperature electrical resistivity of YbRh2Si2 at 0.3 and 1.3 GPa at zero �eld (from

Run 1). At 0.3 GPa, only one anomaly is detected whereas above 1 GPa, here we show and example at

1.3 GPa, there are two anomalies (TL and TH). b) The values of TL and TH were determined from the

derivative ∂ρ/∂T .

The (P − T ) phase diagram of YbRh2Si2 is shown in �gure 5.8. Figure 5.8 a) shows the results
from the 3 runs. The values obtained in Run 1 (circles) and Run 2 (diamonds) for a similar pressure
range agree well so from now on we will use those values from Run1 as we achieved higher pressures.
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In �gure 5.8 b) our results (Run1 + Run3) are compared with the previously reported (P − T )

phase diagram from �gure 5.5. Between 6 and 8 GPa, in contrast to their results, we did not detect
two anomalies in ρ but one (even though we keep the nomenclature TH). Nevertheless, the results
obtained in both studies are almost equivalent.

We could tune the pressure very precisely in the pressure range from 6 to 9 GPa and our results
are in good agreement with those from [Plessel 2003].

Figure 5.8: a) (P −T ) phase diagram of YbRh2Si2 from the resistivity measurements of this work. Circles,

diamonds and triangles correspond to the di�erent experiment runs. Red and blue colors correspond to TH
and TL respectively. b) A comparison with a previously reported phase diagram [Knebel 2006b].

5.2.2 Magnetic �eld e�ect under pressure

The low-temperature resistivity for di�erent magnetic �elds is shown in �gure 5.9 for two selected
pressures, P = 1.3 GPa and P = 3.9 GPa. The magnetic �eld was applied H ‖c and the current
along the ab plane. For P = 1.3 GPa, both anomalies, TL and TH , are shown whereas for P = 3.9

GPa we have plotted only the low-temperature anomaly, TL. For all the pressures we measured
the anomalies are quickly suppressed for �elds about 1 T or even slightly weaker. Note that the
critical �eld at ambient pressure for H ‖c was about 0.6 T. So at �rst sight, it seems that pressure
does not have a big e�ect in the critical magnetic �eld.

In the high pressure region, we detect only one anomaly and it is sharper than at lower pressures
as shown in �gure 5.10. The application of a magnetic �eld shifts the magnetic transition to lower
temperatures and it is suppressed at H ≈ 3 T. This behavior is in contrast with the trend found
in [Knebel 2006b] where weak magnetic �elds shifted to higher values the magnetic transition and
it was taken as an indication that ferromagnetic �uctuations could dominated in the high pressure
region.

The magnetoresistance of YbRh2Si2 has been measured at several pressures throughout the (P−
T ) phase diagram. Here we will discuss in detailed the results for P = 3.0 GPa and P = 3.9 GPa.
Figure 5.11 a) anb b) displays the magnetoresistance ρ(H)/ρ(0) at 3.0 and 3.9 GPa respectively,
as a function of �eld for di�erent temperatures. For P = 3.0 GPa, the magnetoresistance is positive
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5.2. P − T −H phase Diagram

Figure 5.9: Temperature dependence of ρ for several magnetic �elds at a) P = 1.3 GPa and b) P = 3.9

GPa.

Figure 5.10: Temperature dependence of ρ for several magnetic �elds at P = 8.4 GPa.
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at the lowest pressures whereas is almost constant for H < 1 T at P = 3.9 GPa. In both cases,
the magnetoresistance shows a sharp anomaly at Hx ≈ 1.5 T and Hx ≈ 0.6 T respectively. Above
Hx and for low temperatures (T < 0.7 K) it is positive. At higher temperatures, for T > TL the
anomaly becomes washed out and the magnetoresistance is negative. In the high pressure region,
above P > 6 GPa, the magnetoresistivity does not show any sharp signature under �eld.

Figure 5.11: Magnetoresistance of YbRh2Si2 for di�erent temperatures at a)P = 3.0 GPa and b) P = 3.9

GPa.

5.2.3 H-T phase diagram under pressure

From these measurements the (H − T ) phase diagram at several pressures could be extracted.
They are shown in �gure 5.12. TL and TH have been determined from the temperature dependence
of the resistivity as shown in �gure 5.9. Hx corresponds to the sharp anomaly observed in the
magnetoresistance curves as shown in �gure 5.11. TL and TH have a smooth �eld dependence for
all the pressures we measured except for P = 3.9 GPa where TH decreases with increasing �eld.
As already inferred from the temperature dependence of ρ in �gure 5.9, the critical �eld where the
magnetic order is suppressed does not signi�cantly change with pressure. Only for P = 3.9 GPa,
the (H − T ) phase diagram has shrunk signi�cantly as the critical �eld has decreased from a value
of H ≈ 1− 2 T at lower pressures to H ≈ 0.6 T at P = 3.9 GPa.

5.3 Conclusions

These results show the power of the in-situ pressure tuning device at low temperature to explore
the region of the phase diagram around P ≈ 8.4 GPa, between the low pressure and high pressure
region. Previously, the high pressure region had only been explore down to 1.5 K.

Our resistivity measurements in a high-purity single crystal have con�rmed the pressure-tempera-
ture phase diagram of YbRh2Si2 which it turns out to be surprisingly rich. Above P ≈ 1 GPa,
two anomalies are detected in the resistivity curves. This behavior is not very common and it is
quite surprising taking into account that up to 10 GPa, YbRh2Si2 has a tiny magnetic moment.
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5.3. Conclusions

Figure 5.12: (H − T ) phase diagram of YbRh2Si2 for H ‖c at selected pressures: a) P = 1.3 GPa b)

P = 2.2 GPa, c) P = 3.0 GPa d) P = 3.6 GPa and e) P = 3.9 GPa. The transition temperature TL and TH
were determined from the temperature dependence of ρ whereas Hx was determined from the sharp anomaly

detected in the magnetoresistance curves ρ(H).
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Moreover, the high-pressure region can not be explained in the usual picture of the competition of
the Kondo interaction and the RKKY interaction within the Doniach phase diagram. The dras-
tic change in the phase diagram is associated to a switch to another magnetic structure with a
high-magnetic moment as indicated from Mössbauer measurements.

Most surprising is the huge anomaly in the magnetoresistance curves. We have con�rmed this,
and drawn the (H −T ) phase diagram for several pressures. However, we still have no explanation
for this anomaly nor the nature of the di�erent phases.
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Chapter 6

Conclusions

An important achievement of this thesis is the setup of a pressure in-situ tuning device adapted
for the use of diamond anvil cells in a dilution fridge. The advantages of changing the pressure
at low temperatures far outweighs all the e�ort and hard work that has demanded. Nowadays,
with just one thermal cycle we can explore in a wide parameter space either in pressure (up to
15 GPa), magnetic �eld (up to 7 T) or temperature (down to 40 mK), the phase diagram of most
heavy fermion compounds, especially Yb-based heavy fermion systems which in general have higher
critical pressures than Cerium or Uranium based heavy fermion compounds.

This thesis presents the results on three different Ytterbium based heavy fermion compounds,
the intermediate-valence compounds YbCu2Si2 and YbRh2Si2, and the �super heavy� YbCo2Zn20.

Several measurement techniques under pressure and in high magnetic �elds were used to explore
the ground state properties of these materials. Resistivity, ac-calorimetry, ac-susceptibility and x-
ray spectroscopic measurements were performed in extreme conditions of pressure (up to 22 GPa),
temperature (down to 40 mK) and magnetic �eld (up to 52 T).

The recent development of a new high pressure technique in DAC, ac-susceptibility, has permit-
ted to identi�ed that the magnetic order in YbCu2Si2 is ferromagnetic1. The approach of comparing
the electronic and magnetic properties throughout the (P − T ) phase diagram has contributed to
the understanding of the interplay between valence change, magnetism and Kondo related e�ects
in this system. Nowadays, the phase diagram of YbCu2Si2 is well established and rather well
understood.

Though, there are still some open questions to solve. Despite the experimental e�orts done
during this work, we have not detected metamagnetism in YbCu2Si2. The experimental challenge
is now to detect, if it exists, the metamagnetic transition. Two di�erent approaches would be
interesting to try: to measure the magnetization at ambient pressure at higher magnetic �elds,
above 50 T in both directions, H ‖c and H⊥c and to measure the magnetization under pressure
as a function of �eld and compare the results with our magnetoresistance measurements. Finally,
we have recently heard about another spectroscopic technique, x-ray magnetic circular dichroism
(XMCD) that could be interesting to use in YbCu2Si2 as this technique can give information on
the magnetic properties of the atom, such as its spin and orbital magnetic moment and apparently
it is possible to measure in the sought pressure range and at low temperatures.

The studies in YbCo2Zn20 have been very proli�c since its discovery and nowadays there is
already a rather good comprehension of the main physical properties of this system, especially
at ambient pressure or even at intermediate pressures (up to 5 GPa). Now, what it is needed is
further studies at high pressures. It would be pertinent to compare our results and the (P − T )
phase diagram we have obtained with other studies. So far, there are no results of the evolution of
the complex (H − T ) phase diagram under pressure. These measurements are highly desirable in
order to understand which is the interplay between the FIOP and the pressure-induced magnetic
ordered phase.

1Or at least with a ferromagnetic component.



As largely discussed throughout this thesis, a key point to better understand the complex physics
that underlies in heavy fermions and especially in intermediate-valence compounds is to quantify
the hybridization of the 4f and conduction electrons. Thus, further measurements under extreme
conditions of high pressure and low temperatures, as we have performed in YbCu2Si2, are highly
desirable. A good candidate would be YbRh2Si2. Mössbauer studies have already shown that
a �rst-order magnetic transition from a low-magnetic moment (LM) to a high magnetic-moment
(HM) occurs at 10 GPa. The knowledge of its valence throughout the (P − T ) phase diagram
would probably complete its understanding. In fact, such measurements have already been done
by C. Dallera et al. [Dallera 2005] and these results have some similarities with those obtained in
YbCu2Si2.

Another promising path would be to choose a system where a large range of valence change can
be explored. If su�ciently high pressures can be applied, it would be possible in principle to explore
the whole range from intermediate valence to the Kondo regime and magnetic order. YbCu2Ge2

could be a good candidate for such a study as it is almost divalent at ambient pressure.

128



Chapter 6. Conclusions

Résumé

Cette thèse a pour objet l'étude de 3 systèmes de fermions lourds à base d'Ytterbium, YbCu2Si2,
YbCo2Zn20 et YbRh2Si2, dans des conditions extrêmes de hautes pressions, basses températures
et hauts champs magnétiques. Une partie très importante dans ce travail a été le développement
d'un dispositif de génération de force à très basses températures permettant une modulation de la
pression in-situ adapté à des cellules à enclumes diamant.

Pour YbCu2Si2, les mesures de ac-susceptibilité sous pression et sous champ magnétiques ainsi
que les mesures d'aimantation sous pression montrent que l'ordre magnétique qui apparaît pour
P > 8 GPa est ferromagnétique. L'étude du changement de la valence de l'ion Yb par des mesures
de di�usion inélastique en conditions résonantes de rayons X ont permis de clari�er son interaction
avec le magnétisme. Même si l'état trivalent est clairement favorisé sous pression, la valence reste
inférieure à 3 proche de l'ordre magnétique, même dans les plus hautes pressions et plus basses
températures. Nous avons également procédé à une recherche détaillée pour les signatures de
metamagnétisme avec des mesures à très haut champ.

Dans la deuxième partie de ma thèse, les mesures de ac-calorimétrie et ac-susceptibilité sous
pression ont permit d'établir le diagramme de phase (P − T ) dans YbCo2Zn20 jusqu'à 14 GPa.
En plus, nos résultats suggèrent que l'ordre magnétique qui apparaît pour P > 1 GPa est anti-
ferromagnétique. Les forts e�ets du champ magnétique observées dans les propriétés physiques
dans YbCo2Zn20 sont probablement liés à l'interaction entre le champ magnétique et les spins des
électrons 4f et non à leur charge car la valence de l'Yb s'avère insensible à l'application d'un champ
magnétique de 10 T.

La partie �nale de cette thèse est consacrée à l'étude du diagramme de phase (H − T ) sous
pression dans YbRh2Si2 pour déterminer l'évolution de la température de l'ordre magnétique TN
en fonctionne de H et P et mieux comprendre les e�ets liés à ce deux paramètres de contrôl.

Mots-Clés

Systèmes à fermions lourds
systèmes à valence intermédiaire
haute pression point critique quantique
YbCu2Si2
YbCo2Zn20

YbRh2Si2
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