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"En el caso del caballo Brunello, ..., cuando vi las huel-
las, imaginé muchas hipótesis complementarias y contra-
dictorias... Solo supe cual era la correcta cuando vi al
cillerero y a los sirvientes buscando con ansiedad. En-
tonces comprendí que la única hipótesis buena era la de
Brunello... Gané, pero del mismo modo hubiese podido
perder. Ahora, a propósito de los hechos ocurridos...,
tengo muchas hipótesis atractivas, pero no existe ningún
hecho evidente que me permita decir cual es la mejor.
Ergo, para no acabar siendo el necio, prefiero no empezar
haciendo de listo."

Guillermo de Baskerville en "El nombre
de la rosa" de Umberto Eco
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1 Introduction

In classical phase transitions the long-wavelength thermal fluctuations are the only de-
gree of freedom and, at finite temperatures, these fluctuations are capable to destroy
the coherent effects of quantum mechanics over long distances. Therefore, upon cooling
a given system to low enough temperatures where the quantum coherent effects are re-
stored, new physics is expected to be revealed since additional degrees of freedom start
to play a role [1]. In this sense, the highly correlated actinides- and lanthanides-based
compounds seem to be suitable candidates to explore such quantum-mechanical effects
[2]. The experimental evidence in several materials indicate a weakly interacting character
of the f electrons and the conduction electrons at high temperatures, as it is suggested
by effective moments, which are relative close to those of free atoms. Some of these
dense systems undergo a transition into long-range magnetic order at low temperatures.
However, the magnetic ordering temperatures are lower than the expect ones, considering
their Curie-Weiss temperatures. In addition, the ordered moments are smaller than the
high-temperature effective moments. In contrast, other systems (like CeAl3), remain non-
magnetic at low temperatures and their thermodynamic and transport properties resemble
those of a metal with non-interacting heavy quasiparticles, despite of the strong electronic
correlations. Moreover, a reduced group of these compounds undergo a superconducting
transition of unconventional character, like in the case of CeCu2Si2 [3], or UPd2Al3 [4].
The wide variety of ground states observed in this kind of materials can not be discussed
without considering the spin degrees of freedom provided by the conduction electrons and
their interplay with localized spins of the lanthanides (or actinides). The possibilities to
explore the quantum-coherent effects on these systems increase enormously if additional
external control parameters like pressure or magnetic field are considered [5].

An important aspect of the experiments under pressure is the effect that a change in
the state of stress has on the distance between the atoms and, ultimately, its influence on
the bond character between the constituents of a given system. Ashcroft and Mermin [6]
showed based on a tight-binding approximation that the bandwidth of N -fold degenerated
levels has an inverse dependence on the interatomic spacing. Therefore, a reduction of the
unit-cell volume has a direct influence on the exchange interaction of the localized and
conduction electrons, since the hybridization of the electronic wave functions is favored.
Depending on the distance of the energy level of the localized electrons with respect to the
Fermi energy, the delocalization of f electrons in a given lanthanide-based compound can
be mediated by the exchange interaction. This process might lead to the competition of
two mechanisms (Ruderman-Kittel-Kasuya-Yoshida interaction and Kondo-interaction)
that results in different ground states. The experimental evidence indicates that a tran-
sition from a magnetic ground state to a non-magnetic ground state may occur at 0 K
as a function of pressure or chemical substitution. When the lattice density of a given
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1 Introduction

system is tuned across the critical density, the transition is denoted by the continuous
suppression of the magnetic-ordering temperature (CeRu2Ge2 [7], Ce(Cu1−xAux)6 [8, 9],
Ce7Ni3 [10], and CeNiGa2 [11]). And, in some cases, the suppression of magnetism may
induce superconductivity of unconventional character (CePd2Si2 [12], CeCu2Si2 [3, 13],
CeCu2Ge2 [14], UGe2 [15], CeRhIn5 [16] and CeIn3 [17]). Nevertheless, the non-Fermi-
liquid character of temperature-dependent transport and thermodynamical properties is
a common feature in the vicinity of the point of magnetic instability [18]. Thus, the study
of the evolution of a magnetic-ground state as a function of an enforced lattice contraction
becomes relevant since it opens the possibility of "tuning" the critical density at which
the magnetic ordering is suppressed. This would allow us to investigate the nature of such
unconventional behavior.

Within this scenario, this investigation focuses on the possible occurrence of mag-
netic phase transitions driven by quantum coherent effects in YbRh2Si2, EuCo2Ge2, and
EuCu2Ge2. The ambient-pressure low-temperature thermodynamic and transport prop-
erties of YbRh2Si2 indicate that this system is already close to a zero-temperature point
of magnetic instability and the non-Fermi-liquid character of these properties can be as-
cribed to local critical degrees of freedom [19]. Upon increasing the lattice density, the
magnetic configuration of the Yb ions is stabilized and the system is driven away from
the critical point [20]; however, Mössbauer measurements suggest an unexpected and dis-
continuous increase of the magnetic ordering temperature as a function of pressure [21].
This motivated us to carry out electrical resistivity measurements and X-ray powder-
diffraction measurements at high pressure in order to confirm such striking behavior and,
in the affirmative case, to get insight into the nature of the phenomena.

In the case of the Eu-based compounds, EuCo2Ge2 [22] and EuCu2Ge2 [23–25] are
iso-structural to those belonging to the well characterized family EuT2Si2 [26, 27], in
which the Eu-ions possess either a defined valent-state (nearly 2+, or nearly 3+) from
room temperature down to the lowest temperature or, upon cooling, a crossover from
a divalent state to a trivalent one (valence-fluctuating regime) occurs. In the valence-
fluctuating regime two Hund’s states are degenerated and the realization of this regime
at ambient pressure depends on the transition metal (T = Cu, Pd, and Ir) [26]. However,
a reduction of the distance between the T atoms to the Eu ions may induce a valence-
fluctuating regime at finite temperatures [27, 28]. Taking into account that EuCo2Ge2

and EuCu2Ge2 are divalent at low temperatures [22–25], the possibility of inducing a
valence-fluctuating regime by means of an enforced lattice contraction is explored.

This work is organized according to the following structure: The theoretical aspects
of Kondo-lattice and of valence-fluctuating systems are addressed in Chapter 2 with spe-
cial attention to the periodic Anderson model. Later on, a phenomenological approach to
the electrical resistivity of lanthanide-based compounds, isostructural to ThCr2Si2, is pre-
sented in the first part of Chapter 3 stressing the differences between the expected behavior
for stable and unstable electronic systems. Then, the second part of Chapter 3 focuses on
the theoretical prediction for the temperature dependence for the electrical resistivity of
unstable electronic systems. In Chapter 4 the technical aspects of the electrical-resistivity
measurements at high pressures in a Bridgman anvil cell are addressed, followed by the
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presentation of the electrical resistivity of YbRh2Si2 and EuT2Ge2 (T: Cu and Co) in
Chapters 5 and 6, respectively. Finally, the main conclusions of this work are summarized
in Chapter 7.
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2 Theoretical approach to the strongly
correlated electron systems

Materials with open d- or f -electron shells have properties that certainly constitute a
challenge to explain theoretically, since the electrons experience a strong Coulomb re-
pulsion as a consequence of the spatial confinement of d- and f -orbitals. The effect of
correlations on the material properties are often profound, due to the interplay of the d-
and f -electrons’ internal degrees of freedom (spin, charge, and orbital moment) that can
exhibit a wide variety of exotic ordering phenomena at low temperatures [29].

Two theoretical approaches to these phenomena are the periodic Anderson model and
the Kondo-lattice model that describe the physics of conduction electrons in extended
orbitals interacting with strongly correlated electrons in localized orbitals. These models
are relevant for the so-called heavy-fermion and related systems such as Kondo lattices
and Kondo insulators. Therefore, these models are addressed in this chapter in order
to establish a theoretical background for the discussion of the phenomena that will be
presented in the following chapters.

2.1 The periodic Anderson model

The theoretical approach proposed by Anderson considers two types of orbitals, the lo-
calized 4f (or 5f) orbital and the ligand constituted by the conduction electrons [30].
Within this constrain the hamiltonian for the periodic Anderson model (PAM) is defined
as [31]:

H = −t
∑
〈ij〉

∑
σ

(c†iσcjσ + h.c.) +
∑
iσ

εfn
f
iσ + V

∑
iσ

(c†iσfiσ + f †
iσciσ) + U

∑
i

nf
i↑n

f
i↓, (2.1)

where σ =↑, ↓ is the spin index, niσ ≡ c†iσciσ, nf
iσ ≡ f †

iσfiσ and the sum
∑

〈ij〉 is taken
over the nearest-neighbor pairs. The first term represents the hopping processes of the
conduction electrons (t = hopping-matrix element), εf is the atomic energy of the f

level, V is the matrix element of the local mixing between the two orbitals, and U is
the Coulomb interaction in the f -orbital. The type of coupling, i.e., the interaction
Hamiltonian, depends on how the energy εf of the incomplete 4f shell is situated with
respect to the Fermi energy EF . There will be always a finite hybridization of the 4f
electrons on the rare-earth site with the s-, p-, or d-like conduction electrons of the
neighboring sites. This hybridization may be characterized by the energy Vk. When
|Vk|/|εf −EF | � 1, the occupation of the 4f shell is no longer close to an integer number
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2 Theoretical approach to the strongly correlated electron systems

and one is dealing with a valence-fluctuating system. Whereas, when εf is sufficiently
below EF , i. e., when |Vk|/|εf −EF | � 1, the 4f electrons are considered as well localized
[32]. In the impurity model the characteristic energy scale of the f electron is the width
of the virtual level calculated as Γeff = π N(EF ) V 2, with N(EF ) being the density of
states at EF . Assuming a finite Coulomb interaction U , the average number of f electrons
is fixed to unity under the symmetry condition:

EF − εf = εf + U − EF . (2.2)

This relation establishes that the energy cost for creating the empty f state is the same
as for the double occupancy of the same state. When U � πΓeff , i.e., there is no overlap
of the virtual f level with the Fermi level of the delocalized electrons, the formation of a
local moment is favored. In the PAM for U � πΓeff and εf −EF ∼ Γeff both f 0 and f 1

configurations have sizable amplitudes, leading to a valence-fluctuating regime [31].

2.2 The Kondo effect in rare-earth-based alloys

2.2.1 The phenomenological s-f exchange-interaction model

In order to explain the Kondo effect in magnetic alloys, the exchange interaction between
the localized f electron and the conduction electrons has to be considered. In some cases,
the experimental data are well explained provided that the s-f exchange interaction has
the following phenomenological scalar product [33]:

Hs−f = −Γ (gJ − 1) −→s · −→J , (2.3)

where −→s is the spin of the conduction electron, gJ is the Landé factor, and
−→
J is the total

angular momentum of the Hund’s-rule ground state. The interaction is characterized by
the constant Γ. The justification of this approximation is the good agreement between
the experimental data and theoretical results, especially in the case of rare-earth metals
with stable 4f electrons [33]. However, the expression (2.3) leads to a rather puzzling
situation, namely, in the case of Ce alloys, gJ − 1 is negative, so that there would be a
Kondo effect only if Γ is positive. Since it is presumed that the strong s-f hybridization
in Ce is responsible for the Kondo effect and considering that the exchange leads to a
negative Γ, the origin of the Kondo effect is unclear within this approach [34].

2.2.2 The Kondo lattice

A periodic arrangement of magnetic ions can be considered as a Kondo lattice when the
localized state of the magnetic ions are coupled to the conduction electrons (ligand) by
means of the exchange interaction in each unit cell of the crystal. Additionally, in a Kondo
lattice exists an interplay of the Kondo screening (that favors a non-magnetic singlet state)
and the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction (that tends to stabilize a

6



2.2 The Kondo effect in rare-earth-based alloys

magnetically ordered phase). The characteristic energies of the competing mechanisms are
TK and TRKKY , respectively. Once the lattice structure is fixed, the Kondo-lattice model
has only two parameters, namely, the ratio of the exchange coupling and the hopping-
matrix element or bandwidth J/t and the density of the conduction electrons nc. Doniach
applied the mean-field theory to a model related to the one-dimensional Kondo-lattice
model, called the Kondo necklace [35]. In this treatment, the Néel order occurs in the
weak-coupling regime with a staggered magnetization: 〈Sz

i 〉 ∝ (−1)i
√

1 − (J/t)2. Thus,
for a coupling constant larger than the finite critical value Jc = t, the antiferromagnetic
(AFM) order disappears in favor of a Kondo-singlet state (strong-coupling regime). The
competition of these two mechanisms is depicted in Figure 2.1.

A more extensive Hartree-Fock treatment for the three-dimensional Kondo-lattice
model has been applied by Lacroix and Cyrot [36]. In this theoretical approach three dif-
ferent ground states are considered; namely, Kondo singlet state (KS), the ferromagnetic
state (FM), and the AFM state. The stability of these possible ground states depends
on the density of the conduction electrons. This result is in essence in agreement with
the Kondo − necklace model for nc > 0.65 (see inset of Figure 2.1). Thus, one can see
that Doniach’s analysis is still valid for a 3-dimensional lattice within certain constraints,
since the magnetic ground state in the weak-coupling regime depends on the density of
the conduction electrons.

2.2.3 Exchange scattering and the Kondo-lattice model

In the Kondo regime, each f -orbital is occupied by a single electron, while empty sites
and double occupied sites take part in the problem only as virtual states. Therefore,
the low-energy physics of the periodic Anderson model may be described by an effective
model in which the f -electron degrees of freedom are represented by localized spins [31].
Such an effective model can be derived from the Anderson model by means of a canonical
transformation proposed by Schrieffer and Wolff [37]. They have shown that in the limit
of a small mixing of the localized electron and the ligand, the Anderson model and the
Kondo model for a diluted alloy are equivalent. In this limit, Coqblin and Schrieffer [34]
have considered explicitly the large spin and orbit coupling that defines the ground state
of Ce alloys. Additionally, they have studied the Anderson model taking into account
the combined exchange scattering. Although this theory was originally developed for
Ce alloys, its conclusions are still valid even for other rare-earth based-compounds, and
therefore it is worth to discuss them here. The third term of Equation 2.1 can be rewritten
as

Hmix =
∑
k,M

(
Vk c†k,McM ′ + V ∗

k c†M ′ck,M

)
, (2.4)

where c†k,M creates a conduction electron in a state of wave number k, total angular
momentum J and z component M(= J, (J − 1), . . . ,−(J − 1),−J), while c†M ′ creates
an electron on the impurity site with total angular momentum J and z component M ′.
Based on the Schrieffer-Wolff transformation, the mixing term can be replaced by the
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2 Theoretical approach to the strongly correlated electron systems

Figure 2.1: The Kondo-necklace model for the one-dimensional Kondo lattice suggests that the
lattice orders antiferromagnetically below TN (TRKKY : inter-site characteristic cou-
pling temperature) in the weak-coupling regime, whereas a transition to a Kondo-
singlet state (TK : Kondo-lattice characteristic temperature) occurs for J/t > 1 [35].
Inset: Schematic phase diagram, Kondo coupling and hopping-matrix element ratio
(J/t) vs conduction electron density (nc), obtained by the mean-field treatment for
the three-dimensional Kondo-lattice model [36]. Three different ground states are
identified, namely, the Kondo singlet state (KS), the ferromagnetic state (FM), and
the antiferromagnetic state (AFM).

following effective interaction:

Heff
mix =

∑
kk′,MM ′

Jkk′c†k′M ′c
†
McM ′ckM , (2.5)

where
Jkk′ =

U |Vk|2
E0(E0 + U)

. (2.6)

The last expression is independent of M and M ′, but it depends on k and k′. The Coulomb
interaction in the f orbital, U , was introduced in section 2.1 and E0 = εf − EF is the
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2.3 Theoretical approaches to the valence-fluctuating phenomenon

energy of the localized state relative to the Fermi energy. Upon considering the energy of a
conduction electron of wave number εk, Jkk′ is constant as long as E0 < (εk, εk′) < E0+U .

The effective Hamiltonian in Equation (2.5) indicates that the magnetic quantum
number of the conduction electrons and of the localized electrons are in fact exchanged in
the scattering process. Here, the important differences with respect to the s-f exchange
model are realized, namely, the change in the magnetic quantum number is not limited
to ±1 or 0 and the value of Jkk′ is large and negative as long as E0 < 0. Even more, for
a Coulomb integral U larger than E0, Equation (2.6) reduces to

J =
|VkF

|2
εf − EF

, (2.7)

when the exchange-scattering process occurs in the vicinity of the Fermi surface. The
last expression characterizes the physics of a Kondo lattice and it is assumed that the
effect of pressure or chemical pressure affects directly the balance of the hybridization
VkF

, the f level εf , and hence the coupling constant J . However, the variation of these
parameters cannot cause by themselves a drastic change of the valence of the magnetic
ion. Therefore, it is necessary to consider additional interactions neglected in the original
formulation of the proposal for an exchange coupling. Such additional interactions are
discussed in Section 2.3.3 and they constitute an attempt to extent the PAM.

Another important consequence of this exchange type of interaction is its influence on
the indirect interaction of two magnetic ions. The evaluation of the RKKY interaction
within the scope of this approach indicates that a strongly anisotropic interaction is
expected in concentrated 4f -ion systems.

2.3 Theoretical approaches to the valence-fluctuating
phenomenon

Different models have been developed in order to describe the physics of intermediate-
valence or valence-fluctuating (VF) systems. However, they are not capable to describe
simultaneously the properties of the wide variety of compounds that exhibit a valence-
fluctuating regime. Here, four different models that reproduce the experimental data
with relative success are considered, namely: the inter-configurational fluctuation model,
the Falicov-Kimball model (FKM) and two proposals for an extended periodic Anderson
model (EPAM).

2.3.1 Inter-configurational fluctuation model

The model assumes the existence of two well-defined f states; say 2 and 3. Additionally, it
is considered that the ground state is that of higher valence. The occupation probabilities
are p2 and p3, respectively, and they are defined according to Boltzmann statistics. The
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2 Theoretical approach to the strongly correlated electron systems

restriction p2 + p3 = 1 is imposed in order to restrict the transition of the electrons to the
defined states. Considering that the energy necessary to excite one electron is Eex, the
ratio of occupation probabilities with the temperature is given by

p2

p3

=
8 exp[−Eex/kBT ∗]

1 + 3 exp[−480/T ∗] + 5 exp[−1330/T ∗] + · · · , (2.8)

where T ∗ is an effective temperature defined as

T ∗ =
√

T 2 + T 2
f (2.9)

T 2
f is a quantity that takes into account the broadening of each 4f level. However, this

simple model is insufficient to describe the thermal dependence of the mean valence of
EuPd2Si2 [38]; at least without a correction of Eex. This correction is ad hoc and it allows
a better description of the experimental data without considering explicitly other degrees
of freedom like spins, for instance. Moreover, the justification of the introduced correction
is based on mechanisms already discussed in other models, like the Falicov-Kimball model
[39].

2.3.2 Falicov-Kimball model

The approach of Falicov and Kimball attempts to explain the semiconductor-metal tran-
sition based in the existence of localized and itinerant interacting quasi-particles [39]. An
extended review of the exact solution of this model within the dynamical mean-field the-
ory is addressed elsewhere [40]. Here, the original concepts of the model are presented
since they are still valid, for example, to study the breakdown of a spinless Fermi-liquid
state as a function of the electron density [41]. In the model it is assumed that the local-
ized f electrons are lower in energy than the band states and are fully occupied by the
electrons as the temperature approach to 0 K. Thus, the excited quasi-particles are either
localized holes or itinerant electrons with excited energies Ef−1 and εν , respectively. The
energy gap for the formation of an electron-hole pair is defined as ∆ ≡ min[Ef−1+εν ] > 0.
Assuming that the quasi-particle interaction is screened, the only relevant interactions are
the intra-atomic ones, with the electron-hole interaction being the biggest in energy,

G cνiσc
†
ν′iσ′c

†
ν′′iσ′cν′′′iσ, (2.10)

where the operator c†νiσ(cνiσ) creates (destroys) the Wannier state corresponding to the
Bloch bands (νσ). The last equation represents the energy associated with the attraction
between electrons and holes; i.e., it accounts for the energy related to the formation of
excitons. Based on these assumption the Hamiltonian of this model is

H = N(ενn̂a + Ef−1n̂b − Gn̂an̂b), (2.11)

10



2.3 Theoretical approaches to the valence-fluctuating phenomenon

where N is the number of metal ions, n̂a = N−1
∑

aiσa
†
iσ and accordingly for n̂b. Thus,

based on a self-consistent field approximation, the free energy can be written as

F/N = ∆n − Gn2 + kBT

[
2n ln(n) + (1 − n) ln(1 − n)+

+(2m − n) ln(2m − n) − 2m ln(2m) − n ln

(
2J + 1

2J ′ + 1

)]
,

(2.12)

where n = 〈n̂a〉 = 〈n̂b〉 is the number of conduction electrons as well as the number
of holes and m is the number of relevant conduction bands of each spin direction (in
general 1). (2J + 1) and (2J ′ + 1) are the multiplicities of the metallic ions with and
without holes. Assuming that the free energy depends only on the number of conduction
electron, it can be calculated minimizing F with respect to n. The result of this operation
indicates the existence of a effective gap at low temperatures, ∆eff = ∆ − 2Gn. This
gap closes for G > ∆. For the last condition a metallic behavior is predicted with a
stable n = 1, i.e., the f −1 state is favored. But this implies that an intermediate-valence
regime is not possible at 0 K in this model. Moreover, the metallic character is due to
the delocalization of the f electrons. The extension of the model via the introduction
of the contribution of additional conduction electrons and inclusion of the hybridization
of the localized moments with the conduction electron may lead to the stabilization of a
valence-fluctuating regime at 0 K.

2.3.3 Extending the periodic Anderson model

In this section, two different proposals to extend the periodic Anderson model (PAM) are
addressed. The PAM is robust and insensitive to external perturbations like temperature,
magnetic field, or pressure. To overcome this problem, it is necessary to extent the PAM
with additional terms that take account of the influence of external fields via considering
the on-site interactions [42]. The first proposal discussed here considers the local expan-
sion or shrinking of the lattice associated with the change of valence of the magnetic ions
in order to explain the effect of pressure on the Kondo-lattice model. The second pro-
posal introduces a Coulomb potential between the localized electrons and the conduction
electrons that leads to an enhancement of the valence fluctuations in a valence-fluctuating
regime. In both approaches, the bare f level, ε0f , is renormalized as a consequence of the
mechanisms introduced in the extension of the PAM. Therefore, the effect of pressure on
the exchange coupling (Equation 2.7) can be taken explicitly into account.

Electron-lattice coupling due to a local fluctuation of the valence

Goltsev et al. [43, 44] have discussed the microscopic effect of a local change of the
valence of a 4f ion in the lattice. When the valence of an ion increases, its ionic radius
increases too, causing a local pressure on the neighboring atoms. The local negative
ionic pressure brings about a local-volume expansion. Therefore the energy related to
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2 Theoretical approach to the strongly correlated electron systems

this type of electron-lattice interaction associated to the local expansion of the lattice
was considered using a mean-field approach to the Anderson lattice Hamiltonian with a
slave-boson technique. The analysis indicates that the bare energy ε0f of the f level is
renormalized as

εf = ε0f − η df

(∆V a

V a
0

)
, (2.13)

where η = 1 for Ce ions and η = - 1 for Yb, whereas df accounts for the lattice-energy
variation due to the local change of the volume around a rare-earth atom (∆V a

V a
0

) associated
with the valence change. This expression was derived for cubic symmetry, and within this
approximation the lattice-energy tensor can be reduced to a single variable df .

Figure 2.2: Influence of the Coulomb potential (Uf−c) between the localized- and conduction-
electrons on the f -electron number nf as a function of εf . The results are expressed
in units of the halfwidth of the conduction band (D).

Taking into account Equation (2.7), the hybridization parameter VkF
depends on lo-

cal deformation, since the overlap between f - and conduction-band wave functions is
enhanced by a reduction of the local volume. This enhancement of the hybridization
may be relevant in Ce-based compounds. However, in the case of Yb-based compounds,
it is theoretically concluded that the ionic-radius-fluctuation mechanism plays a more
important role [43].
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2.3 Theoretical approaches to the valence-fluctuating phenomenon

Enhanced valence fluctuations caused by the Coulomb potential between the
localized and conduction electrons

Within the scope of the PAM (Section 2.1), upon externally controlling εf −EF , a given
system can be driven continuously towards an intermediated valence state. Based on
a numerical renormalization-group approach, Takayama et al. [45] studied the effect of
charge fluctuations on εf in systems containing Ce. When an f electron delocalizes, the
remaining positive charge on the rare-earth ion is screened mainly by the conduction
electrons. Thus, an increment of εf is caused due to the Coulomb potential (Uf−c) that
exists between the electrons, i. e., the f -energy level approaches EF . Thus, in order
to discussed a possible quantum phase transition driven by fluctuations of the charge in
CeCu2Si2 at high pressure [13, 14], Onishi and Miyake extended the PAM as [46, 47]

H = HPAM + Uf−c

∑
iσσ′

nf
iσn

c
iσ′ . (2.14)

The calculation were performed using a slave-boson and large-N technique by means of a
generalization of the Hamiltonian given in Equation (2.14) to the case where the N -fold
degeneracy exists, including both spin and orbital degrees of freedom [46]. Within this
approach, the effect of Uf−c is interpreted as an enhancement of the Kondo temperature,
which induces a much faster decrement of the number of f electrons (nf ) per ion. The
influence of the Coulomb repulsion Uf−c on the f -electron number nf is depicted in Figure
2.2 for a fixed total electron number per "spin" n ≡ nf+nc. The analysis indicates that the
higher Uf−c, the sharper the change of nf as a function of εf [46] and a huge enhancement
of the residual resistivity associated to ∂n/∂εf in the vicinity of a quantum critical point
is predicted [47]. The effect of a change of nf on the residual resistivity is discussed in
detail in Section 6.4.1.
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3 Electrical resistivity of rare earth
compounds in the ThCr2Si2 structure

More than 200 compounds with the composition RT2X2 (R = lanthanide, actinide; T
= transition metal, X = Si, Ge) crystallize in the ThCr2Si2-type structure (space group
I4/mmm) [48]. Several of these intermetallic compounds have been found to exhibit
interesting physical properties including superconductivity, intermediate valence, and
modifications of their magnetic structures as a function of temperature and pressure
[5, 18, 49, 50]. The available experimental and theoretical evidences indicate that the ori-
gin of these striking properties are related to hybridization of conduction electrons with
the localized 4f and 5f electrons of the rare-earth and actinide atoms, respectively. Gen-
erally speaking the lanthanides can be classified into: (i) well-localized f -electron systems
in which the 4f level (εf ) lies well below the Fermi level (EF ) and (ii) those where the 4f
level is close or even degenerated with EF (for instance Ce, Eu, and Yb) [33]. Depending
on the density of states of the conduction band (i.e., depending on the transition-metal
properties), the mixing of the wave functions of the localized and conduction electrons
leads to the different mentioned phenomena.

3.1 Crystal structure

One of the most commonly occurring structures of intermetallic phases is that of BaAl4,
being the ThCr2Si2-type a derivative of it. The compounds that crystallize in the ThCr2Si2-
structure type with composition RT2X2 belong to the "framework structures" in the Pear-
son classification for intermetallic compounds [51]. X are mainly Si or Ge (although other
elements from the groups 14, 15 and occasionally 13 can stabilized the structure) [48].
In Figure 3.1 three unit cells are shown and one can see that the T2X2 layers (frame-
work) are coordinated on both sides by the large R atoms. The bonding between R and
the T2X2 layers seems to be largely ionic, and hence the charge partitioning might be
written as Rn+ and [T2X2]n−. In the T2X2 layers there is an indication of T-X bonding
(depicted by light blue lines) with a strong covalent character whereas the T-T bonding
is of metallic character. In this structure, the position of the R and T atoms are fixed,
whereas the position of the X atoms is a free parameter (z parameter). Four X atoms
form a non-regular tetrahedra (indicated by the red lines), and each tetrahedra contains a
transition-metal atom. The distortion of the tetrahedra is related to the z parameter that
varies from compound to compound, but its value is close to 0.375 [52, 53]. The crucial
structural elements are the X-X distances between the T2X2 layers, since the changes in
these distances allows the framework to adapt its valence-electron concentration according

15



3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

Figure 3.1: ThCr2Si2-type structure. There is an ionic bond character between the rare earth
atoms R and the layers T2X2 layers (T: transition metal; X: predominantly Si, Ge).
The distances X-X are crucial structural elements since it influences the concentra-
tion of the valence electrons in the T2X2 framework.

to the valence of the R ions. The localization of charge should occur in order to reduce
the X-X distances due to the covalent character that exists in the bonding of Si-Si, Ge-Ge,
or Si-Ge.

3.2 Unstable rare earth elements – Effect of pressure
and chemical pressure

Because of the small size of the 4f shell, the dominant energies within it are of atomic
(ionic) origin and remain practically unchanged when the R ions become part of a solid
[32]. Coulomb and exchange interactions are of the order of several eV while the spin-
orbit interaction is of the order of 10−1 eV. The characteristic energies of different type
of interactions in rare-earth-based compounds are presented in Table 3.1 and they are
compared to transition-metal compounds [54]. Among the perturbations on the 4f shell,
induced by the surrounding atoms, two are of particular importance [32]: The first one
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3.2 Unstable rare earth elements – Effect of pressure and chemical pressure

is the crystalline-electrical field (CEF) that each R ion experiences in the lattice. This
field is set up by the neighboring ions together with the conduction electrons and it
reflects the symmetry of the surroundings of the R ion under consideration. The second
relevant perturbation is the magnetic interaction of an ion with the neighboring R ions,
mediated by the conduction electrons. The interplay between these interactions can result
in magnetic excitations (magnetic excitons) or phase transitions. Upon applying pressure,
the distances between constituents change, therefore the intersite magnetic interaction
may be controlled until a pressure-induced phase transition occurs.

d band in transition- f band in rare−
metal compounds earth compounds

(eV) (eV)
Bandwidth ∼5 <10−1

Spin-orbit splitting ∼10−1 ∼10−1

Crystal-field splitting ∼2 <10−3

Hund’s-rule energy ∼1 ∼1
Electron-electron interaction ∼5 ∼5

Table 3.1: Characteristic energies for rare-earth valence-fluctuating compounds compared with
transition-metal compounds (after [54]).

The ground state of the 4f shell forms according to the Hund’s rules and is character-
ized by a total angular momentum J [32]. The electronic configuration according to the
possible valence states in the elements Ce, Eu, and Yb are shown in Table 3.2. The ground
state for the magnetic configuration for each element is also included. For instance, there
are two possible ground states for the Eu ion; for the divalent state the expected one is
8S7/2 (J = 7/2; S = 7/2; L = 0), whereas for the trivalent state it is 7F0 (J = 0; S =

3; L = 3). However, the effect of the CEF is negligible for the 8S7/2 Eu state due to its
spherical symmetry, and therefore the ground state is 7-fold degenerated. Taking into
account the non-spherical symmetry of the magnetic ground states of Ce and Yb (see
Table 3.2), it is expected a lift of the degeneracy of the ground state and the occurrence
of low-lying excitations due to the CEF in compounds containing these elements [55].

Element Valence Electronic configuration Magnetic
states 2+ 3+ 4+ ground state

Ce 3, 4 4f 1 4f 0 2F5/2

Eu 2, 3 4f 7 4f 6 8S7/2

Yb 2, 3 4f 14 4f 13 2F7/2

Table 3.2: Valence states and electronic configurations of Ce, Eu, and Yb. The magnetic ground
state of each element correspond to the valence state in bold in the second column.

As a first approximation, an enforced reduction of the available volume for the R
ion would cause the transition from the n-valent state to the n+1-valent state. This
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3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

can be achieved by the chemical substitution of Ge with Si (Si is isoelectronic to Ge
with similar chemical properties, but smaller in size) or pressure. Hence, the magnetic
character of a given rare-earth-based compound can be controlled. Provided a system with
divalent (non-)magnetic Eu-(Yb-)ions, the mentioned chemical substitution or pressure
would eventually stabilize the trivalent configuration of the R-ions accompanied by a
change of the magnetic character of the ground state.

The linear relation of the volume, V (x), of a given alloy series as function of the
composition, x, is considered to behave according to Vegard’s law [56]. In rare-earth-
based compounds, a departure from this behavior occurs is considered as signature of
the onset of charge fluctuations (the Kondo-type spin fluctuations underlying the heavy-
fermion behavior should not produce any extra reduction of the R atomic volume and,
therefore, will not affect the V (x) dependence) [57]. However, the differences in the
chemical properties of Si and Ge introduce scatter potentials that can change locally
the density of state at the Fermi energy or a different exchange coupling J exists in the
vicinity of the sites where the substitution took place. This can lead to a non-Fermi-liquid
behavior in the thermodynamic and transport properties associated to inhomogeneous
spatial variation of the characteristic Kondo temperature within the system due to the
"chemical disorder" [18].

According to Coqblin and Schrieffer (see Section 2.2.3) the exchange coupling of the
localized and conduction electrons in the large on-site interaction is given by Equation
(2.7). The pressure (volume) dependence of the hybridization would depend on the spatial
extension of the wave function of the R ion under consideration. For instance, Yb is
considered as the hole analogue of Ce; however since the electronic configuration of Yb3+

is almost a closed shell with a higher binding energy, the hybridization matrix element
is less pressure dependent than in Ce-based compounds. Moreover, sometimes it can be
assumed for Yb-based compounds that the hybridization is constant for the theoretical
analysis and the effect of a change on the lattice density modifies the relative distance of
the f -energy level, εf , to the Fermi energy, EF [58]. In contrast, for Ce-based compounds
the assumption is the opposite; the applied pressure affects strongly the hybridization of
the f electrons and the ligand, with a negligible effect on εf − EF [49].

3.3 The electrical resistivity of rare-earth metals

The hybridization of the f electron with ligands is reflected in the enhanced Sommerfeld
coefficient of the electronic specific heat at 0 K (γ0 = lim

T→0
Cel(T )/T ). According

to Landau-Fermi-liquid (LFL) theory, an enhanced γ0 implies an enhanced density of
states at the Fermi energy and it indicates the formation of virtual bound states at each
magnetic site [50, 59, 60]. When the localized energy level of a magnetic impurity lies
within the conduction band, a singlet state of finite lifetime is formed due to the exchange
interaction of the localized f -electron and ligand band. The electrical resistivity is a
property profoundly affected by the stability of the inner 4f shell of the rare-earth elements
in these metals as one can see in Figure 3.2. The higher the instability the higher the
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3.3 The electrical resistivity of rare-earth metals

Figure 3.2: The electrical resistivity of RCu2Si2 compounds (R = Yb, Ce, Tb, Tm, and Lu)
[61]. The measurements correspond to polycrystalline samples except for R = Ce.
The subindexes of the Ce compounds indicate the crystallographic directions along
which the measurements were performed in the single crystalline samples. Inset:
∆ρ = ρ − ρ0 resistivity of well localized RCu2Si2 electron systems, where ρ0 is the
residual resistivity at 0 K.

electrical resistivity and the stronger the departure from the linear-T dependence typical
of simple metals at high temperatures. In the Ce- and Yb-based compounds the broad
peak in ρ(T ) is related to incoherent Kondo-scattering processes on the ground state and
the excited CEF levels that are favored by the proximity of the 4f level to the Fermi level.
Whereas, the same phenomenon is less pronounce in compounds containing Gd, Tb, Dy,
etc., since one can consider that the localized f electrons are effectively decoupled from
the conduction electrons.
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3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

3.3.1 Resistivity of well-localized f-electron systems

The total electrical resistivity of well-localized f -electron systems can be divided in two
well-separated temperature domains. At low temperatures the resistivity increases rapidly
upon increasing the temperature very often with some intermediate anomalies such as
small jumps or a change of slope that denotes a transition into a paramagnetic regime. At
temperatures much higher than the ordering temperature, ρ shows a linear-T dependence
(see Figure 3.2 and inset). The analysis of the total resistivity for T < TN in these
compounds can be performed according to [33, 59]

ρ = ρ0 + ρe−e + ρe−ph + ρe−mag, (3.1)

where ρ0 is the residual resistivity due to defects of the lattice, such as dislocations
and impurities; the second term, ρe−e, represents the scattering due to the electron-
electron interaction (∝ T 2). The following term, ρe−ph, represents the scattering due
to electron-phonon interaction, whereas ρe−mag accounts of the scattering associated to
electron-magnon interaction.

The Boltzmann equation describes the competing effect of the electrical field and the
scattering processes due to an arbitrary Bose excitation BE (magnon or phonon) on the
distribution functions for the electrons [62]. When the impurity scattering dominates, the
Boltzmann equation can be exactly solved within the Born approximation by means of
the variational treatment and it is possible to calculate the resistivity as

ρe−BE =
m

ne2
· 1

τ
, (3.2)

where n =
k3

f

3π2 is the number density and the relaxation time is

1

τ
= π ρσ(EF )

∫ 2kF

0

1

k4
F

q3dq

∫
dΩq̂

4π
|g�q| × ω�q/kBT

4 sinh2(�ω�q/2kBT )
. (3.3)

The maximum wave-vector transfer is represented by 2kF , g�q is the electron-boson coupling
constant, and �ω�q is the boson energy for a given wave vector �q. ρσ(EF ) = mkF

2π2�2 is the
density of states per spin at the Fermi surface and the electron energies εk are given by
εk = �

2k2

2m
.

Electrical resistivity associated to the electron-phonon coupling

In the electron-phonon case, Equation (3.3) leads to the Bloch law, 1/τ ∝ T 5, at low
temperatures considering that |g�q|2 ∝ q. At high temperatures, the number of phonons
(the scatterers) on the Fermi surface allowed to participate in the scattering process under
the constrain of energy and crystal momentum conservation is directly proportional to T .
Hence, ρe−ph ∝ T for temperatures higher than the Debye temperature [6].

20



3.3 The electrical resistivity of rare-earth metals

Electrical resistivity associated to the electron-magnon coupling

For the electron-magnon scattering two different results are obtained at low temperatures:
(1) for antiferromagnetic magnons, the quadratic dispersion |g�q|2 is linear in q and, hence,
1/τ ∝ T 5. (2) For ferromagnetic magnons |g�q|2 is q independent and the evaluation of
(3.3) leads to 1/τ ∝ T 2.

In anisotropic systems the electron-magnon scattering process described by Equation
(3.3) changes due to the presence of an energy gap ∆ in the magnon spectrum [62, 63].
Thus, the low-temperature (kBT � ∆) contribution to the electrical resistivity due to
the interaction between the conduction electron and ferromagnetic magnons is [63]

ρFM
e−mag = a∆T exp

(
− ∆

kBT

) [
1 + 2

kBT

∆

]
, (3.4)

where a is a constant that depends on the material. In the case of magnons of antiferro-
magnetic character, their contribution to the resistivity is [63]

ρAFM
e−mag = b∆2

√
kBT

∆
exp

(
− ∆

kBT

) [
1 +

2

3

(
kBT

∆

)
+

2
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(
kBT

∆

)2]
, (3.5)

where b is a constant for a given compound.

Coqblin [33] pointed out that at low temperatures the electrical resistivity of well-
localized electron systems might be described in terms of power laws. The contradiction
between the Equation (3.1) with the relation ρ = ρ0+An ·T n seems to be only an apparent
one. Depending on the relative weights of the terms in the Equation 3.1 the exponent n

can vary from 2 to 5. For example, the electrical resistivity of Tb shows two temperature
domains that can be described in terms of power laws (∆ρ ∝ T n with n = 4 for T <

21.5 K and n = 2.5 for T > 21.5 K) [64]. These T dependences may have no physical
meaning, however, they can be useful to characterize the system under investigation, since
the temperature at which the value of n changes coincides with the spin-wave energy gap
∆ [33].

At temperatures higher than the magnetic-ordering temperature, the electron-magnon
scattering is T independent [33, 62]. In the high-temperature limit, i.e. in the paramag-
netic regime, the spin-disorder scattering, ρsd, can be calculated as [33]

ρsd =
�kF

4πz

(
m∗Γ
e�2

)2

(gJ − 1) J(J + 1) (3.6)

within the scope of the s-f exchange model (see Section 2.2.1). In the last expression,
m∗ is the effective mass, z the number of electrons per atom, and kF the Fermi wave
number. The interaction between the spin of the conduction electron and the total angular
momentum J of the Hund’s state is characterized by Γ.
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3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

3.3.2 Electrical resistivity of unstable f-electron systems

The temperature-dependent electrical resistivity of magnetic impurities dissolved in a non-
magnetic host was calculated by Kondo [65]. Two processes in a second-order perturbation
calculation were considered, where the spin may be exchanged between the ligand and the
impurity in the virtual state. Calculating the relaxation time, both mechanisms of spin
exchange lead to a spin-flip process and a resistivity proportional to ln(T ) is obtained in
the second Born approximation as a result of the non-commutativity of the spin operators
[50, 65, 66]. The negative logarithmic temperature dependence of ρ in several Ce- and
Yb-based compounds resembles the single magnetic-impurity scattering process that takes
place in the ground state and the excited CEF levels [67–73]. However, the transport
properties of Kondo lattices are quite different from the prediction of the single impurity
model at low temperatures, especially those containing unstable electronic configuration.
The compensation of a localized moment in an impurity-like way would be impossible as
there would not be enough occupied electron states in the region of the Fermi level [50].

Figure 3.3: Theoretical estimate of ρ(T ) of the six-fold degenerated Anderson-lattice model
within the ATA-NCA approximation compared with the impurity resistivity [74].
The inset reproduces the estimated ρ(T ) in a semi-logarithmic scale.

The temperature dependence of the resistivity of Kondo lattices has been calculated in
different approaches by solving the periodic Anderson hamiltonian [68]. For instance, Cox
and Grewe have calculated the electrical resistivity of a Kondo lattice without considering
the intersite interactions [74]. Their approach is based on two approximations that cap-
ture the main features of the problem; namely the average T -matrix approximation (ATA)
and the non-crossing approximation (NCA). The first approximation explicitly subtracts
off the elastic scattering in the periodic case and relates the remaining scattering in the
lattice to that of the dilute alloy. The second approximation allows the treatment of the
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3.3 The electrical resistivity of rare-earth metals

N -fold degenerated single-impurity Anderson model. The result of their calculations is
depicted in Figure 3.3 compared to the resistivity of the impurity. At high temperatures,
inelastic single-ion scattering dominates and ρ(T ) resembles that of the single ion, whereas
at a temperature of the order of the single ion Kondo scale, the resistivity decreases. At
low temperatures, the strong local electron correlations give rise to a T 2 behavior. Thus,
the broad peak in ρ(T ) denotes the crossover from the high-temperature incoherent scat-
tering regime to a low-temperature coherent regime that can be described as Fermi liquid
composed of heavy-mass quasiparticles [74]. The term coherent usually means that ρ(T )
and, hence, the quasi-particle scattering rate tend to decrease to zero with temperature.
According to Bloch’s theorem, at zero temperature and zero excitation energy, inelastic
scattering is frozen out, so translational invariance requires zero resistance. Thus, this ap-
proach reproduces the essential feature of the electrical resistivity when a crossover from
the an incoherent regime to a coherent one occurs in Kondo lattices; however, realistic
crystal-field and spin-orbit interaction effects are absence in this theoretical approach.

The effect of crystal-field and spin-orbit interactions in the transport properties of
4f magnetic impurities dissolved in a non-magnetic matrix was addressed by Cornut
and Coqblin [69]. Their analysis is based on the Coqblin-Schrieffer [34] model already
discussed in Section 2.2.3, and the third-order perturbation-theory resistivity is computed
exactly for any configuration of energy levels split by the crystalline electric field. The
CEF lifts the degeneracy of the Hund’s rule ground state according to the local symmetry,
defined by the crystalline structure. According to the Kramers theorem, the energy levels
of a system with an odd number of electrons are at least two-fold degenerated in absence
of magnetic field. For a CEF scheme of energy Ei, with levels of degeneracy αi, with
i = 1, 2, · · · ,m, the scheme is characterized by the energies ∆i measured with respect to
the ground state. Thus, the result indicates that there are two main contributions to the
electrical resistivity [68], namely:

(1) The direct or spin disorder scattering,

ρs = R0

(
Vsp +

λ2
n − 1

λn(2j + 1)
J2

)
, (3.7)

where R0 is a constant that includes the Fermi wave vector or the mass of the electron. VSP

is the semi-phenomenological direct-potential and J is the exchange-coupling constant.
The effective degeneracy of the f -occupied level is denoted by λn =

∑n
i=0 αi, where n

denotes the outermost occupied level. For instance, λn = 2 for a doublet ground state,
while λn = 4, if the ground state is a quartet.

(2) The resonant (Kondo) scattering,

ρK = R0

[
2N(EF ) J3 λ2

n − 1

2j + 1
ln

(
kBT

D(n)

)]
. (3.8)

For ∆i � kBT � ∆i+1, ρ(T )∝ − ln T with an effective cut-off D(n). Thus, the Kondo
effect in each level gives rise to the definition of an unrealistic Kondo temperature T

(n)
K

and the validity of the calculation breaks down for T < TK . Nevertheless, this model
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3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

successfully describes the electrical resistivity of Kondo lattices for temperatures higher
than TK (for example, CeAl2 and CeAl3) [69].

Hanzawa et al. [75] reviewed the Coqblin-Schrieffer model in order to obtain a realistic
approximation of the Kondo temperature from the peak observed in ρ(T ) of several Ce-
based compounds. Cerium has a J = 5/2 spin-orbit ground state and the excited J =
7/2 Hund’s state is at ∆SO = 275.7 meV [32, 53]. Provided a three-level ∆i CEF-scheme
(labeled i = 0 (lowest), 1 (1st excited), 2 (2nd excited) with a Ni degeneracy at each
level so that N = N0 + N1 + N2), the Kondo temperature is determined by the following
relation (

TK

D0

)N0
(

TK + ∆1

D0 + ∆1

)N1
(

TK + ∆2

D0 + ∆2

)N2

= exp

(
− 1

N(EF )J

)
, (3.9)

where J is a exchange coupling constant and D0 is the halfwidth of the conduction band,
which is assumed to be rectangular, half-filled, and D0 ≈ EF . Hanzawa et al. [75] dis-
cussed three possible cases based on Equation (3.9) and the two relevant cases that will
be considered in this investigation are:

(1) For ∆1, ∆2 � T � ∆SO

TK = D0 exp

(
− 1

N

1

N(EF )J

)
. (3.10)

(2) For T � ∆1, ∆2 � D0

TK =

(
D0

∆1

)N1
N0

(
D0

∆2

)N2
N0

D0 exp

(
− 1

N0

1

JN(EF )

)
. (3.11)

Upon combining the last two equations, the maximum of the peak in ρ(T ), T h
K , can be

estimated as
T h

K = 3
√

Tk∆1∆2. (3.12)

This relation also holds for the case of J = 7/2 Hund’s upper level.

So far, the correlations between quasi-particles were not considered in any of the
models described. However, these correlations might eventually lead to low-temperature
magnetic or superconducting instabilities [74]. Lassailly et al. [70] continue Cornut and
Coqblin [69] for Ce-based compounds in order to explain ρ(T ) of compounds which either
undergo a transition to a long-range magnetic order (like in the case of CeAl2 [76] or CeB6

[77]) or which show a non-magnetic state (for instance, CeAl3 [78]) at low temperature.
They discuss the effect of an external magnetic field (or internal in the case of magnetic
ordering) acting on the multiplets created by the CEF. The magnetic ordering is treated
within a classical molecular-field approximation. The presence of an applied magnetic
field or a molecular field splits the multiplets and two contributions to the splittings, δi,
are identified. The first one is due to the applied field,

δ
(1)
i = 2gJ µB 〈JZ〉i H = ςi H, (3.13)
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3.4 Overview of physical properties in the vicinity of a quantum critical point

where gJ is the Landé factor of the 4f 1 and 〈Jz〉i is the average value of Jz within each
eigenfunction of the considered i-th doublet. The second contribution δ

(2)
i is due to the

molecular field, and they are taken to be proportional to each other, i.e.,

δ
(2)
j = (ςj/ςi) δ

(2)
i . (3.14)

Thus, as a consequence of an effective field one obtains three values of δi = δ
(1)
i + δ

(2)
i , six

values of Ei, and different ∆ij transition scheme between these levels. The modification
of the CEF has a direct effect on the occupation number 〈ni〉 of each level, and therefore
on the direct scattering process as well as on the exchange scattering process [69].

The T -dependent relative magnetic contribution to the electrical resistivity of CeAl2
calculated within the constrains of this approach is depicted in Figure 3.4. For the calcu-
lation a doublet Γ7 ground state, J = -0.089 eV, N(EF ) = 2.2 states/eV, 2j+1 = 6, and
∆ = 100 K is assumed. Additionally, TN is set to its experimental value 3.85 K. In the
inset of the Figure 3.4, the experimental magnetic resistivity, ρ(T )m, of CeAl2 is shown.
The agreement of the theoretical with the experimental resistivity is noticeable and it is
noteworthy the effect of the magnetic field on the low-temperature ρ(T )m.

The description of the electrical resistivity of systems like CeAl3 is discussed by means
of a phenomenological model [70], where the many-body Kondo effect is simply viewed as
a splitting of levels. Therefore, the description of the Kondo effect on the low-temperature
resistivity is only qualitative since there is no theoretical derivation of the splitting δ0 that
is chosen as

δ0 = D

{
π

2
− arctan

[
ln

(
T

TK

)]}
, (3.15)

where D is a cutoff.

3.4 Overview of physical properties in the vicinity of a
quantum critical point

A Landau-Fermi-liquid (LFL) state is characterized by specific temperature dependences
in physically observable quantities. For instance, the Sommerfeld coefficient of the elec-
tronic specific heat (γ = ∆C/T ) is temperature independent as well as the magnetic
susceptibility (χ), while the electrical resistivity shows a quadratic (T 2) temperature de-
pendence [6, 18]. The Fermi-liquid model is a correct description of the low-temperature
state of a metal as long as the electron interactions are temperature independent and
short ranged in space and time as T → 0 [18]. In metallic rare-earth-based compounds
the local moments of the open f shell might be tightly bound to conduction electrons
by means of exchange interactions (Kondo lattice) and a paramagnetic state might be
realized. In this situation, the system can be described within the scope of the LFL the-
ory and the heavy-fermion state is characterized by the enhanced effective mass of the
quasiparticles, 100 - 1000 times the bare electron mass. However, at T ≈ 0, close to a
critical lattice density, the virtual fluctuation responsible for the mass renormalization
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3 Electrical resistivity of rare earth compounds in the ThCr2Si2 structure

Figure 3.4: Theoretical temperature-dependent relative magnetic contribution to the electrical
resistivity of CeAl2 for H = 0, 50, and 100 kG compared with the experimental result
(inset) (after [70]). The parameters considered in the calculation are summarized
in the text.

have residual interactions to which other electrons can couple (RKKY interaction) and
T -dependences of the physically observable quantities differ from those predicted by LFL
theory. At the critical density the system might undergo a second-order quantum phase
transition from a non-magnetic ground state to a magnetic state.

Several researchers have addressed the temperature dependences of thermodynamic
and transport properties in the vicinity of a quantum critical point from a theoretical
perspective upon considering different scenarios; namely the spin density wave (SDW)
scenario [79–82] and the 2-dimensional local scenario [83, 84]. The difference between
these approaches is that the first considers the long-wavelength fluctuations as the only
important degrees of freedom, whereas in the latter scenario the effect of quantum fluctu-
ations on local degrees of freedom are introduced upon considering a coupling to certain
dissipative baths. A fermionic bath accounts for all temporal fluctuations arising from
hopping of electrons between the local site and the rest of the lattice, while a bosonic bath
represents the fluctuating magnetic field generated by the local moments at all other sites.
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Property Dimension
d = 3 d = 2

Millis/Hertz [79, 80]
z = 2 z = 2

C/T γ − a
√

T c log(T0/T )

∆χ T 3/2 χ0 − d T

∆ρ T 3/2 T

Moriya [81]
C/T γ0 − a

√
T c log(1/T )

∆χ T 3/2 -(log T )/T

∆ρ T 3/2 T

Lonzarich [82]
z = 2

C/T γ +
√

T

∆χ T−3/2

∆ρ T 3/2

Table 3.3: Temperature dependences of thermodynamic and transport properties for AFM spin
fluctuations in the vicinity of a QCP [18]. The dynamical critical exponent is denoted
by z. Only results for the AFM case (z = 2) are given.

Table 3.3 resumes only the prediction of the spin-fluctuation theories for the temperature
dependences of transport and thermodynamic properties since there is no explicit predic-
tion for the physically observable quantities for the local scenario (except for the static
uniform spin susceptibility [83]: χ(T ) = 1/(Θ+BTα); where Θ, B, and α are constants).
Further details can be found, for instance, in reference [18].
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4 Experimental methods

This investigation is based on electrical resistivity, ρ(T ), measurements performed at high
pressure, p, in the temperature range 100 mK < T < 300 K. Therefore, this chapter focuses
on the technical aspects associated with experiments performed under high pressure.
Firstly, in Section 4.1, pressure is defined according to the thermodynamics relations,
and the concepts of fixed-point scales for calibration secondary gauges are presented.
Later on, the concept of equation of state is introduced in Section 4.2. Concluding this
chapter the technical aspects that made possible the measurements performed during this
investigation are addressed in Section 4.3.

4.1 Definition of pressure – Primary and secondary
fixed-point scales

Pressure is a thermodynamic quantity that can be evaluated through other thermody-
namic quantities. In the simplest case, the Helmholtz energy A or free energy for isolated
systems is

dA = −SdT − pdV, (4.1)

and it reduces to dA = −pdV in the isothermal case. Thus, it is possible to define a
primary pressure standard based on a piston-cylinder vessel where the pressure can be
estimated as

p = −
(

∂A

∂V

)
T

=
F

φ
, (4.2)

where F is the force applied to the piston and φ is the cross-section area. However, this
technique has historically been limited up to 3 GPa, since most of the liquids and gases
have freezing pressures lower than 3 GPa at ambient temperature [85, 86]. For higher
pressures, the pressure metrology mostly relies either on optical spectroscopy (fluorescence
of ruby) or by X-ray diffraction [87].

The availability of large-volume apparatus and of some other pressures gauges requires
a fixed-point scale (primary reference scale); namely, points specifically defined in terms
of a thermodynamic-equilibrium condition between two phases. The requirements for
the materials to be used as primary calibrants are: (i) the measured effect (electrical
resistivity, volume, etc.) should be large. (ii) The hysteresis of the phase transition should
be small for a precise characterization of the pressure and (iii) the temperature dependence
of the transition pressure should be small. Thus, the recommended phase transitions for
fixed pressure points are summarized in Table 4.1. These points can be used for the
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calibration of secondary gauges (for instance, manganin, Pb, etc.). Combining the
primary fixed points with the pressure dependence of secondary gauges, the verification
of the stability of pressure as a function of temperature in a given setup is possible. [85].

Transition Pressure (GPa)
BiI−II 2.550±0.001
TlI−II 3.67±0.03
BaI−II 5.5±0.2
BiIII−V 7.7±0.3

Table 4.1: Recommended phase transitions at room temperature for fixed pressure points [85].

4.2 Equation of state

The knowledge of the equation of state (EOS) V = V (p, T ) of a given isolated substance
permits the calibration of pressure by means of accurate neutron or X-ray measurements.
One approach to construct an absolute pressure scale is based on the calculation of the
EOS from first principles. However, this approach is typically limited in accuracy to
5-10%, therefore some semi-empirical EOSs have been developed in order to overcome
this problem. These equations involve only the bulk modulus (B0) and its first pressure
derivative (B′

0) obtained at low pressures; however, they can be reasonably extrapolated
to surprisingly high pressures [85]. The simplest of these equations is that proposed for
isotropic media by Murnaghan [88] based on a theory of finite strain

p =
B0

B′
0

[(
V0

V

)B′
0

−1

]
. (4.3)

The isothermal bulk modulus gives the change of pressure in a solid due to a relative
volume change at constant temperature

B0 = −
(

V
∂p

∂V

)
T

. (4.4)

Here, it is convenient to define the strain εσ as

εσ = − ln(
V

V0

), (4.5)

since it is a measure of the relative volume change referred to a given initial volume V0.
Therefore, it is possible to rewrite the definition for the bulk modulus as

B0 =

(
∂p

∂εσ

)
T

. (4.6)
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4.3 Technical aspects: electrical resistivity at high
pressures and low temperatures

This investigation is based on electrical-resistivity measurements performed at high pres-
sure in a Bridgman anvil cell, from room temperature down to the milli-Kelvin range.
The measurements were carried out in a commercial 3He/4He dilution refrigerator (Kelvi-
nox 100 from Oxford Instruments). The system has a base temperature of 20 mK at the
mixing chamber (MC) and the circulation of the mixture in the system is stable only up
to 1.2 K. For measurements in the range 1 K < T < 9 K, the He3/He4 mixture had to be
removed almost completely; a small amount of the mixture was left to use it as exchange
gas between the MC and the 1 K pot (a precooling stage of the mixture fixed at 1.2 K).
For higher temperatures than 9 K, the measurements were carried out during the removal
(warming) or introduction (cooling) of the inner-vacuum chamber in the helium bath.

The Bridgman anvil cell has two main parts with cylindrical symmetry; namely the
gasket and the anvils. Upon compressing the gasket uniaxially with the anvils, a multipli-
cation of the pressure occurs due to a combined effect of a share stress and the friction that
exists between the anvils and the gasket. Schroeder and Webster [89] studied the mechan-
ical deformation of thin sections and their analysis indicate that the friction components
predominates at small thickness of gasket (relative to the diameter of the anvils). As a
result, a quasi-hydrostatic condition develops in the hole of the gasket. The quality of the
pressure condition depends on the compressive yield strength of the pressure-transmitting
medium. The design of the chamber used in this investigation is such that the compres-
sive yield strength (σs) of the pressure-transmitting medium (steatite; σs = 500 MPa) is
achieved at the maximum pressure that a given set of anvil can stand. In this way, nei-
ther the anvils, nor the sample under study are deformed plastically. From the mechanical
studies of the configuration proposed by Bridgman one can conclude that the maximum
achievable pressure depends on the diameter of the anvils, on the hardness of the anvils,
and on the thickness of the gasket (an extensive review can be found in reference [85]).
In the particular case of the configuration employed in this work, the tungsten carbide
anvils compressing a gasket of 3.64 mm of diameter and 0.24 mm thick can stand 10 GPa
at most, whereas, in the 2.0 mm diameter sintered diamond anvils, experiments up to 20
GPa can be performed with a gasket 0.13 mm thick [90].

The variant of a Bridgman pressure cell employed in this investigation belongs to the
clamped-type cell. The desired pressure can be achieved by increasing the uniaxial stress
with an hydraulic press. Then, with the help of the high-pressure clamp the state of
stress can be fixed. In Figure 4.1 a sketch of the pressure clamp is shown and the dif-
ferent materials are indicated. Thus, the pressure cell can be removed from the press in
order to continue with the measurements at low temperatures in the dilution refrigerator.
However, the question that arises is about the stability (constancy) of the pressure in-
side the gasket upon cooling the cell, which is directly related to the pressure clamp and
the thermal properties of its constituents. The load can be maintained with four bolts
(titanium-aluminium-vanadium-based alloy) and nuts (not shown in the sketch of Figure
4.1). This combination of materials (stainless steel, copper beryllium and titanium-alloy)
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(1)

(1)

(2)

(2)

(3)

(3)

(4)

(4)

   High pressure clamp

   Pressure chamber

(5)

   Low noise detection circuit

cold bath

lead
V

C
C

S

D
U

T

    Low T
Transformer preamplifier

Lock-in
detector

Pb

Samples

Au-wires

1000 m

Pt-wires

Steatite
Pyrophillite

(1)    Stailess steel body
(2,3) Sintered diamond support
        and anvil included in 
        a CuBe body
(4,5) Thermalization ring and plate

V
rms/DC

Figure 4.1: High pressure clamp, typical layout in the pressure chamber for electrical resistivity
measurements, and low noise detection circuit.

compensates the different thermal contractions leading to a stable condition inside the
pressure chamber when the setup is cooled from room temperature to the lowest temper-
ature.

As an example, the state of stress achieved at room temperature in a cell containing two
samples, Bi and Pb, is compared with pressure inside the cell at low temperatures in Figure
4.2. The pressure cell is loaded (see closed symbols in Figure 4.2) at room temperature
until the first fixed pressure point of Bi [BiI−II : (2.550±0.001)GPa] is reached. This
point is characterized by a sudden decrease in the resistance of the sample (see open
symbols [91]). Then, the pressure is clamped and the cell is cooled. At low temperatures
Pb undergoes a superconducting transition at Tc = 6.25 K (inset of Figure 4.2) and the
pressure inside the cell can be inferred from the p dependence of Tc reported in reference
[92]. The small difference (∆p ≈ 2%) between the pressure at room temperature (from
ρBi, p = 2.55 GPa) and at low temperature (from Tc of Pb, p = 2.6 GPa) suggest a
stable condition in the pressure chamber during the cooling process. Repeating, the same
procedure for the fixed pressure point of BiIII−V [(7.7±0.3) GPa] one can calibrate the
loading scale with the pressure scale for a given pressure chamber; i.e., for a gasket with
specific outer diameter, inner diameter, and thickness.

Additionally, the linear temperature dependence of resistivity of Pb provides infor-
mation about the stability of the pressure in the chamber. A deviation from the linear
behavior upon cooling the cell would suggest a continuous change of the state of stress
in the pressure chamber. Further information can be obtained from the width of the
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Figure 4.2: Room-temperature resistance of Bi as a function the applied load (closed symbols)
compared the reported p-dependent resistance (open symbols [91]). The loading
process of the pressure cell at 300 K was performed up to the first fixed pressure point
of BiI−II . Inset: temperature-dependent resistance of Pb. The superconducting
transition of Pb is related to the state of stress inside the pressure chamber at low
temperatures [92].

superconducting transition of Pb since the sharper the transition, the closer the state of
stress to an ideal hydrostatic condition. A pressure gradient causes a broader transition.
If the superconducting transition of Pb has a width of 200 mK at 10 GPa, this implies
a difference of pressure of 1 GPa in between the leads that probe the drop of voltage
on Pb; i.e., 10 % of the measured pressure. In the inset of Figure 4.2, one can see that
the width of the superconducting transition is ≈ 80 mK; therefore the uncertainty in the
determination of the pressure is less than 10 %.

The single-crystalline samples studied here were synthesized by J. Ferstl (YbRh2Si2)
and Z. Hossain (EuCo2Ge2 and EuCu2Ge2) in the group of C. Geibel for the Development
of Materials at the Max Planck Institute for the Chemical Physics of Solids in Dresden.
Further details of the characterization of these samples from the chemical and structural
point of view are addressed in Sections 5.3 and 6.2, respectively. The preparation of the
samples for the electrical-resistivity measurements started with the selection and orienta-
tion of the single-crystalline pieces by means of Laue X-ray analysis. The reduction of the
pieces to a slab shape was performed by abrasion with tungsten-carbide polishing papers
(1200-2400) in two steps. At the end of the first step, the mechanically deformed surface
of the polish side was removed with diamond paste (1-3 µm) and a visual inspection of the
sample’s surface was carried out to identify possible secondary phases, or possible porosity
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and crack distributions. The visual inspections were performed with a microscope (Zeiss
with a resolution of 7 µm at the maximal magnification) using polarized light. In the sin-
gle crystalline samples investigated here no secondary phases were found. Later on, the
piece was removed from the holder and stuck again with the polished surface against the
holder. Thus, the reduction of the piece continued till the final thickness (≈ 20 µm)was
reached. Finally, the samples were cut from the slab into the final sample’s shape with a
diamond-wheel saw taking into account the orientation of the crystal. Transmission X-ray
analysis (λMo = 0.710688 Å; graphite monochromator) performed on the sample indicate,
firstly, the absence of possible structural defects induced by the preparation process and,
secondly, it confirmed the orientation of the sample.

The prepared samples were placed in the pressure chamber, constituted by a py-
rophillite gasket and two steatite disks. The electrical circuit was built with gold wires of
10 µm diameter, as it is depicted in the upper right corner of Figure 4.1. Depending on
the size of the gasket up to two sample can be connected in series with the pressure gauge
in a four-probe configuration. In the experiment performed on YbRh2Si2, two indepen-
dent circuits were built for the pressure gauge and the sample. The wires, the pressure
gauge, and the samples were fixed to the steatite disc with a two component epoxy glue.
However, the gold wires were just placed on top of the samples, and, therefore, some min-
imal pressure was required (p ∼ 1 GPa) to establish a real electrical contact. Platinum
wires were deployed through the gasket in order to establish contacts between the inner
gold wiring and the outer copper wiring. Before closing the cell, the distances between
the wires and the sample dimensions were measured with the calibrated microscope to
estimate the geometrical factor that allowed the determination of the resistivity based on
the following relation

ρ =
Vrms/DC

Irms/DC

t · w
l

, (4.7)

where Vrms/DC/Irms/DC (srms/DC : root-mean-square values of an alternating current AC
signal/direct-current signal) is the resistance of the sample measured from the drop of
voltage between two central leads divided by the current (see the sketch of the pressure
chamber in Figure 4.1); t, w, and l are the sample’s thickness, width, and length between
the leads that probe Vrms/DC , respectively. The error in the estimation of the geometrical
factor is less than 10 %.

The temperature dependence of the electrical resistivity was characterized upon com-
bining alternating (AC) and direct current (DC) measurements. For the latter type of
measurements, commercial Keithley instruments were used: the current was supplied by
a K2400 source meter (5µA - 500µA) and a K2182 nanovoltmeter picked up the signal. In
order to reject thermoelectric voltages, due to thermal gradients in the measuring circuit
or associated to the joining of dissimilar materials, a current reversal-method was em-
ployed. Two consecutive voltages with the respective temperatures were measured with
different current polarization. Approximately, 10 s to 15 s elapsed from the change of po-
larization and the measurement of the voltage in order to wait for the stabilization of the
signal. The half of the difference of these two consecutive voltages is the drop of voltage
in the device under test (DUT), whereas the average of the temperatures is considered as
the temperature associated to the drop of voltage at the DUT signal.
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For the AC measurements, a 7265 DSP Lock-in amplifier (EG&G Instrum.) was
connected according to the sketch depicted in the lower right corner of Figure 4.1. The
internal oscillator excited (333 Hz) a homemade voltage controlled current source (VCCS)
that supplied a constant current (5µA - 200µA / stability better than 0.3 %) to the
DUT. The drop of voltage on the DUT was amplified (100-1000) by a low-temperature
transformer (LTT-m class from Cambridge magnetic refrigeration) placed at the 1 K pot
(T ≈ 1.2 K) of the Kelvinox 100 dilution-refrigerator. Then, the signal was preamplified
and picked up by the 7265 DSP Lock-in amplifier. The chosen configuration was effective
in rejecting the common-mode interferences that arise from unbalanced lead impedances of
the circuit [93, 94], that limit the detection of electrical signals at low temperatures when
the noise associated to these interferences are comparable or greater than the signal of the
DUT. Additionally, in order to measure various samples during the cooling or warming of
the pressure cell, a multiplexer was introduced and the samples were sequentially scanned
with a stabilization time of 10 s between each acquisition. The homemade multiplexer
was controlled via the digital output of the 7265 DSP Lock-in amplifier.

Separated electronics were employed for the two sets of thermometers used; one set
was attached to the pressure cell (calibrated thermometers: Cernox CX-AA in the range
1.5 K < T < 300 K and Ge-200A in the range 50 mK < T < 5 K). A 370 AC resistance
bridge (Lakeshore) acquired the signal from this set of thermometers. While the second
set of thermometers was employed for the control of the temperature. In order to improve
the control of the temperature during the experiment, the original design of the dilution
refrigerator was modified with the introduction of a decoupling stage (DS). This stage
is weakly thermally coupled to the coldest point of the refrigerator, the mixing chamber
(MC), and, hence, the temperature fluctuations in the MC can be suppressed before
a change in the temperature of the DS occurs. Thus, two calibrated thermometers were
placed in the DS for control of the temperature (Cernox CX-AA and Ge-200A) via a AVS-
47 resistance bridge and a TS-530 temperature controller (Picowatt RV-Elektroniikka
Oy). The introduction of the DS made possible to perform measurements up to 3 K
without removing the mixture from the MC. The management of the devices involved in
acquisition of the data and on the control of temperature were performed by means of
routines developed in TestPoint (Capital Equipment Corp.).

In order to show the reproducibility and reliability of the procedure and of the acqui-
sition technique employed, Figure 4.3 depicts the electrical resistivity of EuCo2Ge2 at 3
GPa measured with different techniques (AC/DC). These measurements were carried out
during 3 different insertions of the inner-vacuum chamber of the dilution fridge in the He
bath. The small differences (smaller than 1 %) of the data acquired with the AC tech-
nique in respect to that measured with direct current (inset of Figure 4.3) indicate that
the procedure is reproducible and that the acquisition techniques are consistent, especially
in the high-temperature range. Considering that the stabilization time required in a DC
measurement is significantly longer than the one required for an AC measurement, the
observed differences for 4 K < T < 50 K might be attributed to the fast change of the
temperature. For temperatures lower than 4 K, where the temperature can be controlled
by means of the AVS-47 and the TS-530, the differences are even smaller.
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4 Experimental methods

Figure 4.3: Electrical resistivity (ρ(T )) of EuCo2Ge2 at 3 GPa, measured during three different
cooling processes with different acquisition techniques (AC/DC). The inset shows
the differences between the AC measurements and the DC measurement as a func-
tion of temperature.
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5 Transport studies of YbRh2Si2 at high
pressures and low temperatures

5.1 Introduction

The studies of second-order phase transitions driven by quantum fluctuations consti-
tute the foreground of low-temperature physics due to the striking thermodynamic and
transport properties that accompany such transitions. In the vicinity of these quantum
(zero-temperature) phase transitions, the properties of a given system cannot be described
according to the Landau-Fermi-liquid (LFL) theory and, therefore, they are often referred
to as non-Fermi liquids (NFL) [95]. In the vicinity of a classical phase transition the only
important degrees of freedom are long-wavelength fluctuations of the order parameter.
For a magnetic quantum critical point (QCP) or point of magnetic instability, such long-
wavelength fluctuations are usually called paramagnons and there is still a controversy of
whether they are or not the only degrees of freedom [19, 96, 97]. In this scenario, YbRh2Si2
orders magnetically at TN = 70 mK and the NFL character of its thermodynamic and
transport properties suggest that this system is already at ambient pressure close to a
point of magnetic instability [19, 96]. Therefore, it has been intensively studied by means
of a wide variety of techniques in order to investigate the role of the quantum fluctuations
on the local degrees of freedom [19, 20, 98, 99]. The experimental evidence indicates that
the paramagnons and the quantum fluctuations are suppressed by the effect of pressure
with a consequent enhancement of the magnetization, i. e., the inter-site interactions
in YbRh2Si2 are favored by an increment of the lattice density [20, 99]. Therefore, a
continuous increase of the magnetization would be expected in YbRh2Si2 upon applying
pressure, i.e., an increase of the magnetic ordering would be expected as pressure tunes
the system away from the QCP. Eventually, at high pressures, the magnetization should
saturate or it should decrease due to the weakening of the coupling of the f -localized
states with the ligand states. However, Mössbauer-effect (ME) measurements performed
up to 20 GPa indicate that TN increases only up to 3 GPa. Above this pressure, TN shows
a weak pressure dependence until a sudden change of two orders of magnitude of the or-
dered moments (µY b) occurs at 10 GPa. From the analysis of the ME spectra [21, 100]
it is inferred that a reorientation of the magnetic moments from the basal plane of the
tetragonal structure to a direction parallel to the crystallographic c axis accompanies the
increase of TN , which increases from 1.5 K at 10 GPa to 7.5 K at 15 GPa. Motivated
by this unusual behavior, the effect of pressure on the electrical resistivity (ρ(T )) and
on the lattice parameters of YbRh2Si2 were investigated and summarized in this chapter.
Considering that a similar behavior of the magnetic ordering temperature as a function of
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

pressure was observed in Yb2Ni2Al [101] and YbCu2Si2 [102], the features in the electrical
resistivity of Yb-based compounds are analyzed.

This chapter is organized according to the following structure: firstly, the properties
at ambient pressure are briefly summarized in Section 5.2. Later on, the temperature
(T ) dependent electrical resistivity (ρ(T )) as a function of pressure (p) and the results
of the analysis of X-ray powder-diffraction patterns performed up to 20 GPa are shown
in Section 5.3. The results are discussed in Section 5.4, where a (T, p) phase diagram of
YbRh2Si2 is presented together with the comparison of the features on ρ(T ) of several iso-
structural Yb-based compounds. The main conclusions of this investigation are outlined
in Section 5.5.

5.2 Properties of YbRh2Si2 at ambient pressure

Figure 5.1: Temperature dependence of the electrical resistivity, ρ(T ), of YbRh2Si2 [98] and
of LuRh2Si2 at ambient pressure [103]. The electrical resistivity shows a clear
anisotropic behavior since the ρ measured with the current j parallel to the crystal-
lographic c-direction is lower compared to the in-plane measurement (j ⊥ c). The
maximum of the broad peak in ρ(T ) is denoted as Tmax (dotted arrow)

38



5.2 Properties of YbRh2Si2 at ambient pressure

Figure 5.2: The temperature-dependent magnetic component of the electrical resistivity,
∆ρ(T )= ρ− ρ0 of YbRh2Si2. TN= 70 mK is indicated by the arrow. The Sommer-
feld coefficient of the electronic specific heat, Cel/T (T ) [19, 98], and AC magnetic
susceptibility, χAC [104], reveal a weak AFM phase transition at TN (inset). The
resistivity shows a T 2 dependence for T < TN whereas a linear temperature depen-
dence of ρ is observed at TN < T < 10 K [98].

The tetragonal compound YbRh2Si2 contains trivalent Yb ions whose J = 7/2 Hund’s
rule multiplet splits into four Kramers doublets due to the crystal electric field (CEF)
with the following level scheme: 0 - 17 - 25 - 43 meV [105]. The effect of the coupling
of the localized electron with the ligand is reflected in the enhanced electrical resistivity
compared with that of its reference compound, LuRh2Si2 (Figure 5.1). The single broad
peak with maximum at Tmax = 135 K (dotted arrow) is characteristic of Kondo lattices.
In YbRh2Si2, a single-ion Kondo temperature TK ≈ 30 K can be inferred from various
experimental probes [104]. However, recent studies of the entropy of this system indicate
that the Kondo temperature is only 1/3 of this value [106]. Nevertheless, electron-spin-
resonance studies show the existence of large unscreened Yb3+ moments below TK [107].

AC magnetic susceptibility (χAC) and the Sommerfeld coefficient of the electronic
specific heat (Cel/T ) (inset of Figure 5.2) reveal a weak antiferromagnetic (AFM) phase
transition at TN= 70 mK [19, 98]. Upon cooling, the electrical resistivity of YbRh2Si2
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

is reduced suddenly due to a loss of the spin-disorder scattering below TN (Figure 5.2).
The strong hybridization of the localized 4f -states with the ligand states is denoted by
the Sommerfeld coefficient of the electronic specific heat γ0 = 1700 mJ mol−1 K−2, which
is 1000 times higher than the value for a normal metal. The NFL character in YbRh2Si2
is revealed at temperatures higher than TN ; for instance, a negative logarithmic T de-
pendence of Cel(T )/T is observed for more than a decade in temperature. Moreover, ρ

shows a quasi-linear temperature dependence in the range TN < T < 10 K, atypical for
a metal, whereas a T 2 dependence is observed for T < TN (see Figure 5.2). Thus, there
is evidence that YbRh2Si2 is in the vicinity of a magnetic instability already at ambient
pressure and therefore it has been studied intensively in magnetic field with the intention
to tune the system to the QCP [19]. The results have opened an interesting discussion
about the suitable microscopic model that could describe the quantum phase transition
in strongly correlated metals [19, 96].

5.3 Electrical resistivity and X-ray studies of YbRh2Si2
at high pressures

The response of YbRh2Si2 to external pressure is based on electrical resistivity and on
X-ray powder-diffraction measurements performed up to 20 GPa. The single-crystalline
samples employed in these measurements were synthesized by J. Ferstl [106, 108] in In-flux
according to the procedure described in reference [109]. The X-ray analysis at ambient
pressure indicates that YbRh2Si2 crystallizes in the tetragonal ThCr2Si2-type structure
(space group I4/mmm) with the following lattice parameters: a = 4.007(1) Å, c = 9.858(2)
Å, and z = 0.3791(3). Additionally, the studies with X-rays proved the quality of the
measured sample from a structural point of view, while the chemical composition of
different pieces of the same batch was double-checked statistically with energy-dispersive
and wavelength-dispersive X-ray analysis. The results indicate that Yb, Rh, and Si are
present according to the nominal composition within an error of 0.2% [108]. The sample
was prepared for the electrical-resistivity measurements following the procedure already
described in Section 4.3 with the longitudinal axis parallel to the [110] crystallographic
direction. Several crystals of the same batch were ground in order to perform X-ray
diffraction measurements under high pressure.

5.3.1 Electrical resistivity of YbRh2Si2 at high pressure

The electrical-resistivity measurements under pressure were performed up to 18 GPa in
a Bridgman anvil cell under quasi-hydrostatic conditions (for details see Section 4.3). In
this pressure range, the electrical resistivity was measured in the temperature range 100
mK < T < 300 K. Two independent circuits for the YbRh2Si2 sample and for the pressure
gauge Pb were built. Since the sample is not of regular shape, the geometrical factor is
estimated using the following mean dimensions: (306 x 69 x 13) µm3 and the resistivity
can be calculated with a maximum error of 10%.
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5.3 Electrical resistivity and X-ray studies of YbRh2Si2 at high pressures

Figure 5.3: Temperature derivatives of ρ(T ) of YbRh2Si2 at selected pressures for T < 8 K. The
anomalies in ρ(T ) are depicted in the insets. The linear T dependences of ∂ρ/∂T

are denoted by the dashed lines and TN is indicated by the arrows.

The effect of pressure on TN is determined from the temperature derivatives of the
electrical resistivity ∂ρ/∂T . For instance, in Figure 5.3 are presented ∂ρ/∂T for p = 4.1
GPa (c), 13 GPa (b), and 17.6 GPa (a). Additionally, the correspondent ρ(T ) are depicted
in the insets of the Figure 5.3. As common feature, two different temperature ranges are
identified where ∂ρ/∂T is linear in T (dashed lines). The crossover between these two
linear T dependences is considered as the signature that defines the onset of AFM order,
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

Figure 5.4: Pressure dependence of the magnetic ordering temperature, TN , of YbRh2Si2. The
open circles are the results obtained from ρ(T ) measurements reported in Ref. [20]
for p < 3 GPa. The open square at 10.7 GPa was obtained after a partial relief of
the pressure. The line is a guide to the eye.

since clear anomalies in ρ(T ) are not observed at some pressures. For instance, at 13
GPa (Figure 5.3(b)), only a tiny anomaly is detected at TN = 4.8 K whereas at lower
pressures (Figure 5.3 (c)) TN can be determined from the change in the slope of ρ(T ).
The pressure dependence of TN is depicted in Figure 5.4 and the results obtained at lower
pressures are in good agreement to previous studies of ρ(T ) performed by Mederle et al.
(open circles) up to 3 GPa [20]. The ordering temperature increases continuously for p <

4 GPa and it shows a weak pressure dependence in the range 4 GPa < p < 9 GPa. For
p � 9 GPa, a sudden increment of TN is observed. Thus, the results of this investigation
confirm the analysis of the Mössbauer measurements [21]. Typically, the measurements
in the Bridgman anvil cell are only performed after an increment of the load. However,
at the end of the experiment the pressure was partially released and the open square in
Figure 5.4 denotes the obtained result.

Provided that YbRh2Si2 orders magnetically at low temperatures, there are at least
two different scattering mechanisms that contribute to ρ(T ): one related to the electron-
electron interactions and one associated with the electrons scattering off magnetic exci-
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5.3 Electrical resistivity and X-ray studies of YbRh2Si2 at high pressures

Figure 5.5: Electrical resistivity, ρ(T ), of YbRh2Si2 at low temperatures as a function of Tn

at selected pressures lower than 8 GPa. The linear behavior (dashed lines) denotes
that ρ(T ) can be described according to ρ = ρ0 + An · Tn at a given pressure. The
corresponding values for n and pressures are provided for each curve.

tations. In order to evaluate the electron-phonon interaction it is considered that specific
heat of LuRh2Si2 [106] is negligible compared to the specific heat of YbRh2Si2 below 10
K. Additionally, ρ(T ) of LuRh2Si2 is temperature independent below 1 K [103]. There-
fore, the contribution due to electron-phonon interaction is not considered here since our
analysis is performed below 500 mK. The effects of pressure on ρ(T ) of a magnetically
ordered system can be evaluated in terms of a power law at low temperatures, as it is
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

Figure 5.6: Electrical resistivity, ρ(T ), of YbRh2Si2 at low temperatures as a function of Tn

at selected pressures for p > 8 GPa. The linear behavior (dashed lines) denotes
that ρ(T ) can be described according to ρ = ρ0 + An · Tn at a given pressure. The
corresponding values for n and pressures are provided for each curve.

discussed in section 3.3. In the Figures 5.5 and 5.6, one can see that ρ(T ) of YbRh2Si2 can
be described according to ρ(T ) = ρ0 +An ·T n for T < 500 mK for all measured pressures.
The slopes of the linear-behavior in the Figures 5.5 and 5.6 provide information of the
An parameters, whereas the extrapolated value to 0 K gives the residual resistivity ρ0.
Upon applying pressure, An first decreases up to 2 GPa and then increases continuously
reaching a maximum value at about 5.1 GPa (Figure 5.5). One can see that the slope
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5.3 Electrical resistivity and X-ray studies of YbRh2Si2 at high pressures

Figure 5.7: Pressure dependences of ρ0, An, and n corresponding to ρ(T ) = ρ0 + An ·
Tn of YbRh2Si2 for T < 500 mK. The open circles were determined for
YbRh2(Ge0.05Si0.95)2 by Mederle [99] (the pressure is corrected in order to com-
pensate the expansion caused by the substitution of Si with Ge; ∆p = -0.2 GPa).
The open square at 10.7 GPa correspond to data measured in YbRh2Si2 after a
partial relief of the pressure.

of the linear behavior at 5.1 GPa is larger than the slope at 4.1 GPa or at 7.8 GPa. At
higher pressures, An decreases continuously (Figure 5.6). The behavior of n of YbRh2Si2
is different compared to An, since n increases monotonously in the whole measured pres-
sure range. The p-dependent ρ0, An, and n are depicted in Figure 5.7 (a), (b), and (c),
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

Figure 5.8: Electrical resistivity of YbRh2Si2 at selected pressures. As pressure increases, ρ

shows different p-dependent features (peaks and shoulders). For p > 10.4 GPa, a
strong reduction of the scattering occurs in the low-temperature range. LuRh2Si2
is the reference compound [103].

respectively. Additionally, the parameters An(p), and n(p) of YbRh2(Ge0.05Si0.95)2 [99]
obtained for p < 3 GPa are included for comparison. The pressure scale of the data of
YbRh2(Ge0.05Si0.95)2 is already shifted (∆p = pYbRh2(Ge0.05Si0.95)2 − pYbRh2Si2 = −0.2 GPa)
in order to compensate for the lattice expansion caused by the substitution of Si with Ge.
The agreement of the results is certainly good for n and it seems that An(p) and n(p)

have a minimum at about 2 GPa. The pressure dependence of ρ0 is non-monotonic and
it has a maximum in the range 5 GPa < p < 10 GPa. At about 10 GPa, ρ0(p) change
discontinuously, whereas An decreases monotonously for p > 5 GPa. At the end of the ex-
periment, after the partial release of the pressure, a measurement of ρ(T ) was carried out
at 10.7 GPa (open square). The result shows that the properties are recovered; namely,
ρ(T ), and the low-temperature parameters n(p) , An(p) and ρ0(p).

The entire temperature dependences of the electrical resistivity of YbRh2Si2 at selected
pressures are shown in Figure 5.8. The single broad peak observed in ρ of YbRh2Si2 at
1.5 GPa decomposes in several p-dependent peaks and shoulders as the lattice density
increases accompanied by a reduction of the overall ρ(T ). In Section 3.3.2 it was discussed
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5.3 Electrical resistivity and X-ray studies of YbRh2Si2 at high pressures

that the features (peaks or shoulders) in ρ(T ) of compounds with unstable 4f -electronic
configurations are related to a combined incoherent Kondo scattering at the excited CEF
level and at the ground state. Thus, in order to evaluate the effect of pressure on these

Figure 5.9: ∆ρ = ρYbRh2Si2 − ρLuRh2Si2 of YbRh2Si2 below 10.4 GPa and for T > 1 K. As
pressure increases, the single broad peak observed at 1.5 GPa splits in one peak and
two shoulders at 4.1 GPa that show different pressure dependences.

features, it is convenient to subtract from the total electrical resistivity the contribution
due to phonons; i.e., ρ(T ) of LuRh2Si2. This allows a better resolution of the pressure
dependences of the maxima or shoulders; however, the temperatures at which the features
are located change slightly. The results (∆ρ = ρYbRh2Si2 − ρLuRh2Si2) obtained after the
subtraction for temperatures higher than 1 K are depicted for selected pressures in Figures
5.9 and 5.10 for p ≤ 10.4 GPa and for p ≥ 10.4 GPa, respectively. At 1.5 GPa, ∆ρ(T )
presents a broad peak with a maximum at Tmax � 94 K (see Figure 5.9). This maximum
is shifted to lower temperatures as pressure increases accompanied with a reduction of
the scattering in the entire temperature range. At 4.1 GPa, it is possible to resolve
three different features in ρ(T ), namely a peak with maximum at T high

max = 48 K and two
shoulders at T low

max = 27 K and at Tx = 134 K. The characteristic temperatures of these
features are defined considering the anomalies on ∂ρ/∂T and their p dependences are
depicted in Figure 5.11. T low

max is shifted to lower temperatures upon increasing pressure,
whereas Tx exhibits the opposite behavior; for p > 5.1 GPa, Tx is shifted to temperatures
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

Figure 5.10: ∆ρ = ρYbRh2Si2 − ρLuRh2Si2 of YbRh2Si2 above 10.4 GPa and for T > 1 K. Above
10.4 GPa, the overall ρ(T ) for T < 50 K is strongly reduced as pressure increases.
However, a peak is still resolved in ρ(T ) whose maximum is located at Tm (inset).
The ρ(T ) at 10.7 GPa (red curve) was measured after a partial relief of the pressure.

higher than room temperature. In the same pressure range, T high
max shows a weaker but still

positive pressure dependence.

Another important parameter of the features in ρ(T ) to consider is the strength of the
scattering at the characteristic temperatures. In Figures 5.9 and 5.10 one can see that
the applied pressure reduces differently ∆ρ at the peaks and shoulders. For instance, in
the pressure range 4 GPa � p � 10 GPa, the reduction is smaller at T low

max than at T high
max

or at Tx. Moreover, the negative logarithmic T dependences of ∆ρ for T low
max < T < T high

max ,
and for T >T high

max resemble the single-ion Kondo-impurity scattering. Upon increasing
the pressure from 10.4 GPa up to 15.5 GPa (Figure 5.10), ρ at T low

max is strongly reduced,
whereas the scattering at T high

max does not change significantly. It is noteworthy that at
10.4 GPa, a shoulder in ρ(T ) is observed at T high

max whereas after the large drop of ∆ρ for
T < 50 K as pressure increases up to 15.5 GPa the shoulder at T high

max evolves into a peak.
In order to check whether this reduction of ρ is an artifact or not, a measurement was
performed at the end, after a partial relief of the pressure. The data denoted as 10.7 GPa
in Figure 5.10 (red curve) correspond to this last measurement, and the increment of the
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5.3 Electrical resistivity and X-ray studies of YbRh2Si2 at high pressures

Figure 5.11: Pressure dependences of different maxima observed in ∆ρ of YbRh2Si2 compared
with TN . The open circles are the results obtained from ρ(T ) measurements re-
ported in Ref. [20] for p < 3 GPa. The lines are guides to the eye and the arrows
indicate the data obtained after a partial relief of the pressure. Two characteristic
pressures are included for the analysis; namely p1 = 4 GPa and p2 = 9 GPa (see
the text for further details).

electrical resistivity at the maxima indicates a recovery of the properties as p decreases.
Thus, it is concluded that the loss (gain) of scattering is an intrinsic phenomenon when
pressure increases (decreases) in the range 10.4 � p � 15.5 GPa. Above 15.5 GPa, the
overall ∆ρ(T ) is rather insensitive to p and ∆ρ exhibits a broad peak at Tm ≈ 8 K (inset
Figure 5.10) that has a weak positive p dependence.

Upon comparing the evolution under pressure of the several features in ρ(T ) with
TN(p) one can identify two characteristic pressures (see Figure 5.11); namely p1 = 4 GPa
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and p2 = 9 GPa. At p1, the peak in ρ(T ) with maximum at Tmax decomposes into three
features, denoted by the two shoulders and the peak located at T low

max, Tx, and T high
max ,

respectively (see Figures 5.9 and 5.11). This occurs exactly at the pressure at which TN

enters a weakly pressure dependent regime. Moreover, the sudden increment of TN at p2 is
accompanied by the change in the p dependence of the lower temperature maximum from
negative to positive. Therefore, we denoted it as T low

max for p1 < p < p2, while Tm is used
for p > p2. In this pressure range, where TN increases suddenly, a noticeable reduction of
ρ(T ) is observed for T < 50 K.

5.3.2 Lattice response of YbRh2Si2 to external pressure

Figure 5.12: Pressure dependence of the unit-cell volume, V (p), of YbRh2Si2. Three different
pressure dependences are observed in V (p). The lattice parameters a and c (lower
left inset) show a similar behavior as a function of pressure and the noticeable
change in the c/a ratio suggest a possible iso-structural first-order transition at 10
GPa (upper right inset).

The effect of an increment of the lattice density on the structural properties of YbRh2Si2
was studied at room temperature by means of X-ray powder diffraction up to 20 GPa.
The diffraction experiments were performed using synchrotron radiation at ID9 (beam-line
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3; λ = 0.4176 Å) of the ESRF in Grenoble. The experiment was carried out in a dia-
mond anvil cell (Diacell MX-6) equipped with beryllium backing plates. A mixture 4:1 of
Methanol/Ethanol was employed as pressure-transmitting medium and the pressure was
determined based on the fluorescence of ruby [110]. The indexing of the powder pattern
provided information of the unit-cell dimensions and the lattice parameters were refined
based on Rietveld’s procedure (least-square of peak positions calculated with WinCSD
program [111]).

The pressure dependence of the unit-cell volume, of the lattice parameters, and of the
c/a ratio are shown in Figure 5.12. The unit-cell volume as a function of pressure, V (p),
can be described with a Murnaghan equation of state (EOS) up to 5 GPa [see dotted line
(a) in Figure 5.12 calculated according to Equation (4.3) with parameters V0 = 159.3(3)

Å3, B0 = 175(20) GPa, and B′
0 = 5]. Above 10 GPa, the analysis of V (p) based on the

same EOS renders a similar result (see dotted line (b) with parameters V0 = 161.1(9) Å3,
B0 = 176(20) GPa, and B′

0 = 5). The lattice parameters a and c (lower left inset in Figure
5.12) present a similar behavior as a function of pressure. The results for p � 10 GPa
are consistent with those performed by Plessel et al. who employed an energy dispersive
method [100]. The pressure-dependent unit-cell volume suggests a possible correlation
between the response of the structure to the applied pressure and the unusual behavior
observed in the electrical resistivity at low temperatures. The departure of V (p) from the
Murnaghan EOS (a) suggest that the system becomes stiffer at about p1. Moreover, a
noticeable change of the c/a ratio occurs at about 10 GPa (upper right inset in Figure
5.12). The pressure dependence of the c/a-ratio might imply an isostructural first-order
phase transition, since the only change in the powder diffraction pattern as pressure
increases up to 20 GPa is the position of the peaks. However, one has to consider that the
mixture Methanol/Ethanol is a hydrostatic pressure-transmitting medium only up to 10
GPa [112]. For pressures higher than 10 GPa, the mixture solidifies and, depending on the
experimental conditions, the share stress might induce an anomalous deformation of the
lattice parameters. Therefore, further measurements with He as pressure transmitting
medium are necessary in order to rule out any possible artifacts. He solidifies at 11.5
GPa at room temperature [85, 113]. Nevertheless, it is capable to release stress through
recrystallization, ensuring hydrostatic conditions up 50 GPa [113].

5.4 Discussion

Several physical properties at ambient pressure indicate that at low temperatures the low-
frequency and spatially-extended residual interactions are the origin of the NFL behavior,
such as, for example, in CeCu2Si2, CeCu2Ge2, and UBe13 within a 3D spin-density-wave
scenario [114–116]. However, the divergent Grüneisen ratio (Γ ∼ β/C, where β and C

are the volume thermal expansion and specific heat, respectively) observed in YbRh2Si2
suggest that local, rather than extended, quantum critical fluctuations are important
[117]. The strong on-site repulsive Coulomb interaction competes with the coupling be-
tween the localized f electrons and the conduction electrons. At high temperatures local
magnetic moments are formed, whereas upon cooling the system below the characteristic
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Kondo-lattice temperature TK the local f -moments are progressively screened. At low
temperatures, the residual interactions of the quasi particles present in YbRh2Si2 lead to
the onset of AFM order with very small moments (µY b < 0.01 µB) [118]. The transition
into a coherent state is denoted by the broad peak in ρ(T ), which is representative of the
characteristic Kondo-lattice temperature [68, 74, 119].

Hanzawa et al. [75] have improved the Coqblin-Schrieffer model, that considers the
crystal field and spin-orbit splitting [75], and their conclusions suggest that the combined
incoherent Kondo scattering on the ground state and the excited CEF levels are responsi-
ble for the peak in ρ(T ) observed in many Ce-based compounds (see Section 3.3.2). Upon
extending Equation (3.12) for three excited levels, the position of the maximum can be
estimated as:

Tmax = 4
√

TK∆1∆2∆3, (5.1)

where ∆i (i = 1, 2, and 3) are the excited CEF levels and TK the Kondo-lattice tempera-
ture. Taking into account the level scheme for the excited CEF determined from inelastic
neutron scattering [105] and a Kondo temperature of 30 K [104], the estimated value is
Tmax � 170 K. However, a better agreement with the experimental value (Tmax = 135 K)
can be achieved upon considering only the first two excited level (Tmax = 3

√
TK∆1∆2 � 120

K). Indeed, upon applying pressure, a decomposition of a single peak in ρ(T ) in exactly
two shoulders and a peak occurs above p1 (see Figure 5.11). With increasing pressure,
the different evolution of these features in ρ(T ) may indicate a strong change of the CEF
scheme.

In order to discuss the evolution of the CEF level scheme of YbRh2Si2 as a function of
pressure, it is necessary to take into account the p dependence of the characteristic spin-
fluctuation temperature T0 determined from specific heat measurements [99, 120, 121]. At
low temperature, the spin fluctuations lead to a negative logarithmic temperature depen-
dence of the Sommerfeld coefficient of the electronic specific heat ∆C/T . Mederle et al.
[99, 120, 121] determined T0(p) up to 1.7 GPa based on the relation ∆C/T = D log(T0/T ).
Thus, within the approach of Hanzawa et al. [75], it is possible to calculate the position
of the maximum in ρ associated with T0. The results of this estimate are compared
with the experimental results of this investigation in the inset of Figure 5.13. Assuming
a p-independent CEF scheme, T SF

max,2 is calculated assuming that an incoherent Kondo-
scattering process occurs at the ground state and the first two excited CEF levels (in-
verted open triangles), whereas T SF

max,3 considers that scattering takes place at the ground
state and on the entire CEF scheme (open triangles). Certainly, the similar pressure
dependences of T SF

max,2 and T SF
max,3 with the experimental Tmax support the validity of the

assumption of a p independent CEF scheme for p < 4 GPa, or at least one with only
a weak pressure dependence. Since T SF

max,2 is closer to Tmax, the characteristic Kondo-
lattice temperature is estimated from the experimental data for pressures lower than 4
GPa taking into account only the first two excited levels; i.e., Tm

K = Tmax
3/(∆1∆2)).

For higher pressures, we consider the peak in ρ(T ) with maximum at T low
max. It is as-

sumed that an incoherent Kondo-scattering process takes place only at the ground state
and at the first excited CEF level and that T low

max is caused by this process. Hence, the
characteristic temperature for p > p1 is estimated as Tm

K = T low
max

2
/∆1, provided a p
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Figure 5.13: Characteristic Kondo-lattice temperature TK(p) determined from transport (this
work) and thermodynamic ([99, 120]) properties. Tm

K = fi(x) (with i = 1,2) is
determined from the features in ρ(T ) with maximum at x = Tmax (x = T low

max),
provided that two (one) excited CEF-level(s) and the ground state participate in
the incoherent Kondo-scattering process. The characteristic spin-fluctuation tem-
perature, T0, is inferred from ∆C(p)/T [99, 120]. The dashed line is the calculated
TK(p) from the extended Coqblin-Schrieffer model proposed here (see text for de-
tails). Inset: Tmax is compared with TSF

max,2 and TSF
max,3, where TSF

max,i = TSF
max,i(T0).

independent ∆1 ≈ 190 K. In Figure 5.13, one can see that the Kondo-lattice temperature
Tm

K (p) estimated from the electrical-resistivity measurements for p < p1 (triangles) and
for p > p1 (inverted triangles) scales with the characteristic spin-fluctuation temperature
T0(p). Provided that a unique underlying phenomenon causes the particular temperature
dependences of the transport and thermodynamic properties for T > TN , the different
physical properties should be governed by only one characteristic temperature. Then,
the question that arises is whether the characteristic Kondo-lattice temperature might
account for the temperature and pressure-dependent transport and thermodynamic prop-
erties. The continuous reduction of Tm

K (p) suggests a similar pressure dependence of TK(p)

as pressure increases. Additionally, the scaling of T0 and Tm
K is expected since at ambient

pressure T0 matches with the characteristic Kondo temperature TK determined from the
magnetic entropy [122].
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5 Transport studies of YbRh2Si2 at high pressures and low temperatures

Considering the semi-logarithmic scale of Figure 5.13, the non-linear pressure depen-
dence in TK is clearly depicted by the data, suggesting that the pressure dependence of
TK is non-exponential. Therefore, in order to explain this behavior, the revision of the
Coqblin-Schrieffer model by Hanzawa [75] is considered (see Section 3.3.2) and it is ex-
tended with the compressible-Kondo-model (CKM) hypothesis proposed by Lavagna et
al [123]. The CKM takes into account the atomic volume dependence of JN(EF ) as

JN(EF ) = (JN(EF ))0 exp
(
−q

V a − V a
0

V a
0

)
, (5.2)

with J the exchange coupling constant and N(EF ) the density of states at the Fermi level.
V a (V a

0 ) is the atomic volume of the magnetic ion at a given pressure p (p0) and q is a
dimensionless parameter that may be defined as a Grüneisen parameter of JN(EF ), i.e.,

q =
∂ ln(JN(EF ))

∂ ln(V a)

∣∣∣
V a=V a

0

. (5.3)

For various Kondo systems q has been found to range between 6 and 8 [119, 123]. Taking
into account that TK ∝ exp(−1/(JN(EF ))) and with Equation (5.3), the isothermal
Grüneisen parameter for the Kondo temperature can be estimated as

ΓK = − ∂ ln TK

∂ ln Va

∣∣∣∣
=

∣∣∣∣ q

JN(EF )

∣∣∣∣
V a=V a

0

.
(5.4)

Based on the Equations (3.11), (5.3), and (5.4), the following relation for the charac-
teristic Kondo temperature can be deduced,

TK(V a) = TK(V a
0 ) exp

[
[1 − exp(q ∆V a

V a
0

)]

q/ΓK

]
, (5.5)

providing a volume-independent CEF level scheme. In order to obtain an explicit function
of the pressure, it is assumed that ∆V a

V a
0

can be characterized with a Murnaghan EOS with
an atomic bulk modulus Ba

0 and B′a
0 = ∂Ba

0/∂p (see page 30).

Thus, the computation of TK(p) relies on the knowledge of the following parameters:
TK(p0), q, ΓK , Ba

0 , and B′a
0. Four of these parameter are fixed after taking the values

reported in the literature. For instance, in the analysis of recent magnetization mea-
surements performed on YbRh2Si2 [122], ΓK = −132 ± 6 was reported, providing a bulk
modulus B0 = 188 GPa [100]. A subsidiary assumption considered here is that a relative
change of the unit cell volume is equivalent to a relative variation of the atomic volume,
i.e., Ba

0 ≡ B0. In the calculation the parameter B′
0 is fixed to 5, since for a large number

of substances a value for B′
0 close to 5 has been found [124]. TK(p0) = 26 K is chosen

based on the specific measurements carried out at high pressures [20, 99, 122]. The re-
maining parameter, q, is a free one and the best agreement with the experimental data
is achieved with q = 8. The result of the calculation is depicted by the dashed line in
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Figure 5.13 and it noticeably describes the pressure dependence of Tm
K (p). The analysis

of the data depicted in Figure 5.12 indicates that the bulk modulus B0 is 175(20) GPa,
which is within the error bars equal to the reported one [100]. Repeating the calcula-
tion of TK(p) with this value for B0, the best description of the experimental data is
achieved with a ΓK = −120 ± 3, providing that the remaining parameters are fixed to
B′

0 = 5, TK(p0) = 26 K, and q = 8. Thus, considering the uncertainty in the determina-
tion of B0, the results of the present investigation are consistent with the analysis of the
magnetization measurements performed on YbRh2Si2 [122].

(T, p) phase diagram of YbRh2Si2

Summarizing the experimental facts of this investigation, the phase diagram of YbRh2Si2
at high pressure is presented in Figure 5.14. In addition, data taken from literature is
shown. The closed symbols correspond to data from the present investigation, whereas
the open symbols were determine by means of electrical-resistivity measurements [20,
21], specific-heat measurements [125], and Mössbauer-spectroscopy studies [21] performed
under pressure. The measurements were performed under different pressure conditions, i.
e., mixture of ethanol/methanol [21], helium [125], and steatite (this work) were employed
as pressure-transmitting medium. Furthermore, the experiments were carried out on
single-crystalline [20, 125], such as in this work, and on poly-crystalline [21] samples.

The closed black circles denote the anomalies in ρ and ∂ρ/∂T associated to TN shown
in Figure 5.3. Comparing the results of this work with the published data included in
Figure 5.14, one can see that the data are in good qualitative agreement. Therefore, it
is possible to define two characteristic pressures; namely p1 = 4 GPa and p2 = 9 GPa.
Thus, it is concluded that the weak pressure dependence of TN in the range p1 < p < p2

and its sudden increase at p ≈ p2 are intrinsic features of YbRh2Si2. Taking into account
the similar pressure dependence of TN , the different quality of the samples studied (poly-
and single-crystalline samples), and the different employed pressure transmitting media,
the evolution of the magnetic regime as a function of pressure seems to be quite robust
to different condition of compression. However, the discrepancies of the absolute values
of TN may be related to these facts.

It is worth to recall that at ambient pressure only one broad peak is observed below
ρ(T ) and that the system orders magnetically at TN= 70 mK. Upon applying pressure
up to 4 GPa, Tmax shifts to lower temperatures, whereas TN is enhanced continuously.
The analysis of ρ(T ) at low temperatures shows that An(p) decreases (Figure 5.7) in
the pressure range p < 3 GPa, as it is expected for a system driven away from a point
of magnetic instability. Similar behavior is observed in n(p), starting from a n = 2 at
ambient pressure and reaches the unexpected value n = 1 for an AF-magnetic state at
2.5 GPa, suggesting that the scattering might be dominated by strong 2D-AFM spin
fluctuations [12] (see Table 3.3).

For p < p1, the estimated TK from Equation (5.5) decreases continuously as pressure
increases and, at about 4 GPa, TK and TN are of the same order of magnitude. At this
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Figure 5.14: (T, p) phase diagram of YbRh2Si2. TN (p) was determined by means of electrical
resistivity, ρ (this work and [20, 21, 125]), specific heat, C [125], and Mössbauer,
ME [21], measurements. TK(p) was estimated from the pressure-dependent fea-
tures in ρ by means of a simple model proposed here (see the text for further
details). The lines are guides to the eye.

pressure, Tmax splits in three features in ρ(T ) (T high
max , T low

max, and Tx) due to a change
in the CEF scheme. The effect of pressure on the CEF level scheme is denoted by the
behavior of T high

max and Tx. In the pressure range p1 < p < p2 and for T > T low
max, the

negative logarithmic T dependence of ρ(T ) indicates the presence of unscreened magnetic
moments. In contrast, the system enters into a coherent regime due to an exchange
mechanism between the localized 4f electrons at each site of the lattice and the conduction
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electrons only in the temperature range TN < T < T low
max. Below TN , the mentioned

exchange mechanism competes with indirect intersite-exchange mechanism mediated by
the conduction electrons, leading to a different coherent phase from the one at TN < T <

T low
max.

For p1 � p < 9 GPa, TN(p) enters in a weakly p-dependent regime as one can expect
when the RKKY interaction overcomes the interaction that leads to a screening of localized
moments (see Figure 2.1). Since the staggered magnetization increases as TK decreases,
an enhancement of the spin-disorder scattering may be expected in the electron-magnon
interaction [62] and the increment of An(p) in the vicinity of p1 might be caused by this
effect, too. This process is accompanied by a reduction of the spin fluctuations, as it is
suggested by the increment of n(p), that reaches a value close to 2 at about 5 GPa. It
was pointed out that a quadratic (T 2) temperature dependence of ρ is a behavior typical
of a weakly polarized Fermi-liquid state [126]. Nevertheless, the spin fluctuations are still
present up to 7 GPa, as it is inferred from magneto-resistance measurements performed
up to 3 T at low temperatures [21]. Despite of the fact that TK(p) seems to be smaller
than TN(p) for p1 < p < p2, the value of TN suggests that rather reduced moments order
antiferromagnetically if one considers two experimental facts: large effective moments
(µY b ≈ 1.4 µB) are present for TN < T < 0.3 K at ambient pressure [127] and, at 20 GPa,
Yb-moments of µY b ≈ 2 µB order at temperatures lower than TN ≈ 8 K [21]. It has to be
considered that ρ(T ) ∝ ln T for T > T low

max in the pressure range p1 < p < p2 (see Figure
5.9). Furthermore, the strength of incoherent Kondo scattering on the ground state and
on the first excited CEF-level does not change significantly in the pressure range, as it is
suggested by the value of ρ(T ) at T low

max. Thus, a strong coupling between the conduction
electrons and the localized electrons may ascribe for the reduced ordered moments. The
reason behind this behavior of YbRh2Si2 up to p2 is still unclear; however, weakly ordered
moments and strong coupled conduction and localized electrons are typical features of a
spin-density-wave state.

Upon increasing the pressure above p2, TN suddenly increases and a strong reduction
of the scattering for T < 50 K is observed (see Figure 5.8). This process is accompanied
by a continuous increase of n(p). At very high pressures, ρ(T ) of YbRh2Si2 resembles
the behavior of a well-localized antiferromagnet such as, for instance, CeAl2 (see Figure
3.4). According to the ME measurements, µY b seems to change discontinuously and the
analysis of the ME spectra indicates that a reorientation of the moments towards the [001]-
direction occurs [21]. The enhancement of µY b < 0.5µB for p < 8 GPa to µY b ≈ 2µB above
10 GPa indicates a sudden decoupling of the local 4f and conduction electrons that causes
the enhancement of the effective molecular field at the Yb sites and, hence, the increment
of TN(p). At pressures higher than 15.5 GPa, TN(p) enters a second pressure range where
it shows a weak-pressure dependence, while the n parameter increases further reaching a
value close to 3 at the highest measured pressure, as it is predicted for an magnetically
ordered lanthanide-based compound with stable 4f -electronic configuration (see Section
3.3.1). The peak at the lowest temperature in ρ shows a pressure dependence similar
to TN(p) for p > p2, suggesting that the magnetic correlations may be responsible for
the broad peak, whose maximum is denoted as Tm. Thus, within the scope of the model
proposed by Lassailly et al. [70], discussed in Section 3.3.2, the reduction of the scattering
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for T < 50 K may be associated to a separation of the low-lying excited energy levels
due to the enhancement of the molecular field. Therefore, the occupation number of each
level is altered, reducing in this manner the direct scattering and exchange scattering
processes.

About the reorientation of the ordered moments, it was argued that a planar spin
configuration in a ThCr2Si2-type structure indicates that the nearest-neighbor spin cou-
pling along the c direction is frustrated [12]. The reorientation of the moments suggests
that such frustration is no longer present for pressures larger than p2. Considering the
change in the c/a-ratio of the lattice parameters (upper right inset of Figure 5.12), such
a reorientation might be related to a pressure-induced isostructural phase transition. It
was pointed out [128] that a transition to a modulated magnetic structure might occur for
c/a < 2.451 in compounds that solidify in the ThCr2Si2-type structure. However, taking
into account that the pressure-transmitting medium employed in the determination of the
lattice parameters solidifies at 10 GPa, further measurements are necessary in order to
rule out any artifact.

Upon considering the agreement of the prediction of the Equation (5.5) for TK with
the experimental data depicted in Figure 5.13, the pressure dependences of several iso-
structural Yb compounds are analyzed using this simple approach. The pressure de-
pendences of the maxima determined in ρ(T ) measurements of several Yb compounds
isostructural to YbRh2Si2 are depicted in Figure 5.15. Provided a p-independent CEF-
level scheme, one can deduce from Equations (5.1) and (5.5) a relation that describes the
temperature of the feature Tmax(V ) in ρ(T ) as a function of the volume V .

Tmax(V ) = Tmax(V0) exp

[
[1 − exp(q ∆V

V0
)]

(md + 1) · q/ΓK

]
, (5.6)

where md is the number of the excited CEF-levels that participate in the incoherent scat-
tering process; i.e., the degeneracy of the system for T � ∆i. The analysis is limited to
the low pressure range, where ρ(T ) of these compounds resembles a Kondo-lattice. Addi-
tionally, by means of the Murnaghan EOS, an explicit relation for Tmax as a function of
pressure can be established (see Section 4.2 for details). The bulk modulus of a given com-
pound is taken from the literature whenever it is known or it is considered as a free param-
eter. For the comparison, B′

0 is fixed to 5, as mentioned above, and the parameter q is fixed
to 8, like in the case of YbRh2Si2. Tmax(p0) is fixed to its experimental value and, hence,
the only value to be determined is the ratio ΓK/(md +1). The results are depicted by the
dotted lines in Figure 5.15. Firstly, it is considered the effect of pressure on YbCu2Si2,
since it was intensively studied [5, 67, 100, 102] and, hence, there is enough available
experimental information to evaluate the results of the analysis attempted here. A bulk
modulus of 168 GPa was estimated for YbCu2Si2 after the analysis of the energy-dispersive
diffraction patterns [102]. The electrical resistivity of YbCu2Si2 at high pressures was de-
termined by Alami-Yadri et al. [67]. Upon estimating the ΓK/(md + 1)-ratio by means of
the Equation (5.6), it is found that ΓK/(md + 1) = −54.66, in good agreement with the
value of a similar quantity estimated as ΓK/(md + 1) ≈ (1/B0)(1/Tmax)∂Tmax/∂p = −55,
with Tmax= 195 K [5], ∂Tmax/∂p = −65 K/GPa [5], and B0 = 168(6) GPa [102]. For
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Figure 5.15: Pressure dependences of several maxima in ρ of Yb compounds with ThCr2Si2-
type structure. These maxima are proportional to the characteristic Kondo-lattice
temperature. The lines are calculations of the pressure dependence of the maxima
based on the procedure described in the text.

YbCo2Ge2 and YbIr2Si2, there is no information of their bulk moduli, therefore, the es-
timated B0 values for these compounds are 168(2) GPa and 191(2) GPa, respectively.
These bulk moduli were considered as free parameters in Equation 5.6 and they were de-
termined by means of a reduced chi-square method. The obtained values of ΓK/(md + 1)

are shown in Table 5.1. The values of ΓK were calculated assuming that md = 2 since,
as discussed above, with this value it is possible to describe T (K) from the features in
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ρ(T ) of YbRh2Si2. We assume for the analysis md = 2 is valid for the other isostructural
Yb-based compounds. Electrical-resistivity measurements of YbNi2Ge2 were reported by
Knebel el al. [71], and the estimated ΓK/(md +1) and B0= 84(2) GPa are included in the
mentioned table. We have analyzed the pressure-dependent features in ρ(T ) of YbCo2Ge2

[129] and of YbIr2Si2 [130] by means of Equation (5.6) and the results are also included
in Table 5.1.

Parameter Compound
YbCo2Ge2 YbRh2Si2 YbIr2Si2 YbNi2Ge2 YbCu2Si2

ρ(T ) [129] This work [130] [71] [67]
ΓK

(md+1)
−69.66 −44 −29 −35 −54.66

B0 (GPa) 168(3) 188(15) [21] 191(2) 84(2) 168(6) [102]
ΓK −209 −132 −87 −106 −164

Table 5.1: Grüneisen parameter for the Kondo temperature, ΓK , and bulk modulus, B0, of
several Yb-based compounds, isostructural to ThCr2Si2, calculated according to the
procedure described in the text. We have considered the pressure dependence of
the features in electrical resistivity, ρ(T ), of the Yb compounds at high pressures
reported in the literature. In the calculation of ΓK , md is fixed to 2, assuming that
the two first excited CEF levels are relevant in the scattering process like in the case
of YbRh2Si2.

The analysis for the different YbT2X2 (with X = Si, Ge) for T= Co, Rh, and Ir
suggests that the ratio ΓK/(md + 1) decreases as the atomic radii of the transition metal
(T) increases. Whereas the same ratio is smaller when the number of d-electrons of
the T element increases. Inelastic neutron-scattering measurements indicate that the
CEF scheme is identical in YbRh2Si2 [105] and YbIr2Si2 [131]. However, in contrast to
YbRh2Si2, the magnetic entropy reveals a larger Kondo-lattice characteristic temperature
(TK = 40 K) in the body-centered YbIr2Si2 [132] and, hence, it is difficult to estimated the
value of (md + 1) from the ambient pressure peak in ρ(T ) based on Equation (5.1). The
two possible values for ΓK in YbIr2Si2 are ΓK = −87 or ΓK = −117 depending on whether
(md + 1) = 3 or (md + 1) = 4, respectively. Nevertheless, these values are larger than the
one inferred from magnetization measurements (ΓK = B0 · ∂ ln χpauli

−1/∂p ≈ −22) [133],
although they are still smaller in absolute values than the Grüneisen parameter for the
Kondo temperature of YbRh2Si2 (ΓK = −132). The enhanced coupling of the conduction
and localized electrons is typically characterized by an anomalously large ΓK (up to a few
hundred) [134]. Therefore, due to the similar CEF scheme of YbRh2Si2 and YbIr2Si2 and
taking into account that TK of YbIr2Si2 and YbRh2Si2 are of the same order of magnitude,
one may expect a similar Grüneisen parameter; in particular when it is considered that
these compounds seem to have an almost similar bulk modulus (see Table 5.1).

A remarkable difference between the behavior of YbRh2Si2 and YbIr2Si2 as a function
of pressure is the absence of a clear decomposition of the broad peak in ρ(T ) of YbIr2Si2
[130], like the one that occurs at 4 GPa in YbRh2Si2 seemingly related to a modification of
the CEF scheme (see Figure 5.9). However, it has to be mentioned that the singular feature
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in ρ(T ) of YbNi2Ge2 [71] decomposes in at least two shoulders at about 3.6 GPa (see
Figure 5.15(a)), resembling the behavior observed in YbRh2Si2 as a function of pressure.
In contrast, YbCu2Si2 behaves similar to YbIr2Si2 and it does not show any feature that
suggest a change in the CEF-level scheme as a function of pressure [67, 102].

Figure 5.16: Magnetic ordering temperature TN and characteristic temperature TK as a function
of JN(EF ) (J : exchange coupling, N(EF ): density of state at the Fermi level)
within the LNCA approximation (after [135]).

In connection with the sudden increment of the magnetization in YbRh2Si2 at about 8
GPa, it was shown that the pressure dependence of the broad peak located at the lowest
temperature in ρ depicts a minimum (see T low

max(p) and Tm(p) in Figure 5.11). Similar
pressure dependences were observed in features in ρ(T ) of YbCu2Si2 at 13 GPa [67], of
YbNi2Ge2 at about 10 GPa [71], and of Yb2Ni2Al at about 16 GPa [101]. However, the
transition due to an enforced increment of the lattice density from a low-moment AFM
state to a high-moment (well-localized) AFM state is still a hallmark only of YbRh2Si2. In
the other systems, the experimental evidence suggests a transition from a non-magnetic
state towards an AFM state, seemingly of well-localized f electrons. However, the origin
of such a transition is still unclear. Nevertheless, two possibilities have yet to be discussed:
the first is related to a possible iso-structural phase transition suggested by c/a(p). The
second possibility is related to the global magnetic phase diagram recently proposed by
Q. Si for Kondo-lattice systems at 0 K [84]. Within a local quantum critical point sce-
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nario, the Kondo singlets desintegrate as the quantum-critical-point is approached from
the paramagnetic side. In this situation the destruction of the Kondo screening coincides
with the onset of the magnetic ordering, therefore the f electrons turn from being itinerant
to being localized across the quantum critical point. This would favor that the huge un-
screened local moments stay charge neutral, and they possibly would not contribute to the
electronic excitations, favoring a small Fermi surface. This process might be accompanied
by a sudden increment of the magnetic ordering temperature, depending on the manner
in which the decoupling of the f and conduction electrons occurs. However, within the
analysis of Q. Si [84], the realization of an intermediate magnetically ordered phase, in
which the localized moments have become a part of the electron fluid, is considered. This
intermediate phase would have a spin-density-wave character. The (Lifshitz) transition
from this phase into a magnetic phase composed of decoupled localized and conduction
electrons would be accompanied by a sudden enhancement of the magnetic ordering tem-
perature, too. In the case of YbRh2Si2, the occurrence of such a transition deserves to
be investigated. In this sense, Welslau and Grewe [135] have addressed within a lattice
non-crossing approximation (LNCA) the occurrence of a magnetic state of small ordered
moments in the Ce(Cu1−xNix)2Ge2 series. This state is stabilized via a long-wavelength
modulation of the quasi-particle spin density; involving a small wave-vector. In Fig-
ure 5.16, the calculated phase diagram as a function of the effective exchange coupling
JN(EF ) (J : exchange coupling, N(EF ): density of state at the Fermi level) is shown.
The similarity with the (T, p) phase diagram of YbRh2Si2 (Figure 5.14) is remarkable.
According to the authors, for TN � TK , the competition between the RKKY-interaction
and the moment compensation is essentially determined by the low order perturbational
processes ∼ J2, which couple nearly unrenormalized local magnetic moments. Whereas,
for TN � TK , the remaining moments are very small and they are stabilized via a long-
wavelength modulation of the quasi-particle spin density, involving a small wavevector.
Here, a competition of a different type of magnetic order was considered as possible and it
was mentioned that the competition depends on the details of the anisotropic band struc-
ture. Taking into account the 29Si NMR measurements performed in YbRh2Si2 [136], the
NFL behavior of the physical properties in the vicinity of the critical magnetic field (Hc)
were considered to be a consequence of the large quantum critical fluctuations resulting
from the competition of two different types of fluctuations; namely AFM (q �= 0) and
FM fluctuations (q = 0). For H < Hc, the AFM fluctuations are dominant and they
are responsible for the onset of long-range magnetic order. However, the presence of the
FM fluctuations reveal themselves in the enhanced Sommerfeld-Wilson ratio RW = 17.5
± 2 for H > Hc [137], which increases even up to RW ≈ 30 at Hc. Thus, it might be
possible that such a competition persist up to 8 GPa, leading to a small magnetic ordering
temperature.

5.5 Summary

The effects of an enforced lattice contraction on YbRh2Si2 was probed by means of
electrical-resistivity measurements in the temperature range 100 mK < T < 300 K upon
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applying pressure up to 18 GPa.

The atypical TN(p) dependence was inferred from anomalies in ρ(T ) and in ∂ρ/∂T .
From the analysis of the results two characteristic pressures were defined p1 = 4 GPa
and p2 = 9 GPa. The results of this investigation confirm the results of previous ME
measurements. The unusual behavior of TN(p) is an intrinsic feature of YbRh2Si2 (see
Figure 5.14), absent in other iso-structural Yb-based compounds.

The analysis of ρ(T ) at low temperatures in terms of a power law suggests that the
scattering is dominated by strong AFM spin fluctuations in the range p < p1 whereas
the system resembles a weakly polarized Fermi liquid for p1 < p < p2. At p > p2, the
exponent of the power law increases, achieving a value typical of ordered systems with
well-localized electrons.

For p < p1, the pressure dependence of the singular broad peak in ρ(T ) is interpreted
as the result of the incoherent Kondo-scattering process at the ground state and on the
excited CEF levels. Taking into account the pressure dependence of the spin fluctuations
determined from thermodynamic measurements, it is possible to infer that the CEF-
scheme is pressure independent for pressures lower than p1. The decomposition of the
broad peak above p1 in several features (peaks and shoulders) in ρ(T ) with different p

dependences indicate that pressure modifies the CEF scheme significantly. The behavior
of some of these features as a function of pressure are analyzed within the scope of
the Coqblin-Schrieffer model extended with the hypothesis of the compressible Kondo
model. A simple relation is deduced from this approach for the characteristic Kondo-
lattice temperature TK . As a remarkable result, the analysis of TK(p) suggests that
TK(p1) ≈ TN(p1). However the moments remain screened by conduction electrons as it is
denoted by the small value of TN in the range p1 < p < p2.

Based on the simple relation deduced for TK(p), the features in ρ(T ) of several iso-
structural Yb compounds are compared and analyzed systematically in order to infer the
strength of the coupling of the conduction electrons and the f electrons, i.e, the isothermal
Grüneisen parameter for the Kondo temperature (ΓK). The analysis for YbT2X2 (with
X = Si, Ge) for T = Co, Rh, and Ir show that ΓK decrease as the atomic radii of the
transition metal increases. Whereas it seems that ΓK decreases when the number of d

electrons of the T element increases within the fourth-period of the periodic table (T =
Co, Ni, or Cu).

The equation of state, V (p) at room temperature of YbRh2Si2 is determined up to
20 GPa from X-ray diffraction powder patterns. Three different pressure dependences
(regimes) are observed in V (p) and the transitions from the different regimes coincides
with the characteristic pressures p1 and p2 inferred from TN(p). Additionally, at 10 GPa, a
change in the c/a ratio that might be interpreted as an isostructural first-order transition
occurs. However, further measurements are necessary in order to rule out any artifact
related to the pressure transmitting medium. Nevertheless, this type of transition is a
possibility that deserves to be explored in the future.
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6 Pressure-induced valence transition in
Eu-based compounds

6.1 Introduction

Among the compounds that crystallize in the ThCr2Si2-structure type, those containing
Eu have been studied intensively due to their striking temperature-dependent properties
associated with the stability of the valence of the Eu ions. The influence of the transition
metal in the stabilization of an intermediate-valence (IV) or valence-fluctuating (VF) state
at ambient temperature was systematically studied by means of Mössbauer measurements
[26, 27]. The studies performed in the system EuT2Si2 (T: transition metal) allow their
classification as a function of the isomer shift, S, which is related to the valence of the
Eu ions (for Eu2+, S ∼ 0 mm/s; in contrast to S ∼ −10 mm/s for Eu2+). The main
results are shown in Figure 6.1. One can see that the compounds containing Cu, Pd, and
Ir divide the group of transition metals in two. In those compounds containing elements
of the upper-left corner of the table, the Eu ions are in an almost trivalent state (S ∼ 0
mm/s), excepting Rh which is closer to a divalent configuration (S ∼ -10 mm/s). In the
compounds synthesized with Ag and Au, the Eu ions are almost divalent1. The ground
state of the Eu ions is determined by Hund’s rule and according to this rule the divalent
Eu ions posses a magnetic character (see Section 3.2). Hence, it is expected that these
compounds undergo a magnetic phase transition at low temperatures.

The series of Eu(Pd1−xAux)2Si2 for x = 0, 0.2, and 1 are an interesting example
to examine the effect of pressure and chemical substitution on these systems. Figure 6.2
depicts the pressure and temperature dependences of the isomer shift of Eu(Pd1−xAux)2Si2
for the mentioned compositions. In EuAu2Si2 (x = 1), the Eu ions are divalent (S ∼ −11
mm/s) in the whole temperature range and pressure has almost no influence on this state
(Figure 6.2a-c), whereas in EuPd2Si2 (x = 0) the valence of Eu undergoes a continuous
transition from a divalent to a trivalent state upon cooling the system at ambient pressure
(see the continuous change of S from ∼ −10 mm/s to ∼ −2 mm/s in Figure 6.2a). In
EuPd2Si2 (x = 0), pressure induces a transition towards a trivalent state at ambient
temperature, i.e., a reduction of volume stabilizes a trivalent state (Figure 6.2b). For
an intermediate composition, for instance 80% Pd and 20% Au, the system is divalent
at ambient pressure in the whole measured temperature range (Figure 6.2a), but upon
combining pressure and temperature an intermediate-valence state is achieved at low

1EuPt2Si2 exists and the Eu is divalent in this system. However, it crystallizes with the CaBe2Ge2

symmetry (P4/nmm) and, hence, this compound is not consider in the analysis.
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Figure 6.1: Classification of the Eu valence state according to the volume of the unit cell, V ,
and isomer shift, S, of the principal 151Eu-Mössbauer absorption in EuT2Si2 at 300
K (after [26, 27]).

Figure 6.2: Isomer shift of Eu(Pd1−xAux)2Si2 for x = 0, 0.2, and 1 as a function of (a) tempera-
ture at ambient pressure, (b) pressure at ambient temperature, and (c) temperature
at 3 GPa (30 kbar) (after [28]).

temperatures (Figure 6.2b and c), i.e., a state of Eu ions with non-integer valence is
induced.

The Eu ions in EuRh2Si2 and EuAg2Si2 have a divalent character at low temperature.
In these compounds, the Eu ions order magnetically below 25 K [138] and 20 K [139],
respectively. Taking into account that a volume reduction would stabilize the trivalent
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state of Eu ions, the question that arises is about the order of the phase transition at low
temperatures that eventually would occur on the magnetic ground state of EuRh2Si2 or
EuAg2Si2 due to an external parameter like pressure.

The systematic substitution of Si with Ge in EuT2Si2 expands the lattice (negative
chemical pressure) since Ge has a larger atomic volume and it is iso-electronic with Si.
Mössbauer measurements performed on EuT2Ge2 (T: transition metal of Figure 6.1) in-
dicate that the Eu ions are divalent [27, 53]. Therefore, they are also potential candidates
to exhibit a phase transition between different ground states under pressure.

Thus, the following investigation focuses on EuCu2Ge2 and EuCo2Ge2 and on the ef-
fect of pressure on their ground states. In this context, the relevant available information
that exists of iso-structural single-crystalline EuCo2Ge2 EuCu2Ge2, and of polycrystalline
EuT2(Ge1−xSix)2 (with T = Cu, Co) at ambient pressure will be summarized in Section
6.2. Later on, the studies performed at high pressure by means of electrical resistiv-
ity measurements are presented and discussed in Sections 6.3 and 6.4. This chapter is
concluded underlining the main results of this investigation in Section 6.5.

6.2 Ambient pressure properties of EuCo2Ge2,
EuCu2Ge2, and of related alloy series

6.2.1 Ambient pressure properties of EuCo2Ge2 and EuCu2Ge2

The single crystals of EuCo2Ge2 and EuCu2Ge2 were grown by Z. Hossain et al. [23] using
a self flux method following the procedure described in reference [109]. The orientation
of the plate-like single-crystalline samples were determined by means of the standard
Laue method while the phase purity and the lattice parameters were probed via X-ray
powder diffraction. The results revealed that the samples crystallize in the ThCr2Si2-
type tetragonal structure with lattice parameters indicated in Table 6.1 that are in good
agreement with the values found in polycrystalline samples.

System Lattice parameter
a (Å) c (Å) z

EuCo2Ge2 4.032 10.447 0.365
EuCu2Ge2 4.215 10.299 not available

Table 6.1: Lattice parameters of single-crystalline samples of EuCo2Ge2 and EuCu2Ge2.

Specific-heat measurements performed on these samples indicate that EuCu2Ge2 and
EuCo2Ge2 undergo a second-order phase transition to a magnetic state at 12 K [23]
and 22.5 K [22], respectively. The entropy, S, indicates that the divalent Eu ions order
magnetically at low temperature in both compounds since S ∼ 0.9R ln 8 is reached at
the transition temperature [22, 23]. The antiferromagnetic nature of the long-range order
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6 Pressure-induced valence transition in Eu-based compounds

Figure 6.3: Temperature dependence of the in-plane ρ of EuCo2Ge2 (after [22]). Inset: tem-
perature derivatives at ambient pressure. The T dependence of ρ resembles the
behavior of a well-localized electron system and the onset of long-range magnetic
order can unambiguously be determined from the temperature derivatives of ρ.

(LRO) is reflected in the magnetic susceptibility (χ); the data exhibit the characteristic
peak at TN = 12 K [23] and TN = 23 K [22] for EuCu2Ge2 and EuCo2Ge2, respectively.
The measurements performed on poly- and single-crystalline samples follow a Curie-Weiss
behavior above 100 K in both compounds [22–24] and the estimated magnetic moment is
close to the expected value for divalent Eu ions (7.94 µB). In addition, the χ measurements
[22–24] performed on single-crystalline samples of EuCo2Ge2 and EuCu2Ge2 show that
the paramagnetic regimes are practically isotropic, as it is expected for a 8S7/2-state of
divalent Eu ions. Therefore, all data indicate that only Eu ions contribute to the magnetic
susceptibility and specific heat, whereas Cu or Co are non-magnetic [22–24].

Additional information of the nature of the magnetic order was obtained from the
magnetization, M [22, 23]. At T < TN , the linear H dependence in the low-field region
observed in both compounds (measured for H ⊥ c and for H ‖ c) and the field-induced
meta-magnetic transitions (for H ⊥ c in EuCo2Ge2 and for H ‖ c in EuCu2Ge2) are
consistent with a long-range AFM order.

The T dependence of the in-plane ρ of EuCo2Ge2 [22] and its the temperature deriva-
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Figure 6.4: Temperature dependence of the in-plane ρ(T ) of single-crystalline EuCu2Ge2 at am-
bient pressure (this work). The overall ρ(T ) is similar to the expected dependences
of systems with well-localized magnetic moments. Inset: ρ(T ) and C(T ) measured
in poly-crystalline samples (after Hossain et al. [24]).

tives are depicted in Figure 6.3. The linear temperature dependence of ρ for T > TN

and the large reduction of the scattering, observed for temperatures lower than TN due
to the loss of spin-disorder scattering, is typical of well-localized Eu systems (see also
inset of Figure 3.2). Similar results have been obtained upon measuring ρ(T ) in single-
and polycrystalline samples of EuCu2Ge2 [22, 24] as it is shown in Figure 6.4 and in the
inset, respectively. At high temperatures, ρ shows a linear dependence like in EuCo2Ge2

whereas it is weakly T dependent at temperatures slightly higher than TN . It is note-
worthy that the increase of ρ coincides with onset of long-range order at TN observed in
the specific heat (inset Figure 6.4). The increase of ρ(T ) for T � TN as the temperature
decreases may indicate the opening of a gap at the Fermi surface associated to the AFM
ordering.
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6.2.2 Eu-valence state in the EuT2(Ge1−xSix)2 (T = Co, Cu)
series

The valence of the rare-earth ions depends on the available volume in the unit cell. There-
fore, a reduction of the unit-cell volume enforces the transition from the n-th valence state
into the (n + 1) state. This can be achieved by the substitution of the Ge atoms with Si
atoms, since the latter are smaller in size and they are isoelectronic to the former atoms.

Eu-valence states in EuCo2(Ge1−xSix)2 as a function of the Si content

The following series of polycrystalline EuCo2(Ge1−xSix)2 iso-structural compounds has
been studied at ambient pressure and room temperature (with x = 0, 0.5, 0.75 and 1) by
means of Mössbauer-effect spectroscopy [140, 141]. The substitution of Ge with Si causes
a monotonous reduction of the unit-cell volume, since Si is iso-electronic and of smaller
size than Ge. Associated with the substitution, two phases with different Eu valence
appear and the Mössbauer absorption spectra reveal that the relative amount of volume
of these phases changes with the Si content. For x = 0, the phase is homogeneous and the
Eu ions are divalent. However, the relative abundance of the phase containing divalent Eu
ions decreases to 74% and 59% for x = 0.5 [140] and x = 0.75 [141], respectively, i.e., the
abundance of the divalent phase decreases upon increasing the Si content. In EuCo2Si2,
the majority phase contains trivalent Eu ions. The series has also been studied at low
temperature by means of magnetic-susceptibility measurements that indicate the onset of
short correlations, possibly associated to the presence of secondary phases [142]. Thus,
a pressure-induced valence transition in EuCo2Ge2 accompanied with a transition from a
magnetic ground state towards a non-magnetic one might be possible and this motivates
the investigation of the present studies of EuCo2Ge2 at high pressures.

Eu-valence states in EuCu2(Ge1−xSix)2 as a function of the Si content

The properties of the EuCu2(Ge1−xSix)2 series have been intensively studied by means of
a wide variety of techniques [24, 25, 143] in order to investigate the effect that a change
of the unit-cell volume has in the spin and charge degrees of freedom. The influence
of the substitution of Ge with Si on the lattice parameters at ambient temperature is
characterized by the continuous reduction of the unit-cell volume V (x) as function of
the silicon content [24, 25, 143]. The dependence of V (x) on the silicon content can be
described with the following polynomial relation:

V (x) =

(
179.61(1) − 9.52(1) · x − 13.78(1) · x2 + 22.50(1) · x3 − 15.88(1) · x4

)
Å3

. (6.1)

It is noteworthy that V (x) differs from a linear dependence as a function of the Si content.
In contrast, it has an anomalous negative concavity for the whole concentration range,
which implies that the valence of the Eu ions varies continuously with the substitution of
Ge with Si [57].
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Figure 6.5: Temperature dependences of the Eu valence state in the series EuCu2(Ge1−xSix)2
inferred from the Eu-LIII edge X-ray absorption spectra (after [25]).

The transition from a divalent Eu state to a trivalent one is enhanced by a combined
effect of a local reduction of the atomic volume and a reduction of temperature as it is
shown in Figure 6.5. At low Si content the Eu ions show a temperature independent
and almost divalent character. The increment of the Si content is accompanied by an
increment of the valence of the ions. At x = 0.65 the valence of the Eu ions becomes
temperature dependent and this dependence is stronger at higher Si-concentrations. For
x = 1, the system possesses at low temperatures a character close to a trivalent one. The
effect of a change in the valence state of the Eu ions on the thermodynamic and transport
properties due to the change in the Si content are summarized in Figure 6.6. At low Si-
concentrations, specific-heat and magnetic-susceptibility measurements [24, 25] indicate
the onset of long-range AFM order of the divalent Eu ions at temperatures lower than TN

(open circles). The intersite coupling of magnetic moments is enhanced as the Si content
increases up x = 0.5, as it is indicated by the increment of TN . For x > 0.5, TN decreases
continuously until it vanishes at x ≈ 0.65. At about this Si concentration, the electrical
resistivity shows a maximum at TV (open triangles) that shifts to higher temperatures
for x > 0.65 [24, 25, 143]. It is remarkable that TN resembles partially the Doniach
phase diagram as a function of the Si content (solid line in Figure 6.6). Different authors
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Figure 6.6: (T ,x) phase diagram of EuCu2(Ge1−xSix)2 and c/a ratio (inset) as a function of
the Si content (after [24]). For x < 0.65, a phase transition from a paramagnetic
state (PM) into an antiferromagnetic state (AFM) occurs at TN upon cooling the
system. For x ≈ 0.65, a Kondo-like behavior is observed for T > TN . For x > 0.65,
a peak in ρ(T ) with maximum at TV characterize the crossover to a low-temperature
trivalent state, where a heavy-fermion (HF) and a valence-fluctuating (VF) regime
are suggested by the data.

have discussed a possible transition from an AFM state to a heavy-fermion (HF) one
[24, 25]. The HF-state in EuCu2(Ge0.3Si0.7)2 is characterized by a quadratic temperature
dependence in ρ(T ) (∝ A · T 2) for T < 10 K with A = 0.082 µΩ cm/K2 [24], while the
analysis of the specific-heat data for T < 10 K indicates that γ = C(T )/T = 113 mJ/K2

[24]. However, the continuous change of the valence state of the Eu ions occurs in the
series of EuCu2(Ge1−xSix)2 at finite temperatures for x ≥ 0.6 (see Figure 6.5) and the
onset of a valence-fluctuating (VF) process is reflected by the maximum in ρ(T ) at TV

[24, 25]. Moreover, the c/a ratio increases anomalously for x > 0.6 (inset Figure 6.6)
due to a stronger reduction of the a lattice parameter compared to the c direction upon
increasing the concentration of Si [24]. This is consistent with a reduction of the atomic
volume of the Eu ions placed in the basal plane due to a valence change to a trivalent state.
Nevertheless, it is remarkable that Kondo-like behavior was observed in the temperature
dependence of the resistivity and thermopower in the Si-concentration range 0.4 < x <
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0.8 for T > TN [24, 25, 143]. The available low temperature data is interpreted as a
transition from a magnetic ground state to a heavy fermion state (HF) at the critical Si
concentration xc = 0.65 [24], while a valence-fluctuating regime seems to be achieved for
x ≥ 0.8. Thus, it is of interest to investigate the suggested transition in EuCu2Ge2 by
means of experiments under pressure. Additionally, considering that the alloying itself
introduces disorder in the system, its influence on the low-temperature properties is also
matter of discussion of this investigation.

6.3 Transport study of EuCo2Ge2 at high pressures

In this section, the results of our investigation are presented. The electrical resistivity of
EuCo2Ge2 at high pressures was determined in single-crystalline samples of EuCo2Ge2.
The single-crystal preparation and characterization were already described in Section
6.2.1. ρ(T ) was measured in two different setups (two pressure cells with different sam-
ples taken from the same single-crystalline piece), hereafter maned S1 and S2, in the
temperature range 100 mK < T < 300 K. Both samples were cut from the same single
crystal and they were polished in slab-shape pieces as it is described in Section 4.3. The
dimensions of the samples placed in S1 and S2 are (480 x 114 x 20) µm3 and (295 x 82 x
20) µm3, respectively, and they were prepared with the longitudinal axis parallel to the
basal plane of the crystallographic structure.

The in-plane electrical resistivity, ρ(T ), of EuCo2Ge2 at selected pressures for p ≤ 3
GPa is shown in Figure 6.7. The results obtained in the setups S2 and S1 are shown in the
Figure and the inset, respectively. At low pressure, the overall temperature dependence
of ρ(T ) is similar to the dependence observed at ambient pressure (see Figure 6.3) and
it is possible to define unambiguously the onset of long range order at T < TN , denoted
by the clear reduction of the conduction-electron scattering when the system is cooled
below TN . The features in the first and second temperature derivatives of ρ were used to
define the ordering temperature (see upper left inset in 6.7). Upon increasing pressure,
the overall resistivity is reduced without a significant change of its T dependence and TN

shows a weak pressure dependence (At ambient pressure TN = 23 K, while at 2.6 GPa,
TN = 30 K). However, at 2.6 and 3.0 GPa, one can see a bump located at about 80 K
(dashed arrows in Figure 6.7), indicating that a process, different from the T -independent
spin-disorder scattering, occurs.

Comparing ρ(T ) for S1 and S2, one can realize differences in the absolute values.
However, the T dependence of ∆ρ = ρ(T )− ρ0 at 1.5 GPa are similar (see Figure 6.7 and
lower right inset). The temperature derivatives, ∂ρ/∂T , of ρ(T ) at 1.5 GPa (not shown
here) were performed for S1 and S2. It is found that the differences in ∂ρ/∂T for S1 and
S2 are negligible compared with the differences in their residual resistivities. Therefore,
it is concluded that an additional temperature-independent contribution to the electrical
resistivity of S2 exist, seemingly related to a systematic error (offset).

The resistivity of EuCo2Ge2 for pressures higher than 3 GPa is shown in Figure 6.8.
The sample in the setup S1 was measured only up to 3 GPa since the cell failed upon
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Figure 6.7: In-plane electrical resistivity of EuCo2Ge2 at selected pressures for p ≤ 3 GPa
measured in setups S1 (lower right inset) and S2. The T dependence of ρ resembles
the behavior of a well-localized electron system for p < 2.6 GPa (dotted lines)
whereas at higher pressures (solid lines) the bump in ρ(T ) at T ≈ 70 K (dashed
arrows) denotes that an additional process, different from spin-disorder scattering,
may occur. The arrows indicate the onset of long-range order, defined according to
the features of the first and second T derivatives of ρ(T ) (upper left inset).

attempting to increase the pressure above 3 GPa. Therefore, in Figure 6.8, only the re-
sult obtained in S2 are displayed. At 2.6 GPa, one can see that ρ(T ) still resembles a
system with stable 4f electrons. In contrast, there is a noticeable change of the overall
temperature dependence of ρ for p > 3 GPa. For instance, at 3.2 GPa, ρ decreases con-
tinuously with a non-linear dependence for temperatures lower than T ≈ 150 K, and the
clear anomaly associated with the onset of long-range AFM order is absent. Comparing
the evolution of ρ(T ) with pressure, it might be possible that the mechanism that causes
the sudden change of ρ(T ) is also responsible for the bump observed at T ≈ 80 K for
p = 2.6 GPa. For p > 3 GPa, the continuous reduction of the scattering starts even at
higher temperatures. Moreover, for p > 5 GPa, it seems that the onset of this process
takes place above room temperature. In the inset of Figure 6.8, a tiny anomaly in ρ at 50
K and 3.2 GPa is shown. Three consecutive measurements were performed at the same
pressure and the anomaly was observed at TX ≈ 50 K, however its nature is still an open
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Figure 6.8: In-plane electrical resistivity of EuCo2Ge2 at selected pressures for 2.6 GPa ≤ p <

7.3 GPa. At 3.2 GPa, the overall T dependence of ρ(T ) changes noticeably and
the anomaly associate with TN is not observed anymore. Inset: An anomaly of
unknown origin was observed at 3.2 GPa.

question.

6.3.1 Influence of pressure on EuCo2Ge2

The temperature derivatives of ρ are presented in Figure 6.9, since they are useful to study
the effect of pressure on the different scattering mechanisms. For pressures lower than 2.6
GPa, the spin-disorder scattering and the scattering due to phonons are prevalent at high
temperature, while the indirect interactions between the well-localized magnetic moments
leads to the onset of long-range antiferromagnetic order at low temperatures (see Section
3.3). The transition between these two different states is defined via the inflexion point
in the first temperature derivative (arrows) in agreement with the convention previously
established in the inset of Figure 6.3. The dashed lines in Figure 6.9 refer to 0.21 µΩcm
K−1, the slope of the linear contribution to ρ due to the electron-phonon interaction
at high temperature. This value is in good agreement with ∂ρ/∂T at ambient pressure
(see inset of Figure 6.3). It is noteworthy that ρ exhibits a linear T dependence above
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Figure 6.9: Temperature derivatives of the electrical resistivity of EuCo2Ge2 up to 7.3 GPa. The
curves are shifted for a better comparison and the dotted lines refer to 0.21 µΩcm
K−1, which is related to the electron-phonon contribution to ρ(T ). The arrows
denote TN , while the dashed arrows indicates the temperature at which a departure
from the dotted line is observed at a given pressure. For p ≥ 3.2 GPa, a broad peak
is resolved in ∂ρ/∂T (red arrows).

∼ 180 K even at 4.3 GPa. The departure from the linear dependence with decreasing
temperature denotes the onset of the process that leads to a continuous reduction of the
scattering (depicted by the dashed arrows). After a close inspection of ∂ρ/∂T at 3.2 GPa
one can observe two peaks. The first one with a maximum located at TX , associated
to the unknown anomaly (see inset of Figure 6.8), while the second broader one has a
maximum at slightly higher temperatures (red arrow). For p > 3 GPa, the change in the
Eu state is characterized by a broad peak (red arrows) that shifts to higher temperatures
as pressure increases accompanied by a reduction of ∂ρ/∂T .
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Figure 6.10: Electrical-resistivity isotherms of EuCo2Ge2 for temperatures lower (a) and higher
(b) than 25 K. The symbols are the interpolated data while the solid lines are guides
to the eyes. The dashed lines are implicit functions of temperature and pressure;
ρ(TV ) depicts the pressure dependence of the maxima of the ρ isotherms, while
ρ(Tonset) indicates the onset of valence-fluctuating (VF) process. The reference
line in (a) is included to allow the comparison of the pressure dependence of the ρ

isotherms for p < 3 GPa and for p > 4 GPa.

In order to study the effect of pressure on EuCo2Ge2, selected resistivity isotherms as
a function of pressure are shown in Figure 6.10. At temperatures lower than 25 K (Figure
6.10(a)), the change in the density of isotherms suggests different scattering mechanisms
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whereas, at higher temperatures (Figure 6.10(b)), the isotherms present a broad peak
with a T - and p-dependent maximum depicted by the dashed line. Considering the stud-
ies performed on EuCo2(Ge1−xSix)2, we know that a trivalent Eu state is favored upon
reducing the unit-cell volume. Thus, continuous reduction of the unit-cell volume can
cause a continuous transition of the valence of the Eu ions, like in Eu(Pd0.8Au0.2)2Si2 [28].
Associated to this transition, ρ should change continuously in the same way that the va-
lence changes with pressure. The p dependence of the isotherm at 290 K (see Figure 6.10)
is consistent with a crossover from a nearly divalent state (for p < 3 GPa) to a nearly
trivalent one (for p > 8 GPa) upon increasing pressure. The energy scale, TV , of this
valence-fluctuating (VF) process is characterized by the maximum at ρ(TV ) (see Figure
6.10(b)). Upon cooling the system, the valence transition is induced at lower pressures.
In addition, the onset of the VF process seems to be weakly pressure dependent at high
temperatures, as it is depicted by ρ(Tonset) in Figure 6.10(b).

Studying in detail the low-temperature isotherms of Figure 6.10(a), it is observed that
pressure dependences of them for p < 3 GPa and for p > 5 GPa seem to be linear.
Moreover, the dependences seem to be nearly the same after considering the similar slope
of the reference line (ref. line) with the data for p < 3 GPa. This suggest that the reduction
of the scattering at low temperatures upon increasing p is associated with a transition
from a magnetic state to a non-magnetic one. Considering the step-like behavior of the
isotherms of Figure 6.10(a), it might be possible that a first-order transition of the ground
state occurs at 3 GPa. Additionally, it seems that the transition is even sharper taking
into account the data at 3 GPa measured in S1 and the ρ(T ) at 3.2 GPa measured in S2.
ME measurements performed in the EuCo2(Ge1−xSix)2 series show two clear absorption
peaks associated to the isomer shifts of the divalent and of the trivalent state of Eu [140].
These isomer shifts seem to be independent of the Si content, that could be interpreted as
an heterogenous admixture of two iso-structural phases. This may suggests that a valence-
fluctuating state is unfavorable at low temperature in EuCo2Ge2, like in EuNi2(Ge1−xSix)2

and Eu(Pd1−xAux)2Si2.

Concluding this section, a tentative phase diagram for EuCo2Ge2 is presented in Figure
6.11 based on ρ(T ) and on ρ isotherms (inset). At low pressures, the paramagnetic (PM)
almost divalent Eu ions order antiferromagnetically (AFM) for T < TN (indicated by
the change of the density of the ρ isotherms in the inset). The pressure dependence of
the maxima in the ρ-isotherms (see the inset) is depicted by ρ(TV ) and the shaded area
denotes the enhancement of the resistivity due to the valence fluctuations. The triangles
correspond to the maxima of the broad peak in

(
∂ρ/∂T

)
p

for p > 3 GPa (see Figure
6.9), whereas the inverted triangles are determined from the peaks in

(
∂ρ/∂p

)
T

of the
ρ isotherms for T < 50 K (not shown). It is noticeable that the triangles fall on one
single curve which describes where the strongest reduction of the scattering occurs. This
curve also contains the anomaly observed at TX (open triangle). Considering that a first-
order transition at finite temperatures was observed in other iso-structural Eu compounds
[144, 145], the anomaly at TX might be a reminiscence of this type of transition. If this is
the case, the transition would occur in the narrow pressure range 3 GPa < p ≤ 3.2 GPa,
and at low temperature the Eu ion would be almost trivalent, i.e., the system is non-
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Figure 6.11: (T , p) phase diagram of EuCo2Ge2. The closed (open) diamonds correspond to TN

measured in S2 (S1). The dash-dotted line depicts the maxima in the isotherms
whereas the (inverted) triangles corresponds to the maxima of the temperature
(pressure) derivatives of ρ (the isotherms). The open triangle correspond to the
anomaly observed at 3.2 GPa. The shaded area denotes the intermediate-valence
state characterized by the charge fluctuations of the Eu ions inferred from the
isotherms of ρ (inset). The density of isotherms allows the separation of the dif-
ferent areas according to the different scattering mechanisms.

magnetic. Therefore, upon increasing the lattice density a first order transition between
two different ground states might occur at a critical pressure pc ≈ 3 GPa. The step-like
change of the isotherms at pc would support such a type of transition.

6.3.2 EuCo2Ge2 in relation to other iso-structural Eu compounds

Taking into account the studies performed on other EuT2X2 compounds (T: Ni [144],
Pd [28, 38, 145], Au [28]; X: Si, Ge), Figure 6.12 intents to summarize the physics of
these systems as a function of lattice density. For low densities, the paramagnetic (PM)
nearly divalent (∼ 2+) Eu ions order antiferromagnetically at low temperatures. Upon
increasing the density of the lattice at finite temperatures, the PM nearly divalent state
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undergoes a crossover to a nearly trivalent (∼ 3+) state for T > TCP (depicted by the
dashed line). In contrast, when the system is driven across the line between the triple
point (TP) and the critical point CP (with coordinates TCP and pCP ) a first-order phase
transition occurs. A similar type of transition is observed at low temperatures (T < TN)
when the external pressure is higher than pc, i.e., the transition from a magnetic state to
a non-magnetic one is characterized by a discontinuous change in the thermodynamic and
transport properties. Upon cooling the system through the dashed line, it exhibits an

Figure 6.12: Generalized phase diagram for EuT2X2 compounds as a function of the lattice
density. See the text for a description of the diagram.

intermediate-valence state caused by the valence fluctuation between the f 7 and f 6 con-
figurations of the Eu ions and the system undergoes a crossover from a high-temperature
divalent state towards a trivalent one at low temperatures. The pressure studies per-
formed in the alloys EuNi2(Ge1−xSix)2 and Eu(Pd1−xAux)2Si2 show the existence of a CP
in these compounds [28, 144, 145]. The anomaly at TX (see Figure 6.11) might suggest
the existence of a similar point in EuCo2Ge2, very close to the AFM phase; this would
be a hallmark of this compound. The existence of a CP implies that at low temperatures
the Eu ions are in a trivalent state. Therefore, a first-order transition between the AFM
ground state and the nearly trivalent non-magnetic ground state probably occurs at the
critical pressure pc. The discontinuous changes observed in the resistivity as a function
of pressure in this investigation would be in agreement with a possible first-order phase
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transition in the case of EuCo2Ge2. Nevertheless, the absence of a sharp transition at pc in
ρ(T ) as a function of the temperature is a characteristic feature of EuCo2Ge2, and it may
be related to the proximity of a CP and a TP. Taking into account the studies performed
in the EuCu2(Ge1−xSix)2 series (Figures 6.5 and 6.6), it seems that in EuCu2(Ge1−xSix)2

the first-order transition line is absent and, hence, the CP might not exist. In this situ-
ation, the transition between the two mentioned ground states might be rather smooth
than abrupt and, therefore, the scenario might be different for the EuCu2(Ge1−xSix)2 se-
ries. Thus, EuCo2Ge2 might be closer to this situation than to the one depicted in Figure
6.12.

6.4 Valence-fluctuating ground state in EuCu2Ge2 at
high pressures

This section is devoted to the effects of pressure on EuCu2Ge2. We performed experiments
up to 10 GPa in the temperature range 100 mK < T < 300 K. The sample was cut from
an oriented single crystal and reduced to a slab shape. The dimensions of the sample
between the voltage leads were (374 × 60 × 30) µm3. The longitudinal direction of the
sample was parallel to the basal plane of the crystalline structure.

The determination of the magnetic-ordering temperature, TN , is based on the direct
observation of ρ(T ) and in the change in the concavity of ρ(T ). As an example of the
relation that exists between the concavity and the anomalies that define TN , ∂2ρ/∂T 2 and
ρ(T ) are shown in Figure 6.13 and in the inset, respectively. Thus, it is observed that TN

increases continuously upon applying pressure up to 7.1 GPa.

The temperature dependence of the electrical resistivity for p ≤ 7.1 GPa is shown
in Figure 6.14. At low pressures, the T dependence of ρ is similar to the dependence at
ambient pressure (see Figure 6.4), except for the behavior at temperatures higher then TN .
At 3.7 GPa, ρ has a minimum at about 40 K, which is not present at ambient pressure.
However, the sudden change in the resistivity resembles the one observed at T = TN at
ambient pressure (see inset of Figure 6.13 and Figure 6.4). Upon increasing pressure up
to 6.2 GPa, the resistivity increases as a function of pressure. In the nearly magnetic
regime, just for T > TN , ρ presents a logarithmic temperature dependence that resembles
the incoherent Kondo-scattering process of the conduction electrons on the magnetic sites.
Additionally, a shift of the resistivity minimum to higher temperatures (from 40 K at

3.7 GPa to around 100 K at 6.2 GPa) is observed in Figure 6.14. The behavior of ρ(T ) is
linear at high temperatures. At p1 = 6.5 GPa, a bump in ρ is resolved for temperatures
higher than TN , whereas at 7.1 GPa a maximum in ρ at Tmax (dotted arrow) is clearly
defined (see Figure 6.14 and inset of Figure 6.13). In the pressure range 6.5 < p < 7.1
GPa, the transition to a magnetic state is characterized by a broad kink in the resistivity
instead of a sudden increase (inset of Figure 6.13).

The result obtained for pressures larger than 7.1 GPa are shown in Figure 6.15. At low
temperatures, the continuous decrease of ρ for p > 7.1 GPa indicates that the p-dependent
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Figure 6.13: Second derivatives with respect to the temperature of the electrical resistivity,
∂2ρ/∂T 2, of EuCu2Ge2 for selected pressures up to 7 GPa. The changes of concav-
ity of ρ and a direct observation of the anomalies in the data (inset) were considered
to determine TN (arrows). For T > TN and p > 6.5 GPa, a second feature in
ρ(T ) is resolved (dotted arrows).

residual resistivity has a maximum at about 7 GPa. In addition, the data show that the
maximum denoted by Tmax is shifted monotonously to higher temperatures with pressure,
whereas the kink caused by the transition to the magnetic state has a weak p dependence.
Starting from p2 = 8 GPa, it is not possible to resolve the kink anymore as one can see
in Figure 6.16. Similarly, ∂2ρ/∂T 2 shows a broad minimum instead of the clear change in
the concavity (inset Figure 6.16).

6.4.1 Influence of pressure on EuCu2Ge2

In the simplest approximation for the electrical resistivity, it is assumed that ρ is the
result of an additive contribution of the different scattering mechanisms (see section 3.3).
In order to separate the different components of the electrical resistivity, the information
of additional physical properties of EuCu2Ge2 as well as of its reference compound as
a function of pressure is necessary. Unfortunately, this information is not available for
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Figure 6.14: Electrical resistivity of EuCu2Ge2 up to 7.1 GPa. The inset shows the data in
linear scale. The onset of long-range magnetic order is denoted by the arrows.
For p > 6.5 GPa a peak in ρ is resolved at higher temperatures than TN and its
maximum is indicated with dotted arrows.

the pressure range studied here. Therefore, the analysis of the influence of pressure is
restricted to the search of a simple relation that allows a quantitative characterization
of the evolution of the magnetic order as a function of pressure. The analysis of the
resistivity of EuCu2Ge2 at low temperatures indicates that it is possible to describe ρ(T )

in terms of the following power law: ρ = ρ0 + AnT
n (see section 3.3). The results are

depicted in Figures 6.17 and 6.18 for selected pressures. In these Figures, ρ is plotted as a
function of T n and, in this representation, the slope of the linear dependence provides An

and ρ0 is the extrapolated value at 0 K. The pressure dependences of n, ρ0, and An are
shown in Figure 6.19. The residual resistivity contains information of structural disorder
in the lattice as well as of the disorder in the magnetic structure. Within the scope of the
Anderson model, the transport lifetime is proportional to the density of states near the
Fermi level and, hence, the resistivity at 0 K reflects the changes of the density of states at
the Fermi level due to spin or charge fluctuations. [47, 50, 59, 60]. It is noticeable that the
residual resistivity of EuCu2Ge2 presents a maximum at 7.1 GPa (Figure 6.19(a)), where
the system is still magnetically ordered. The An coefficient represents the scattering at 1
K, and it is representative of the mechanism(s) that cause(s) the scattering. Similarly to
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Figure 6.15: Electrical resistivity of EuCu2Ge2 above 7.1 GPa. The inset shows the data on a
linear scale. The arrows denote the onset of AFM order while the dotted arrows
depict the maximum in the resistivity.

the residual resistivity, An presents a maximum as a function of pressure at slightly lower
pressure than 7.1 GPa (see Figure 6.19(c)), in coincidence with the appearance of a peak
in ρ(T ) at Tmax (see Figure 6.14), whereas the exponent of the power relation changes
continuously in the pressure range 5 ≤ p ≤ p2.

At low pressure, an exponent n = 3 results from a combined interaction of electrons
with: electrons, phonons, and magnons. It was argued that the periodic arrangement of
magnetic moments introduces new boundaries in the Brillouin zone, namely "superzone
boundaries", exactly like the periodic arrangement of atoms in a lattice introduces the
boundaries of the Brillouin zones [33]. The influence of superzone boundaries in the
resistivity is not minor since they modify the Fermi surface introducing energy gaps that
are characterized by an exponential T -dependent electrical resistivity at low temperatures
[62, 146, 147]. The increase of ρ of EuCu2Ge2 at TN is a signature of this process (Figures
6.4 and 6.13). In this situation, the exponential electron-magnon scattering along with
the electron-electron (T 2), the electron-phonon (T 5), and the electron-impurity scattering
can be approximated with a power law. Depending on the magnetic structure, the size
of the gap and the relative weight of the components, the exponent can adopt a value in
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Figure 6.16: Electrical resistivity of EuCu2Ge2 at 7.7 GPa, 7.9 GPa and 8 GPa. The inset
shows ∂2ρ/∂T 2 for 7.7 GPa < p < 8.5 GPa. There is no clear indication of the
magnetic ordering neither in ρ nor in ∂2ρ/∂T 2 for p ≥ 8GPa.

the range 2 ≤ n ≤ 5 [33].

The analysis of the X-ray absorption spectra performed on the EuCu2(Ge1−xSix)2

series (see Figure 6.5) suggest that the observed pressure dependences of An, ρ0, and
n are related to fluctuations of the Eu ions valence, after considering that the valence
transition is related to a reduction of the volume of the unit cell as consequence of the
chemical substitution of Ge with Si in the alloy series. Moreover, the maximum in ρ0(p)
at 7.1 GPa implies that the staggered magnetization occurs even in presence of charge
fluctuations since characteristic signatures associated with the onset of long-range order
are still present (Figure 6.16).

Here, it is worth to introduce the ∆ρ = ρ − ρ0 isotherms from 4 K up to 155.5
K, with a separation between them of 2.97 K, in order to evaluate the influence of the
valence fluctuations at finite temperatures. The isotherms are depicted in Figure 6.20.
Two additional lines, associated to the onset of AFM, ∆ρ(TN), and to the maximum
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Figure 6.17: Electrical resistivity of EuCu2Ge2 at low temperatures for p < 7.0 GPa. The data
are presented as a function of Tn and this representation shows that ρ can be
described with the power law ρ = ρ0 + AnTn (indicated by the lines).

in ρ(T ), ∆ρ(Tmax), are included and they are functions of pressure and temperature.
From the density of lines, it is possible to identify 4 different areas: PM is associated
to the paramagnetic state dominated by the electron-phonon scattering, AFM is related
to the magnetic state, K is related to the negative logarithmic temperature dependence
observed in ρ for T > TN (see Figure 6.14), and VF that related to a valence-fluctuating
state. Additionally, two characteristic pressures defined above are considered; at p1 the
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Figure 6.18: Electrical resistivity of EuCu2Ge2 at low temperatures for p > 7.1 GPa. The data
are presented as a function of Tn and this representation shows that ρ can be
described with the following power law ρ = ρ0 + AnTn (indicated by the lines).

two anomalies are observed in ρ(T ) and for p > p2 the anomaly related to the onset of
AFM order is not observed anymore. At pressures lower than 5 GPa, where EuCu2Ge2

resembles a well-localized electron system (i.e., linear temperature dependence for T > TN

and sudden loss of spin-disorder scattering for T ≤ TN), ∆ρ(TN) increases, possibly due
to an enhancement of the exchange coupling of the localized and conduction electrons (see
Section 3.3.1). It has to be mentioned that, although ρ0 was subtracted, the maxima of the
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Figure 6.19: Pressure dependence of n, ρ0, and An of the power law ρ = ρ0+AnTn that describe
the electrical resistivity of EuCu2Ge2 at low temperatures. The dotted lines are
guides to the eyes.

isotherms for 4 GPa < p < p2 and for ∆ρ < ∆ρ(TN) suggest that a valence-fluctuating
process occurs already for p > 5 GPa, i.e., it seems that the valence fluctuations and
antiferromagnetism coexist. The conditions for the coexistence of antiferromagnetism
and valence fluctuations were addressed theoretically by G. Bulk and W. Nolting [148] by
means of an extended s-f model. They have concluded that the coexistence is possible as
long as the electronic fluctuations are not too strong. Indeed, it was proposed that such
a coexistence occurs in Eu [149], in Eu(Pd0.8Au0.2)2Si2 [28], and in the EuCu2(Ge1−xSix)2
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Figure 6.20: Pressure dependence of ∆ρ = ρ − ρ0 isotherms in the temperature range 4 K
< T < 155.5 K with an increment ∆T = 2.97 K. Two additional lines that denote
∆ρ(TN ) and ∆ρ(Tmax) are included and they are functions of pressure and
temperature. From the density of the ∆ρ isotherms it is possible to resolve
different scattering mechanisms associated to the different states of the sys-
tem; namely, paramagnetic (PM) dominated electron-phonon interaction or
dominated by a Kondo-like interaction (K), magnetic (AFM), and valence-
fluctuating state (VF). At p1 two different anomalies in ρ(T ) are resolved
and for p > p2 the anomaly associated to the onset of AFM is not observed
anymore.
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series for x < 0.65 [24]. Moreover, a negative logarithmic dependence of ρ(T ) is observed
for 5 GPa < p < p2 (see Figure 6.14 and the area labeled as K in Figure 6.20). The
RKKY interaction in a nearly magnetic state of a given system leads to the onset of
short-range correlations (the formation of clusters for instance) and it can cause a negative
temperature dependence in the resistivity [33, 59]. However, a logarithmic dependence in
a paramagnetic state is typical of a system where an inelastic single-ion Kondo scattering
takes place at each site of the lattice of magnetic ions [59, 69, 74, 150]. Thus, it might be
possible that a combined effect of Kondo exchange coupling and of charge fluctuations is
behind the increment of ∆ρ at pressures lower than p2.

The (T, p) phase diagram of EuCu2Ge2 is depicted in Figure 6.21. In order to sum-
marize the effect of the charge fluctuations on the electrical resistivity as a function of
pressure for this study, it is convenient to compare the results obtained under pressure
with those obtained in alloy series [24]. The reduction of the unit-cell volume in the
EuCu2(Ge1−xSix)2 series can be related to an equivalent pressure upon considering the
Murnaghan equation of state (EOS) with a bulk modulus B0 = 128 GPa (typical value
for intermetallics) and B′

0 = 3.5 (see Section 4.1). Once B′
0 is fixed, the bulk modulus can

be determined considering only two reference (p, V ) points. The first one is defined as the
volume of the alloy for x = 0 at ambient pressure. The p-(V -)coordinate of the second
point is determined by the intersection of Tmax(p) (TV (x)) and TN(p) (TN(x)), i.e., it is
assumed that the volume of EuCu2(Ge1−xSix)2 for x = 6.5 is equivalent to the volume of
EuCu2Ge2 at 6.3 GPa. The phenomenon that causes the feature in ρ(T ) with maxima
at Tmax and TV (see closed and open triangles in Figure 6.21) is the valence fluctuations
of the Eu ions. These characteristic temperatures of EuCu2Ge2 and EuCu2(Ge1−xSix)2

show a linear dependence as function of pressure and Si content, respectively. Therefore,
it is surprising that they scale each other with a single value of B0 = 128 GPa.

The agreement of both phase diagrams is certainly noticeable, besides the differences
in the absolute values of TN for p < p1 and in the pressure dependences of TN(p) in the
pressure range p1 < p < p2. Thus, it can be concluded that Tmax is representative of
the valence-fluctuating characteristic temperature, in agreement with the interpretation
of the data obtained in the alloy series [24, 25]. Additionally, the minimum of ρ(T ) in the
paramagnetic state defines the upper limit of the shaded area and it denotes the onset of
short-range correlation that resemble the inelastic single-ion Kondo scattering (see Figure
6.14). For p > 4.5 GPa, a second shaded area denotes the increment of ρ associated with
the fluctuation of the valence (VF) of the Eu ions from the nearly divalent configuration
to the nearly trivalent one. The lower limit of this area, where the system has trivalent
Eu ions, is arbitrarily defined since the resistivity decreases continuously upon cooling.

Based on the assumption that the change in volume associated with the chemical
substitution of Ge with Si is equivalent to the application of pressure, it is worth to
compare the results in order to evaluate the influence of disorder. It is also assumed that
a quasi-hydrostatic experiment is "cleaner" since the changes in the chemical potential due
to mixing of different elements are absent. Additionally, following the discussion of section
3.2, the reduction of the unit-cell volume is more homogeneous than chemical substitution
since the lattice relaxes locally only in the vicinity of the site where the Ge atoms are
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Figure 6.21: (T, p) phase diagram of EuCu2Ge2. The solid circles define the phase boundary
between the paramagnetic (PM) and the magnetic (AFM) state whereas the solid
triangles show the pressure dependence of Tmax, that characterize the valence-
fluctuating regime (VF, indicated by the shaded area) of the Eu ions. The numbers
indicate the valence states of the Eu ions. At high pressure and low temperature a
non-magnetic (NON-MAG) regime is achieved. The open symbols are the results
obtained in the EuCu2(Ge1−xSix)2 series [24]. The volume of the alloy series was
transformed into an equivalent pressure by means of a Murnaghan EOS (B0 = 128
GPa, B′

0 = 3.5). Two characteristic pressures, p1 and p2, are included (see the text
for further details).

substituted by Si atoms. Therefore, it is worthwhile to compare the electrical resistivity
of the alloy with the electrical resistivity of EuCu2Ge2 at the equivalent pressure. For
instance, the temperature derivative of the electrical resistivity, ∂ρ/∂T , obtained at 1.5
GPa is compared with that corresponding to EuCu2(Ge0.8Si0.2)2 in Figure 6.22. In the
inset of the Figure the normalized electrical resistivity of EuCu2Ge2 and of the mentioned
alloy are shown.

Provided the additivity of the scattering mechanisms (see Section 3.3), ∂ρ/∂T gets rid
of the temperature-independent contributions to the electrical resistivity and, therefore,
the differences between the temperature derivatives are due to fluctuations of different
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Figure 6.22: Temperature derivatives of the electrical resistivity, ∂ρ/∂T , of EuCu2Ge2 at 1.5
GPa (this work) and of EuCu2(Ge0.8Si0.2)2 (after Hossain et al. [24]). Inset: ρ(T )
relative to the room-temperature value, ρ/ρ300K , of EuCu2Ge2 at 1.5 GPa and of
EuCu2(Ge0.8Si0.2)2.

strength. Upon comparing the data, it can be concluded that there are small differences
(∼ 10 %) in the measured temperature range. Similarly, the temperature derivative of
the electrical resistivity obtained at 6.8 GPa is compared with that corresponding to
EuCu2(Ge0.3Si0.7)2 in Figure 6.23, for p1 < p < p2, where the strongest differences in the
phase diagram of the alloy and this investigation are observed (see 6.21). The results
of measurements performed on two polycrystalline samples of the same composition are
included for a better comparison. Significant discrepancies are observed in the normalized
electrical resistivity (inset of Figure 6.23) and in their temperatures derivatives. The
charge fluctuations are related to the reduction of the volume of the lattice. And it seems
that the non-uniform volume reduction of a lattice (chemical disorder) causes enhanced
temperature-dependent fluctuations in EuCu2(Ge1−xSix)2. The differences observed in
temperature dependences of ρ and of ∂ρ/∂T indicates that the influence of disorder is
not simple. Thus, these results may suggest that in the EuCu2(Ge1−xSix)2 series the
suppression of the magnetic state at p1 as well as the smaller values of TN for p < p1

are related to enhanced charge fluctuations associated to a non-uniform reduction of the
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Figure 6.23: Temperature derivatives of the electrical resistivity, ∂ρ/∂T , of EuCu2Ge2 at 6.8
GPa and of EuCu2(Ge0.3Si0.7)2. The results from two different polycrystalline
samples (after Hossain et al. [24] and Fukuda et al. [25]) with the same composi-
tion are shown together with those obtained under pressure on a single-crystalline
sample (this work). Inset: ρ(T ) relative to the room-temperature value, ρ/ρ300K ,
of EuCu2Ge2 at 6.8 GPa and of EuCu2(Ge0.3Si0.7)2.

unit-cell volume.

At low temperatures, the charge fluctuations seem to have a similar effect in EuCu2Ge2

and in the EuCu2(Ge1−xSix)2 series. The pressure-dependent residual resistivity, ρ0(p),
of EuCu2Ge2 shows a broad peak with a maximum at about 7.1 GPa (see Figure 6.19),
whereas in the EuCu2(Ge1−xSix)2 series a similar behavior occurs for x = 0.7 (see ρ(T ) for
different Si content in reference [24]). Recent 63,65Cu-NMR studies were performed on the
alloy containing 70 % of Si and two main results are mentioned [151]: (i) A peak effect in
the local 4f susceptibility is observed, and it indicates an exchange-mediated screening
of Eu ions. (ii) The spin-lattice relaxation rate 63(1/T1) shows an enhanced Korringa-like
behavior (1/T1 ∝ T ) for T → 0, being a characteristic feature of a Landau Fermi-liquid
state. At T > 20 K, the departure of the Korringa behavior might be related to the
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Kondo screening of the Eu ions or due to the finite lifetime of the divalent Eu state.

A possible enhancement of the residual resistivity as a function of pressure due to
charge fluctuations in a Landau Fermi-liquid state is now discussed. Assuming an ef-
fective coupling of the localized electrons and the conduction electrons, in the limit of
zero temperature a singlet is formed and the magnetic moment is quenched. Thus, the
impurity acts like a non-magnetic scattering center that can be characterized by an energy-
dependent phase shifts [60]. Due to quantum critical fluctuations, the impurity potential,
in a one-component Fermi liquid, is renormalized by the many-body effect in the forward
scattering limit as [47]

ũ(k → 0) =
1

z(1 + F s
0 )

u(k → 0), (6.2)

where u(k) is the bare non-magnetic impurity potential and ũ(k) is the renormalized one,
z is the renormalization amplitude that includes all the many-body effects, and F s

0 is the
Landau parameter that gives the Fermi-liquid correction of the charge susceptibility.

The effects of the valence fluctuations on the impurity potential for the forward-
scattering limit was studied by K. Miyake and H. Maebashi [47] in order to describe
the crossover from a Kondo regime to a valence-fluctuating regime. The study is based on
an extended periodic Anderson model (Section 2.3.3) and on the Ward-Pitaevskii identity
in a two-component Fermi liquid. It is found, for a fixed chemical potential µ and a den-
sity of states of non-interacting particles NF , that the impurity potential is renormalized
by the change of the f -electron number density, nf , due to a relative variation of the f

level with respect to the Fermi energy, εf , as

ũ(k → 0) ≈ − 1

NF

(
∂nf

∂εf

)
µ

u(k → 0). (6.3)

This relation implies that the impurity scattering is critically enhanced if the valence
changes suddenly upon tuning εf with an external field like pressure. Under these condi-
tion the following relation for the residual resistivity is predicted [47]:

ρ0 ∝ ln

(∣∣∣∣
(

∂nf

∂εf

)
µ

∣∣∣∣
/

NF

)
. (6.4)

In this context, a comparison between ρ0 obtained in this investigation and those
obtained in the studies performed in the EuCu2(Ge1−xSix)2 series is presented in Figure
6.24. The volume for each composition of the alloy was transformed into pressure by
means of the Murnaghan EOS with B0 = 128 GPa and B′

0= 3.5 (Section 4.1). It is
noteworthy the good agreement of the residual resistivity measured in EuCu2Ge2 under
pressure and the one obtained from similar measurements performed in the alloy series
(Figure 6.24(a)).

The pressure derivative of the f -electron number density nf is depicted in Figure
6.24(b) in a semi-log plot, since the residual resistivity can be calculated from Equa-
tion (6.4). The f -electron number density (inset of Figure 6.24(b)) is inferred from the
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Figure 6.24: Enhancement of the residual resistivity due to valence fluctuations. (a) ρ0 (this
work) is compared with the results obtained from similar measurements performed
on the EuCu2(Ge1−xSix)2 series (Hossain et al. [24]). (b) Calculated ∂nf/∂p

from the f -electron number nf (inset), within the scope of an extended periodic-
Anderson model [47] (see the text for further details). The Murnaghan EOS with
B0 = 128 GPa and B′

0= 3.5 is considered to estimate an equivalent pressure from
the unit-cell volume of the EuCu2(Ge1−xSix)2 series.

T -dependent valences of the EuCu2(Ge1−xSix)2 series depicted in Figure 6.5. The extrap-
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olated valences (ν0) to 0 K can be determined based on the power law υ = υ0 + a · T n.
Assuming that for a divalent (trivalent) Eu state nf is 1 (0), the f -electron number density
can be determined from the valence of the Eu ions as a function of the Si content.

The pressure dependence of ln(∂nf/∂p) in Figure 6.24(b) resembles noticeably the
observed increment of ρ0 of Figure 6.24(a) and this similarity suggests that the origin
of the peak in ρ0 is due to valence fluctuations. Moreover, since in the calculation the
derivative of nf was performed with respect to pressure, the implicit assumption of a
proportional relation between the relative position of the f level and pressure seems to
be validated, i.e.,

ρ0 ∝ ln

(∣∣∣∣
(
Aµ

∂nf

∂p

)
µ

∣∣∣∣
/

NF

)
, with Aµ =

(
∂εf

∂p

)−1

µ

= const. (6.5)

Therefore, it seems that the higher the pressure the closer the f level to the Fermi level and
the depopulation of f level at the critical pressure pc = 7.3 GPa is a consequence of the
on-site Coulomb repulsion between the conduction electrons and the localized electrons.

The comparison of the residual resistivity with ln(∂nf/∂p) is made under the assump-
tion that the transition occurs within a Landau Fermi liquid state. The Korringa-like
behavior observed in the spin-lattice relaxation rate studies for x > 0.7 [151] supports
this assumption. Moreover, the inverse of the specific-heat γ coefficient (measured in the
alloy series for x = 0.65, 0.68, 0.7, 0.75, 0.8 and 1.0) [24, 25] scales with the inverse of
the square root of An as a function of pressure, as it is depicted in Figure 6.25. Here
it is worth to recall that n reaches a value close to 2 for p > p1. This indicates that a
Landau Fermi-liquid state is induced in EuCu2Ge2 for p > 7 GPa and the characteristic
temperature show a linear pressure dependence described by

1

γ
=

(
0.0034(2) p − 0.022(2)

)
mol K2/mJ, (6.6)

1
2
√

An

=

(
1.9(1) p − 0.70(4)

)
K µΩcm−1/2, (6.7)

with p in GPa. It is noteworthy that γ−1 intersect the abscissa axis at 6.5 GPa, i.e., at a
pressures lower than pc. This may suggests the formation of quasiparticles in the vicinity
of pc, where the system is still magnetically ordered.

The intersite magnetic correlations in a Landau Fermi-liquid state are characterized
by the Kadowaki-Woods (KW) ratio [152]. It was shown that the KW ratio A/γ2 = 1×
10−5 µΩcm mol2 K2 mJ−2 holds in many U- and Ce-based compounds (where C ∝ γ T

and ρ ∝ A T 2 hold for T → 0) [153]. Thus, based on the empirical relations (6.6) and
(6.7) an estimated KW ratio can be calculated as

KWest =

(
0.0034(2) p − 0.022(2)

1.9(1) p − 0.70(4)

)2

µΩcm mol2 K2/mJ2. (6.8)

In EuCu2(Ge0.3Si0.7)2, a ratio A/γ2 = 2.25 × 10−6 µΩ mol2 K2 mJ−2 is found [24],
while, for its equivalent pressure p = 7.7 GPa, a ratio KWest ≈ 1.43 × 10−6 µΩ mol2
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6.4 Valence-fluctuating ground state in EuCu2Ge2 at high pressures

K2 mJ−2 is calculated. These values are in good agreement and they are one order
of magnitude smaller than the Kadowaki-Woods ratio. Depending on the A/γ2 ratio,
the systems are classified in those that show strong intersite magnetic correlations with
A/γ2 ≈ 1 × 10−5 µΩ mol2 K2 mJ−2 (for instance, CeCu2Si2, YbRh2Si2, UAl2, UPt3,
UIn3), whereas in those where the intersite magnetic correlations seem to be less important
A/γ2 ≈ 0.4 × 10−6µΩcm mol2 K2 mJ−2 (for instance, YbCuAl, YbInCu4, YbNi2Ge2). It
was suggested that the smaller A/γ2 ratio is related to the degeneracy of the ground state,
a typical situation in intermediate-valent compounds [152]. Thus, in EuCu2Ge2, the A/γ2

ratio at p > pc is in between the value expected for strongly correlated systems with a

Figure 6.25: Relation between γ−1(p) and A
−1/2
n (p), respectively, measured in the

EuCu2(Ge1−xSix)2 series (for x = 0.65, 0.68, 0.7, 0.75, 0.8, and 1 after Hossain et
al. [24] and Fukuda et al. [25]) and in EuCu2Ge2 at high pressures. The equiva-
lent pressure associated to the volume of the alloy series is calculated based on the
Murnaghan EOS (B0 = 128 GPa, B′ = 3.5). The linear scaling (dashed line) of
γ−1(p) and A

−1/2
n (p) suggest a Landau Fermi-liquid state for p > pc. Inset: An(p)

is compared with the A coefficient measured in the alloy EuCu2(Ge1−xSix)2 for
x = 0.7 [24]. The dotted line is a guide to the eyes, whereas the dashed line is
inferred from the linear scaling of γ−1(p) and A

−1/2
n (p).

doublet ground state, and that observed and expected for intermediate-valent systems
with a large ground-state degeneracy. This suggests that the magnetic correlations may
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6 Pressure-induced valence transition in Eu-based compounds

mediate the formation of the quasiparticles in the Landau Fermi-liquid state.

It was previously discussed that the chemical disorder plays an important role since
the chemical potential changes as the Ge content varies. The experimental data sug-
gest that the valence fluctuations induced by the volume reduction are enhanced in the
vicinity of the critical concentration due to the chemical disorder (see Figure 6.23). How-
ever, ρ(p) of the alloy series can be scaled to the residual resistivity measured at high
pressures in EuCu2Ge2 (see Figure 6.24(a)), indicating that the underlying phenomenon
is robust against the chemical inhomogeneities. Moreover, this statement is supported
by the agreement of An(p) with the reported value of the T 2 coefficient of the electrical
resistivity (A = 0.082 µΩcm K−2) for EuCu2(Ge0.3Si0.7)2. These quantities are compared
in the inset of Figure 6.25.

Upon considering the experimental evidence it is concluded that an increment of the
lattice density of EuCu2Ge2 induces a Landau Fermi-liquid state for pressures slightly
lower than pc. Within the scope of an extended periodic Anderson model that consid-
ers the Coulomb repulsion of the localized f -electrons and the conduction electrons, it
is deduced that −(∂nf/∂εf )/NF of Equation (6.3) is analog to factor 1/[z(1 + F a

0 )] in
Equation (6.2). Therefore, the impurity potential acting on f -electrons, in the forward
scattering limit, is renormalized by the valence fluctuations associated with the crossover
from the Kondo regime to the VF regime [47]. The dressing or undressing of the quasipar-
ticles is associated to the changes of the charge density enhancing the impurity potential
scattering at pc. However, the quasi-particles are not destroyed in this process. Thus,
the p-dependent An accounts for the reduction of the effective mass of the quasiparticles
for p > pc in agreement with the reduction of the electronic specific-heat coefficient, γ

[24, 25].

6.5 Conclusions and outlook

The effect of an increment of the lattice density in EuCo2Ge2 and EuCu2Ge2 was inves-
tigated by means of electrical resistivity, ρ(T ), measurements in the temperature range
100 mK < T < 300 K for pressures up to 10 GPa. At ambient pressure, the Eu ions
possess a divalent (J = S = 7/2) configuration in both compounds. Hence, the interest of
this studies was focused on the type of transition from the magnetically ordered ground
state towards the non-magnetic ground state that eventually would occur upon applying
pressure since a reduction of the unit-cell volume favors a trivalent (J = 0, L = 3, and
S = 3) state of the Eu ions.

The ρ−isotherms of EuCo2Ge2 show at low temperatures a step-like p dependence at
pc = 3 GPa accompanied with a sudden change of the overall temperature dependence
of ρ. These two facts suggest that the ground state may undergo a first-order phase
transition like it was observed in other isostructural Eu-based compounds. Additionally,
ρ(T ) of EuCo2Ge2 shows no clear first-order phase transition at finite temperatures from
a divalent state to a trivalent the state of the Eu ions. The absence of this temperature-
induced transition is a hallmark of EuCo2Ge2.
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6.5 Conclusions and outlook

Similar results are found when EuCu2Ge2 is cooled down to 100 mK at a given pressure
in the range 0 < p < 10 GPa, i.e., there is no evidence of a first-order transition as a
function of temperature is observed. However, the data indicate that EuCu2Ge2 undergoes
a continuous crossover from a magnetic regime to a non-magnetic one at low temperature
as pressure increases. The feature in ρ(T ) associated with the onset of the AFM order
can be observed up to p2 = 8 GPa.

The results of the investigation of EuCu2Ge2 at high pressures are consistent with
the studies performed in the EuCu2(Ge1−xSix)2 series. The differences in the phase di-
agrams depicted in Figure 6.21 seems to be related to the chemical disorder associated
with the substitution of Ge by Si. This disorder enhances the valence fluctuations in-
duced by a unit-cell-volume reduction; thus, the onset of long-range AFM order occurs
in EuCu2(Ge1−xSix)2 at lower temperatures than in EuCu2Ge2. Moreover it seems that
the enhanced valence fluctuations cause the suppression of TN at p1 = 6.5 GPa. Never-
theless, the residual resistivity of the EuCu2(Ge1−xSix)2 series scales with ρ0(p) obtained
in this investigation. A similar agreement is observed in the pressure dependence of the
maximum (Tmax) in ρ(T ) associated to a thermally activated crossover from a divalent to
a trivalent state.

Combining the results of this investigation with those obtained for the EuCu2(Ge1−xSix)2

series, a crossover from a magnetic ground state towards a Landau Fermi-liquid state is
inferred that happens at the critical pressure pc = 7.3 GPa. The Korringa behavior
present in the spin-lattice relaxation-rate studies [151] at pc = 7.3 GPa (xc = 0.7) and
p = 15 GPa (x = 1) are consistent with a Fermi-liquid character of the system at low
temperatures. Within this scenario, the pressure-dependent residual resistivity is inter-
preted to be caused by quantum charge fluctuations. At higher pressures than 7.3 GPa,
An(p) indicates a reduction of the effective mass of the quasiparticles which is consistent
with the reduction of the f -electron number density nf .

Moreover, evidence that indicates the screening of localized 4f electrons by means
of an exchange coupling with the ligand is observed for the first time in a dense Eu-
based compound. The negative logarithmic T dependence of ρ(T ) of EuCu2Ge2 for 5
GPa < p < pc and the peak effect in the local 4f susceptibility observed in 63,65Cu-
NMR studies performed on EuCu2(Ge0.3Si0.7)2 indicates that a Kondo screening of the
Eu ions occurs for TN � T . In the same pressure range the magnetic order occurs in
presence of a valence-fluctuating process, as it is indicated by p-dependent ∆ρ isotherms.
It is noteworthy to recall that the signature of the onset of long-range AFM-order is
observed up to p2, i.e., for pressures higher than pc. Moreover, upon considering that
A/γ2 ≈ 2 × 10−6 µΩcm mol2 K2 mJ−2, it seems that the magnetic correlations are not
of minor importance and that they mediate in combination with the valence fluctuations
the formation of the quasiparticles.

The extended periodic Anderson model considered in Section 2.3.3, considers the
Coulomb repulsion of the localized and conduction electrons as the interaction that causes
the fluctuations of the f electrons. Within the same theoretical approach, this interaction
is responsible of a d-wave superconducting pairing mechanism promoted by the fluctu-
ations of the charge density [46]. The electrical-resistivity measurements performed on
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6 Pressure-induced valence transition in Eu-based compounds

EuCu2Ge2 down to 100 mK do not indicate a transition to a superconducting state.
However, the occurrence of such a state deserves to be investigated in the future at tem-
peratures lower than 100 mK.
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7 General summary

This investigation addresses the effect that pressure, p, and temperature, T , have on 4f
states of the rare-earth elements in the isostructural YbRh2Si2, EuCo2Ge2, and EuCu2Ge2

compounds. Upon applying pressure the volume of the unit cell reduces, enforcing either
the enhancement of the hybridization of the 4f localized electrons with the ligand or
a change in the valence state of the rare-earth ions. Here, we probe the effect of a
pressure-induced lattice contraction on these system by means of electrical-resistivity
measurements, ρ(T ), from room temperature down to 100 mK.

At ambient pressure, ρ(T ) of YbRh2Si2 shows a broad peak at 130 K related to the
incoherent scattering on the ground state and the excited crystalline-electrical-field (CEF)
levels. At TN = 70 mK, YbRh2Si2 undergoes a magnetic phase transition. Upon applying
pressure up to p1 = 4 GPa, TN increases monotonously while the peak in ρ(T ) is shifted
to lower temperatures. For p � p1 a different behavior is observed; namely, TN depends
weakly on the applied pressure and a decomposition of the single peak in ρ(T ) into
several shoulders and peaks occurs. Above p2 = 9 GPa, ρ(T ) is significantly reduced
for T < 50 K and this process is accompanied by a sudden enhancement of TN . Thus,
our results confirm the unexpected behavior of the magnetization as function of pressure
reported by Plessel et al. [21]. Furthermore, the analysis suggest that the CEF scheme is
pressure independent for p < p1, but a sudden change of this scheme occurs at pressures
higher than p1, which would have an influence on the ground state. The small value of the
magnetic-ordering temperature for p1 < p < p2 and the strength of the mechanism that
leads to the peaks and shoulders in ρ(T ) suggest that the f electrons are still screened by
the conduction electrons. However, our analysis suggest that the characteristic Kondo-
lattice temperature and TN are almost equal at about p1. Therefore, the observed behavior
of TN(p) for p1 < p < p2 might be a consequence of the competition of two different types
of magnetic fluctuations (seemingly AFM and FM).

Additionally, a comparison of the pressure-dependent features in ρ(T ) of YbRh2Si2
with similar maxima in other isostructural YbT2X2 (T = transition metal; X = Si or
Ge) compounds was performed. For the comparison, a simple relation that considers the
Coqblin-Schrieffer model [34] for the exchange coupling constant J and the hypothesis
of Lavagna et al. [123], that accounts for the change of J associated with a change of
the atomic volume of the rare-earth ion, is proposed. A systematic behavior is observed
depending on the transition metal; namely, it seems that the higher the atomic radii of
the T-atom the smaller the pressure dependence of the maximum in ρ(T ), suggesting a
weaker coupling of localized and conduction electrons. It is also observed that an increase
in the density of conduction electrons reduces the pressure dependence of the characteristic
Kondo temperature. The mechanism responsible for the sudden enhancement of TN in
YbRh2Si2 at about p2 is still unknown. However, two plausible scenarios are discussed.
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7 General summary

The Eu-ions in EuCo2Ge2 and EuCu2Ge2 have a divalent character in the range 100 mK
< T < 300 K. Therefore, these systems order magnetically at TN = 23 K and TN = 12 K,
respectively. The studies performed on EuCo2Ge2 and EuCu2Ge2 as a function of pres-
sure suggest that a change to a non-magnetic trivalent state of the Eu ions might occur
at zero temperature for pressures higher than 3 GPa and 7 GPa, respectively. A common
and characteristic feature of EuCo2Ge2 and EuCu2Ge2 is the absence of a clear first order
transition from the divalent to the trivalent state of the Eu ions at finite temperature for
p > 3 GPa and for p > 7 GPa, respectively. In other isostructural Eu-based compounds,
a discontinuous and abrupt change in the thermodynamic and transport properties asso-
ciated to the valence transition of the Eu ions is typically observed at finite temperatures.
In contrast, ρ(T ) of EuCo2Ge2 and EuCu2Ge2 changes smoothly as a function of pressure
and temperature. The analysis of ρ(T ) of EuCo2Ge2 suggests that a classical critical
point might be close to the AFM ordered phase, being a hallmark of this compound. The
overall temperature dependence of the ρ of EuCo2Ge2 changes significantly at 3 GPa;
therefore, it seems that the system suddenly enters to a T -dependent valence-fluctuating
regime. Additionally, the pressure-dependent electrical-resistivity isotherms show a step-
like behavior at low temperatures. Thus, it is concluded that a discontinuous change of
the ground state might occur at 3 GPa.

The electrical resistivity of EuCu2Ge2 at high pressure is characterized by a negative
logarithmic T dependence in the pressure range 5 GPa < p < 7 GPa for T > TN and by
a broad peak in the pressure dependent residual resistivity, whose maximum is located
at 7.3 GPa. The first behavior resembles the incoherent-scattering process typical for an
exchange coupling mechanism between the localized electrons and the ligand. This and
the peak effect in the local 4f susceptibility observed in NMR measurements [151] are
consistent with such a coupling mechanism. Thus, it would be for the first time that a
dense Eu-based compound like EuCu2Ge2 show such a behavior. Combining the results
of the experiment performed at high pressures on EuCu2Ge2 with the studies performed
in the EuCu2(Ge1−xSix)2 series [24, 25, 151], a crossover from an antiferromagnetically
ordered state into a Fermi-liquid state for pressures higher than 7.3 GPa may be inferred
from the analysis. Therefore, it may be possible that a sudden depopulation of the 4f level
occurs mediated by charge fluctuations due to a strong Coulomb repulsion between the
localized electrons and the ligand [47]. This phenomenon would explain the broad peak
in the residual resistivity. To our knowledge, this would be the first Eu-based compound,
isostructural to ThCr2Si2, that show such a transition as function of pressure at very low
temperatures.
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