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1. Introduction 



Résume du Chapitre 1. 

On indique rapidement les travaux connus sur la supraconductivité des fermions 

lourds et sur leur comportement dit non liquide de Fermi. On résume les travaux faits durant 

la thèse après un rappel sur les propriétés de fermions lourds (Chapitre 2). Le chapitre 3 décrit 

les conditions expérimentales .. Le chapitre 4 est une étude détaillée du composé CeCu2Sh en 

se focalisant principalement sur la coexistence de sa supraconductivité et de sa phase 

magnétique dite A à basse pression, puis sur les dépendances sous pression de phase normale 

paramagnétique et supraconductrice. Le chapitre 5 est une étude fine du composé CePd2Sh 

jusqu'à la pression critique Pc - 27 kbar où son antiferromagnétisme va disparaître. Les points 

intéressants sont le comportement en température de la résistivité lorsque P ~ Pc, 

l'élargissement de la transition résistive supraconductrice des qu'on abaisse la pression (P < 

Pc), et la description du champ critique dans un modèle simple de couplage faible à Pc. La 

supraconductivité de UGe2 apparaît juste dans la phase ferromagnétique évanescente du point 

critique magnétique (Tc ~ 0). La supraconductivité a été étudiée principalement par mesure 

résistive; son étude a été complétée par mesure de susceptibilité. La coexistence 

ferromagnétique - supraconductivité a été vérifiée par diffraction neutronique. Son 

homogénéité en volume a été contrôlée par des mesures angulaires du deuxième champ 

critique. L'apparition de la supraconductivité juste au-dessous de Pc incite à rechercher des 

fluctuations de basse énergie liée à l'établissement supplémentaire d'une onde de densité de 

spm. 



1. Introduction. 

1.1 Strongly correlated electron systems and their properties. 

Highly correlated states of condensed matter have opened new chapters in physics. 

Examples of particular interest include the so-called Kondo or heavy electron materials, 

which were discovered in the late seventies. The class of strongly correlated systems also 

includes the transition metai oxides, including d-electron (Mott-Hubbard) systems as weIl as 

the high temperature superconducting cuprates, quasi-one-dimensional materiaIs, such as 

organic Bechgaard salts, and possibly the carbon fullerenes . The present work is dedicated to 

the study of several heavy electron materials and their fascinating properties. 

Heavy electron systems are electrically conducting materials with peculiar low 

tempe rature physical properties that distinguish them from ordinary metais (Ott and Fisk 

1987; Fisk, Hess et al. 1988). In fact, the conduction electron specific heat is typically sorne 

100 times larger than that found in most metaIs. Similarly, the magnetic susceptibility can be 

two or more orders of magnitude Iarger than the temperature-independent Pauli susceptibility 

observed in conventional materials . 

The prototype heavy electron materiais include actinides and rare earth alloys, mostly 

containing U and Ce, respectively, like CeAh, CeCu6, UBe13 and UPt3. At high temperatures, 

these systems behave as a weakly interacting collection of f-electron moments and conduction 

electrons with quite ordinary masses. At low temperatures, the f·electron moments become 

strongly coupled to the conduction electrons and to one another, and the conduction electron 

effective mass is typically 10 to 100 times the bare electron mass. This obviously leads to an 

enhanced Sommerfeld coefficient y of the linear T term associated with the electronic 

contribution to the specific heat. Alternatively, such an enhancement of the yvalues indicates 

a large electronic density of states at the Fermi level EF. 
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Heavy electron materials constitute a formidable challenge to a condensed matter 

physicist not only with respect to their normal properties but also to their superconducting and 

magnetic properties, which are not yet fully understood. Particularly, the coexistence of heavy 

electron behavior with magnetic ordering or superconductivity (or both) has attracted a lot of 

interest. In fact, although magnetic ordering and heavy electron behavior (possibly together 

with superconductivity) seem, at first sight, to be mutually exclusive, various experimental 

observations in recent years indicate that this is not necessarily so (Ott and Fisk 1987; Fisk, 

Hess et al. 1988). Both magnetic ordering out of a heavy electron state and the formation of a 

heavy electron state in a magnetically ordered matrix seem possible. Examples of these two 

distinctly different situations are realized in the low temperature properties of U2Zn17 and 

UCus, which order antiferromagnetically at 9.7 and 15 K, respectively. Aiso of interest are 

those heavy electron materials showing the coexistence of superconductivity with magnetic 

ordering (Maple, Chen et al. 1986). In this respect, URU2Si2 attracted a lot of attention as the 

first heavy electron metal with superconductivity (Tc = 1.5 K), developing III an 

antiferromagnetically ordered matrix (TN = 17.5 K). More recently, a systematic search 

(Geibel, Schank et al. 1991; Geibel, Thies et al. 1991) led to the discovery of the coexistence 

of antiferromagnetism and superconductivity in UNi2Ab (TN = 4.6 K and Tc = 1 K) and 

UPd2Ah (TN = 14 K and Tc = 2 K), as weIl. 

Another major issue and a current topic of debate in the field of highly correlated 

electron systems is the fundamental question of whether these systems, in their normal state, 

may be described as simple Fermi liquids. For sorne heavy electron compounds (e.g., UPt3) 

this seems indeed to be the appropriate picture. Specifie heat C(T) and resistivity peT) data, 

supported by results of de Haas-van Alphen experiments, may be explained in this way, if 

strongly renormalized Fermi liquid parameters are introduced. More recent experimental work 

(Maple, Seaman et al. 1994; Maple, de Andrade et al. 1995) has indicated, however, that 
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several heavy electron compounds and related alloys display quite remarkable properties, 

which may be much less related to "conventional" Fermi liquid behavior. Problems with 

Fermi liquid type descriptions of relevant data have been encountered on different occasions, 

involving materials like UCus-xPdx for x = 1 and 1.5, CeCus.9Auo.h UYI-xPd3 (x<O.2), Th 1_ 

xUxRu2Si2 (x<O.07), and U 1- xThxPd2Ah (x>O.4). In these compounds, specific heat, magnetic 

susceptibility, and resistivity measurements were found to be at variance with the usual 

temperature dependence expected for these quantities in Fermi liquid type systems. Finally, 

certain heavy electron compounds demonstrate Fermi liquid type behavior at low 

temperatures under normal conditions, but deviate from this description under variation of a 

control parameter, e. g. hydrostatic pressure or chemical composition. 

1.2 Ontline. 

This work presents a study of three heavy electron compounds, namely CeCu2Sh, 

CePd2Sh and UGe2. Ali three systems have been investigated under extreme conditions of 

very low temperature, high magnetic field and hydrostatic pressure. The application of 

hydrostatic pressure allows for a change of a delicate balance between different types of 

interactions appearing at low temperatures. In particular, this change of balance tunes the 

systems through the magnetic quantum critical point where a magnetic ordering disappears. 

The low temperature properties become amazing around this point. Experiments performed 

under high magnetic fields provide an essential information about the structure of the Fermi 

and its relevance to the low temperature properties. Both superconducting and the normal 

state properties will be addressed in this work. 

Chapter 2 gives the theoretical background necessary for understanding of the 

following experimental results . In particular, the formation of a heavy quasiparticle, non

Fermi liquid behavior and superconductivity in heavy electron compounds are discussed. 
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In chapter 3 we describe the experimental technique used in this investigation. It 

starts from the samples preparation and characterization. Then we consider the experimental 

equipment including the pressure chambers, cryogenic facilities and high field magnets. 

FinaIly, we present particular experimental methods for transport, thermodynamic and 

neutron diffraction experiments. 

Chapter 4 contains the results obtained on a high quality single crystal of CeCu2Sh. It 

is based on two recent publications. The first one is mostly dedicated to the magnetic so

called A-phase developing in this compound at low temperature. Its evolution under pressure 

as weIl as interplay with superconductivity is discussed. The other paper presents a detailed 

analysis of the pressure dependence of the superconducting and normal state properties of the 

compound. 

In chapter 5 we address the results of resistivity and de Haas-van Alphen effect 

measurements in CePd2Si2. The former is performed under hydrostatic pressure. We establish 

the P-T phase diagram of the compound and compare it to the previously published results. 

We th en concentrate on the unusual normal state and superconducting properties, including 

the upper critical field, in the vicinity of the quantum critical point. As regards the de Haas -

van Alphen experiments carried out at ambient pressure, the y provide for the first time an 

important information on the Fermi surface. The results are compared to those obtained from 

the superconducting upper critical field measurements. 

Chapter 6 is devoted to the very recent and revolutionary results obtained on a single 

crystal of UGe2. The systems exhibits a coexistence of ferromagnetic ordering and 

superconductivity in a certain range of pressure just below its quantum critical point. We 

argue that this superconducting state is a bulk phenomenon and is formed from the same 

particles that are responsible for the ferromagnetism. We report the results of the resistivity, 

susceptibility and neutron diffraction experiments performed under hydrostatic pressure. We 
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establish the P-T phase diagram of the material and discuss its evolution when a magnetic 

field is applied. Both resistivity versus temperature and magnetoresistance data supported by 

the results of the upper critical field measurements suggest a modification of the Fermi 

surface occurring close to maximum in the superconducting cri tic al temperature. This change 

in the Fermi surface structure might be crucially important for the development of 

superconductivity in this compound. Upper critical field itself demonstrates very unusual 

features at sorne given pressures and certain orientations of the magnetic field. Finally, we 

discuss a possibility of yet another transition inside the ferromagnetic state. 

Chapter 7 con tains the conclusions and summarizes aIl the previously discussed 

results. 

8 



-------,- -- -- - - T 

2. Heavy electron systems 



-

Résume du Chapitre 2. 

Un bref rappel de la situation particulière des fermions lourds est donné. Puis on 

surligne le comportement dit de non liquide de Fermi observé près du point critique quantique 

(QCP) où la température d'ordre magnétique (antiferromagnétique TN, ferromagnétique Tc) 

s'effondre. On privilégie le modèle phénoménologique de fluctuations de spin auto-cohérente 

en discutant particulièrement les mesures de résistivité; un point très débattu actuellement est 

l'importance du désordre dans le poids des contributions respectives liées à la diffusion des 

électrons via un transfert d'impulsion au vecteur d'onde antiferromagnétique et à la diffusion 

classique sur les défauts. 

L'apparition de la supraconductivité dans les fermions lourds est ici principalement 

décrite au voisinage du point critique quantique. L'accent est mis sur les renseignements 

donnés par les mesures du deuxième champ critique. La limite orbitale gouverne le 

comportement à bas champ et est liée à la grandeur de la masse effective m* , la limite de 

Pauli inertervient généralement en champ fort si l'appariement est de type singulet car la 

limite orbitale à T -70 K est souvent très supérieure du fait des lourdes masses effectives. 

L'aspect particulièrement intéressant des fermions lourds est la réalisation d'une 

supraconductivité propre (libre parcours moyen électronique supérieure à la longueur de 

cohérence supraconductrice). Un renseignement supplémentaire est la présence ou non d'un 

régime de couplage fort. 



2. Heavy electron systems 

2.1 A phenomenological approach 

Heavy electron materials can be considered as metals with strongly correlated, yet 

delocalized electrons. In order to understand this, we shall first compare this new kind of 

metal with "heavy electrons" to the more conventional or ordinary metals (Ott and Fisk 1987; 

Fisk, Hess et al. 1988). Usually, metals are characterized by typical properties like increasing 

conductivity with decreasing temperature, small and temperature independent magnetic 

susceptibility (i .e., Pauli paramagnetism), and linear temperature dependence for the specific 

heat C(T) at low temperatures (i.e. , for Tv EF, BD, C oc T, where EF is the Fermi energy and 

BD is the Debye energy) . 

In heavy electron systems peT) does not change appreciably at high temperatures, and 

ln several compounds it might even increase with decreasing temperature down to a 

characteristic temperature Tmax. Below Tmax there is a strong decrease of the resistivity with 

decreasing temperatures. Furthermore, at very low temperatures one finds 

peT) = Po + AT
2

, (2.1) 

where po is the residual resistivityl . Such a r dependence in peT) at low temperatures is 

usually taken as the criterion for the identification of Fermi liquid behavior in heavy electron 

systems. Within Fermi liquid model at low temperature, magnetic susceptibility is given by: 

(2.2) 

where a can be either positive or negative. As regards the specific heat, its temperature 

dependence below characteristic crossover temperature TI is (Millis 1993): 

(2.3) 

for almost antiferromagnetic systems, and 

1 This is not always the case for heavy electron systems - see the next section. 
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(2.4) 

for almost ferromagnetic systems. Experimentally, the magnetic susceptibility X(T) follows a 

Curie-Weiss law at high temperatures. However, the low temperature behavior of X(T) is not 

unique, and very often X(I) saturates at a constant and usually quite enhanced value. The low 

temperature specific heat behavior of heavy electron systems, while not universal, shows that 

there are far more low Iying excitations present than in an ordinary metal. CIT increases 

remarkably below Tnwx and can reach values as high as 1 J/mol K2 (instead of mJ/mol K2 for 

ordinary metals like Cu, with '1-0.69 mJ/mol K2
). 

The most interesting finding is that there seems to be a one-to-one correspondence 

between the low lying excitations in heavy electron systems and those in a nearly free 

electron gas when the parameters of the latter (e.g., the mass or the magnetic moment of the 

electrons) are properlY normalized. The name "heavy electron" stems from the observation 

that an enormously large specific heat coefficient y implies an effective mass m* of the 

quasiparticles, which is everal hundred times the free electron mass. Indeed, the most 

important experimental quantity by which to recognize heavy carrier masses is the 

Sommerfeld coefficient 'Y of the electronic specific heat. In Fermi liquid theory, 'Y is 

proportion al to the quasiparticle density of states (DOS) at EF or to the effective mass . Then 

the free electron formula 

(2.5) 

is used to give m*, where NF is the total quasiparticle DOS at the Fermi surface, k/=3rtn 

defines the Fermi wave vector, and n is the electronic density (Brandt and Moshchalkov 1984; 

Ott and Fisk 1987; Fisk, Hess etai. 1988). 

We can now understand, at least from the phenomenological point of view, the origin 

of the enhancement of the effective mass. The key is the presence of localized f-electrons in 
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ail heavy electron systems. These may be Ce ions with 4f electrons or U or Np ions with 5f 

eJectrons. The "heavy electron" can be considered as the 4f or 5f electron interacting with the 

bands of delocalized electrons (d or s). It must be pointed out that, since the 5fwave function 

is much more spatially extended than the 4f one and direct overlap between actinide 5f wave 

functions seems possible, the actinide heavy electron really occupies a middle ground 

between ad-transition metal and a rare earth element. However, both 4f and 5fheavy electron 

systems present a large number of similarities, and therefore we shaH first consider them from 

a very general and common point of view. Essentially, the interaction between f and 

delocalized band electrons is a hybridization with the band states near EF via the Kondo spin 

fluctuations, which happen through constant exchange spin flip transitions of f-electrons and 

band electrons in the vicinity of the Fermi level (Brandt and Moshchalkov 1984; Lee, Rice et 

al. 1986; Rice 1987; Fulde 1988). It is precisely this process that leads to the strong mixing of 

the Fermi eJectrons with localized f electrons. The finaJ result is a renormalization of the 

density of states on the Fermi surface and a drastic enhancement of the effective mass of free 

band electrons at EF• In other words, the delocalized band electrons screen the localized band 

eJectrons, fOl·ming a singlet state also known as a Kondo cloud. The formation of such a cloud 

leads to a gain in energy per magnetic impurity of the order of 

k T ~E - I /N(EF!J 
B K F e , (2.6) 

where J is the coupling between f and conduction electrons and N(EF) is the density of 

conduction electron states at EF. This is an important energy scale defining the so-called 

Kondo temperature TK . It turns out that the electrons close to EF will contribute most to the 

singlet formation because for them the energy involved in screening the f-electron is smal!. 

The remarkable feature is the formation of a sharp and narrow resonance (with a width of 

approximately TK for T « TK ) in the density of states N(E) at EF (Brandt and Moshchalkov 

1984). In the framework of a semiphenomenological model for 3d Kondo systems, the 
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formation of a narrow resonance at EF in the density of states was first proposed by Gruner 

and Zawadowski (Grüner and Zawadowsky 1972) as a consequence of the resonance in 

electron scattering by magnetic impurities (Grüner 1974; Zlatic, Grüner and Rivier 1974). 

They called such a peak in N(E) an Abrikosov-Suhl resonance. The electrons sitting in this 

narrow resonance are the new "heavy" quasipartic1es (i .e., with an enhanced effective mass), 

responsible for the low temperature transport and thermodynamic properties. 

The above scenario applies in the single ion Kondo regime, where the formation of the 

Abrikosof-Suhl resonance reflects the screening of the f localized moments by the free 

conduction electrons. The inter-site interaction of the Kondo c10uds is then an essential 

feature in the low temperature behavior of a periodic Kondo system or Kondo lattice. From 

the density of states point of view, the lattice periodicity leads to structures in the Abrikosov

Suhl resonance. Moreover, there is a crossover to a low temperature many body coherent 

state, which develops below a characteristic temperature Tco (usually coinciding with Tmax) 

However, for both single impurities and Kondo lattice systems the heavy electrons obey 

Fermi statistics and follow Fermi liquid behavior. The main difference between the two 

regimes is manifested by the low temperature dependence of the resistivity, which increases 

or decreases with a r behavior for an incoherent single Kondo impurity (at T<TK ) or 

coherent many body Kondo lattice (at T» Tco<TK) situation respectively (Cox and Grewe 

1988). Nevertheless, it is important to notice that in a Kondo lattice there is an addition al 

competing interaction of a magnetic nature, induced by the periodic array of magnetic 

impurities. This corresponds to the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction, 

which defines another relevant energy scale (Doniach 1977): 

(2.7) 

For small J, TRKKy is larger than T K and magnetic ordering is expected. Otherwise, for 

large J the formation of single Kondo c10uds will lead to a larger energy gain than by 
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magnetic ordering. This is illustrated on Figure 2.1 for a one-dimension al case. Therefore in 

heavy electron systems there is a balance between Kondo fluctuations and correlation effects 

of the impurity magnetic moments. Such a balance can also lead to the coexistence of various 

states, for example, a heavy electron and magnetic order, or ev en to a non-Fermi liquid state 

(see the next section). 

0.2 

0.15 

0.1 

0.05 

o 
o 

Figure 2.1 

." 

0.1 0.2 0.3 

J 

0.4 

W 
RKKY 

0.5 0.6 

A comparison of RKKY and Kondo binding energies W for a one-dimension al Kondo model 

(Doniach 1977). A crossover occurs with increasing exchange J from a magnetically ordered state to a spin 

compensated state at J - 0.3 

2.2 Non-Fermi liquid behavior in heavy electron systems. 

During the past several years, there has been a great deal of interest in a certain class 

of materials among the highly correlated metals, which exhibit non-Fermi liquid properties at 

low temperatures (Maple, Seaman et al. 1994; Maple, de Andrade et al. 1995; von Lohneysen 
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1995; Steglich, Gegenwart et al. 1997; von Lohneysen, Huster et al. 1997). We shall first start 

from Landau's Fermi liquid theory, which is fundamental for our understanding of electron 

excitations in metaIs, as it establishes a one-to-one correspondence between the excitations of 

a free electron gas and those of interacting conduction electrons in metais. One of the central 

points of Fermi liquid theory is the existence of a single energy scale, the Fermi energy EF, 

and for energies EvEF and temperatures kBTvEF the electronic properties display universal 

behavior (Ashcroft and Mermin 1976). 

For sorne time it seemed that in no other solids have the predictions of Fermi liquid 

theory more strikingly been realized than in the heavy electron intermetallics (Ott and Fisk 

1987; Fisk, Hess et al. 1988). In a number of these f-electron based compounds, analyses of 

the low temperature specific heat, magnetization, electrical resistivity, and dynamical 

susceptibility display a dependence on a single energy scale consistent with Fermi liquid 

theory, although unprecedented mass enhancements of 102 - 103 imply strong electronic 

interactions (previous section). 

More recent experimental works have indicated, however, that a significant amount of 

heavy electron compounds display quite remarkable properties, which manifest much Iess 

weil a "conventional" Fermi liquid behavior. Deviations from Fermi liquid predictions have 

now been observed in several f-electron alloys, inc1uding CeCuS9AuO.1 and CeCu6 (von 

Lohneysen, Pietrus et al. 1994; von Lohneysen, Sieck et al. 1996), CeNi2Ge2 (Kambe, 

Flouquet and Hargreaves 1997; Gegenwart, Kromer et al. 1999) and CeRu2Si2 (Fisher, 

Marcenat et al. 1991). Examples of such a behavior are shown on Figure 2.2 for 

Tho.9UO.IPd2Ah· 
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Figure 2.2 Low temperature (a) specifie heat f..C/T vs logT and (b) magnetic susceptibility X vs T I12 for 

Tho9Uo1Pd2A13, after subtraction of data for ThPd2AI3. Solid lines represent fits to Eqs. (2.6) and (2.7). CAfter 

Maple et al. (Maple, Seaman et al. 1994» 

Typically, the non-Fermi liquid behavior is observed as a diverging linear coefficient 

of the specifie heat C for temperature T ~O: 

C / T - ( -1 / TO ) ln( T / b TO ) , (2.8) 

and a strong T dependence of the magnetic susceptibility X as T ~O: 

(2.9) 
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(where band c are constant of the order of unit y, and To is a characteristic temperature that 

usually scales with T K) while Fermi liquid theory predicts (2.2) for the susceptibility and 

(2.3) , (2.4) for the specific heat at low temperature. Furthermore, the electrical resistivity p 

shows a T dependence as 

p( T) = Po + ATm (2.10) 

with sometimes A<O, and often l<m<1.5, instead of the Fermi liquid behavior m=2 (Eq. (2.1)) 

arising from partic1e-partic1e interaction. However, we should emphasize that Eqs. (2.8)

(2.10) are simply possible fits of the experimental data and merely represent the trend 

encountered in various non-Fermi liquid Kondo alloys. Moreover, these equations do not have 

the same validity for aIl non-Fermi liquid compounds and sometimes apply over different 

tempe rature regimes for different quantities and in sorne cases over a temperature range less 

than a decade. 

2.3 Theoretical models of non-Fermi liquid behavior in heavy electron 

systems. 

Although there are numerous theoretical attempts to explain non-Fermi liquid behavior 

in Kondo systems, for our purposes it is sufficient to consider only those which are based 

upon proximity to a zero temperature quantum critical point. The first approach was proposed 

by Moriya and Takimoto in 1995 (Moriya and Takimoto 1995). They considered the 

influence of spin fluctuations around magnetic instabilities from a phenomenological point of 

view. This theory is commonly refereed as the self-consistent renormalized (SCR) spin 

fluctuation mode!. Another theory, which goes one step beyond the SCR model, takes account 

of disorder present in systems under investigation (Rosch 1999). In the following sections, we 

will discuss briefly the above mentioned models and their results. 
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2.3.1 SCR model 

The SCR model is a kind of phenomenological theory, which provides the quantitative 

relations between dynamical and thermal properties. The general magnetic susceptibility X( q, 

w) is characterized by two energy scales To and TA which correspond to the spin fluctuation 

energy in (j)- and q-spaces respectively. In the case of heavy electron systems with 

antiferromagnetic interaction peaked at a wave vector Q, To is related to the local 

susceptibility XL and local fluctuation energy r L; TA is connected with the dispersion of the 

exchange energy JQ (JQ- JQ+q=Al). In addition to the dimensionless inverse susceptibility y 

(y=O at the magnetic instability), two other dimensionless parameters Yo=y (T=O K) and Yi = 

2JQi(,cTA) are introduced. Yo is the value of Y at T=O K i.e. the measure of proximity to the 

magnetic instability. YI corresponds to 4JQi(,c11 JQ) (I1JQ = JQ - JQ+qB) reflects the strength of 

the exchange dispersion , qB being the effective zone boundary wave vector. These four 

dimensionless parameters allow for the expression of the tempe rature dependencies of 

specific heat and electrical resistivity. 

We shall now skip the calculations and consider just the final results. In nearly and 

weakly antiferromagnetic heavy electron systems the linear term of the specific heat due to 

exchange enhanced spin fluctuations is given by the following equation: 

J 1/2 2 ] Ym =Cm/T=(3No/2TO'lxc -(n/2)y +O(t) , (2.l1 ) 

where xc~ 1 is the cut off wave vector in units of qB and t=T/To is the reduced temperature. 

Thus, the temperature dependence of l''n is given by that of y. In the low temperature limit we 

set y~Yo. The result of numerical calculations is that at the magnetic instability (Yo=O) l''n 

takes a final value and starts to decrease with increasing temperature proportionally to T1/2
, 

and then it shows a quasi-logarithmic behavior in a certain range of temperature. 

As regards the electrical resistivity, the most general expression for it is 
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R( T) = rR( T), (2.12) 

where r is a temperature independent prefactor and R (T) is a temperature dependent non-

analytical function. The results of numerical ca1culations of R (T) are shown on Figure 2.3. 
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Figure 2.3 Calculated electrical resistivity due to spin fluctuations for Xc = l. (a) Reduced electrical 

resistivity R vs reduced temperature t for various values of Yo. (b) log R vs log t for various values of Yo. (After 

Moriya and Takimoto (Moriya and Takimoto 1995) 

In the low temperature limit the leading term of R(T) is given by 

R(T) = (n / /12)t 2. (2.13) 

Off the critical boundary where Yo is finite and we always have a normal Fermi liquid like 

behavior, Rocr, at same low temperature. The coefficient of the r term diverges as the 

antiferromagnetic critical boundary is approached and there is a crossover from the Fermi 

liquid regime to the critical regime. Just at the critical boundary we get 

R CT) -7 1.469t3/2 
, for t -70. (2.14) 

Thus we have Rocr12 at low temperatures at the quantum critical point. 
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2.3.2 Influence of disorder. 

In his recent paper (Ros ch 1999) Rosch evaluated the interplay of disorder and spin 

fluctuations near a quantum critical point and its influence on the electrical resistivity. He 

argues that even a small amount of disorder might strongly effect the resistivity near a 

magnetic instability. Furthermore, he c1aims that this mechanism accounts for the anomalous 

temperature dependence of the resistivity, t1pocTm, 1 <m:::;1.5, recently observed in several 

heavy electron systems. Let us consider the main aspects of this approach. 

The scattering off antiferromagnetic spin fluctuations is most effective near "hot lines", i.e. 

points of the Fermi surface connected by the ordering wave vector Q. However, this strong 

and essentially anisotropic scattering is short circuited by the "cold" regions on the Fermi 

surface, where the scattering rates are small. In very c1ean systems, the latter dominates 

transport properties and resistivity acquires the usual Fermi liquid behavior. Isotropie 

impurity scattering leads to an averaging of the scattering rate over the Fermi surface and thus 

increases the weight of hot spots scattering. The above line of reasoning can be made more 

quantitative. The semic1assical Boltzmann equation treatment of electrons interacting with 

spin fluctuations and impurities leads to the following formulas describing the resistivity at 

very low temperatures: 

ptT --> 0) = [ x + constan{;Y/2] for. dirty met.) (2.15) 

and 

p( T --7 0) oc (T / r P for a very c1ean system, (2.16) 

where r is a characteristic energy scale of magnetic fluctuations and x is a small 

dimensionless parameter measuring the effectiveness of impurity compared to magnetic 

scattering. In an intermediate system with a small amount of disorder, the competition 

between these two types of behavior leads to a large crossover regirne which in sorne cases 
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might last over more than one decade in temperature as shown on Figure 2.4. This indeed 

explains, at least qualitatively, the unusual exponent found in the temperature dependence of 

resistivity in certain heavy electron compounds. 
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Figure 2.4. Log-log plot of Llp = p(I) - p(O) for a rather c1ean system with x = 0.0 l. Note the large 

crossover regime from the resistivity of a c\ean system (dashed line) at high temperatures to the resistivity of a 

dirty system (dot-dashed line). The inset shows how this crossoyer eyolyes for yarious impurity concentrations x. 

(After Rosch (Rosch 1999» 

2.4 Superconductivity in heavy electron systems. 

Almost aIl heavy electron systems presently known exhibit a superconducting 

transition at low temperatures either under normal or somewhat extreme conditions. The 

superconducting state of these materials is of big interest as there is a great number of 

experimental results suggesting its unconventional nature (Reffner and Norman 1996). In 

order to understand this, let us first recollect the basic principals of the "classical" theOl'y of 

superconductivity. 

This theory is mainly due to Bardeen, Cooper and Schrieffer (Bardeen, Cooper and 

Schrieffer 1957a; b) and commonly known as the BCS theory. According to this theory, 

conduction electron tend to form pairs if there is an attractive interaction between them, 
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regardless how weak it is. The electron pairs form a new bound state separated from the 

normal state by a finite energy gap ~. It is the formation of this new bound state, which is 

responsible for superconductivity. One of the central questions of the theory is the nature of 

this crucially important attractive interaction, which allows for the pair formation. It has been 

proved that in most metals, the attraction arises from the interaction of electrons with the ions 

lattice. In other words, one can consider the oscillations of ions of the crystal lattice as 

quasiparticles, phonons, and the electron pairs are formed as a result of the electron-phonon 

interaction. What is essential for this model and important for our further consideration is that 

within this model only those electrons, which have opposite directed wave vectors, and spins 

can form a pair. In terms of the pair wave function, its spin part must be antisymmetric. That 

is why one refers to this type of pairing as singlet s-pairing. 

Let us now consider the situation in heavy electron systems. In many of them 

superconductivity emerges just on the border of itinerant magnetism as, e.g., in CePdzSh and 

Celn3 (Mathur, Grosche et al. 1998) and CeCuzGez (Jaccard, Behnia and Sierro 1992). 

Moreover, the emergence of superconductivity is often accompanied by an unusual behavior 

of the normal state properties (see Figure 2.5). Therefore, it is natural to suggest that in this 

case, the attractive interaction necessary for a pair formation can be caused by the exchange 

of the spin fluctuations. Indeed, in a metal close to a magnetic transition one expects to have 

relatively long-lived and strong fluctuations . Thus superconductivity may be magnetically 

mediated. 
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Figure 2.5 Temperature-pressure phase diagram of high purity single crystal CeIn3' A sharp drop in the 

resistivity consistent with the onset with the onset of superconductivity below Tc is observed in a narrow window 

near Pc, the pressure at which the Neel temperature TN tends to absolute zero. Upper inset: this transition is 

complete even below Pc itself. Lower inset: just above Pc, where there is no Neel transition, a plot of the 

temperature dependence of d(ln b.p )/d(ln T) is best able to demonstrate that the normal state resistivity varies as 

T1 6
±o2 below several degrees K. (After Mathur et al. (Mathur, Grosche et al. 1998)) 

For the materials with ferromagnetic correlations, this interaction would lead 

essentially to a strongly anisotropie pairing. Pairs of quasiparticles with parallel spins can 

attract while pairs with antiparallel spins tend to repe\. This would obviously lead to a 

formation of pairs of parallel-spin quasiparticles, and thus to a necessarily anisotropie triplet 

superconducting state (Lonzarich 1999). 

Antiferromagnetic spin fluctuations are a more complicated matter. It is not so obvious 

whether an up spin electron will create or destroy local antiferromagnetic polarization, or 

whether this will attract or repel other electrons of opposite (or parallel) spin. Different 

answers seern to emerge in different regions of k- and r-space (Lonzarich 1999). Nonetheless, 

even though it is not clear wh ether a singlet or a triplet superconducting state would be 

preferable in this case, the possibility of a magnetically mediated superconductivity occurs. 
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Current theory suggests that this type of superconductivity is most likely to occur in 

materials, which satisfy at least the following three conditions. Firstly, candidate systems 

should be close to the border of magnetism at low temperature where magnetic interactions 

overwhelm other competing interaction channels. The matter of competing interactions is a 

delicate one and superconductivity may exist only in a very narrow range of control parameter 

Ce.g. hydrostatic pressure) around the critical point or not to exist at aIl. Secondly, the samples 

must be of very high purity, as pair breaking by any type of impurities is always strong for 

unconventional superconductors. And finally, even if the above conditions are weil satisfied 

and the superconducting transition is favorable, temperatures weil below 1 K may be required 

to observe it. 

Among heavy electron systems there are also materials that demonstrate probably yet 

another type of superconductivity. In these compounds, superconductivity either appears deep 

in the magnetic phase like in URU2Si2 (Te = 1.5 K, TN = 17.5 K), or exists over a wide range 

of control parameters like in CeCu2Si2, where it is observed in a pressure range from zero to 

about 10 Gpa. Very likely for these systems different mechanisms must be considered 

theoretically. An example of such a consideration is superconductivity due to the valence 

fluctuations recently proposed by Miyake (Miyake, Narikiyo and Onishi 1999; Onishi and 

Miyake 2000). 

2.5 Analysis of the upper critical field in heavy electron systems. 

The analysis of the upper critical field, HdT), in heavy electron systems can be 

essentially important. In particular, the analysis of the initial slope of H e2 permits the 

determination of important microscopic parameters of the heavy electron superconducting 

states. However, quantitatively, such an analysis is much simpler for conventional BCS 

superconductors. For non-conventional superconductors, no general theory exists, and the 
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analysis becomes considerably more complicated, as it depends upon the gap symmetry in 

each particular case. As regards the full temperature dependence of He2 , there are theories for 

both conventional and non-conventional superconductors. Thus, the analysis of Hez(]) might 

bring indications for or against the existence of new superconducting states in particular 

heavy electron systems. In the following we shall consider briefly sorne general aspects of the 

analysis of the upper critical field. 

PrincipaIly, there are two mechanisms, by which a magnetic field interacts with the 

electrons in the superconducting state. Both are "pair breaking" and lead to the destruction of 

the superconductor at a critical field. The first one is the interaction of the field with the 

orbital motion of the electrons. It is so-called orbital pair breaking. This is described by the 

term ~(p. A) (Lorenz force) in the Hamiltonian (A - vector potential). The second one is 
m 

the interaction with the spins of the electrons, described by gIJ, B (H • 0" ). This is the so-called 

Pauli limitation. 

2.5.1 Orbitallimit. 

Orbital pair breaking takes place in aIl superconducting states, both conventional and 

unconventional ones. For small magnetic field, this is the only important pair breaking 

mechanism due to the external field. Therefore, it determines the initial slope of Hez at Te. The 

critical field determined by orbital limit only, i.e. in the absence of any other pair breaking 

effect is defined as the "orbital" critical field H :2 (T) . For aU superconducting states showing 

only orbital pair breaking, i.e. for which H c2 = H:2 (T), the critical field curves are very 

similar. The value for T -70 varies between H:2 (0) = 0.693H ;'2Tc for a conventional 

superconductor in the dirty limit and H:2 (0) = 0.850H ;:2Tc for a polar triplet state. This polar 
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triplet state is, of ail examined superconducting states, the one showing the highest critical 

field, for a given initial slope. Because of the similarity of the critical fields one can hardly 

make any statements about the realized order parameter for a superconductor just based on an 

analysis of H:2 CT) . 

2.5.2 Pauli limit. 

The influence of the magnetic field on the spms of the electrons in the 

superconducting state has first been realized by Clogston (Clogston 1962) and by 

Chandrasekhar (Chandrasekhar 1962). The physical reason for this mechanism is that, in a 

convention al superconductor the Cooper pairs have a total spin S = O. Therefore, the spin 

susceptibility in the superconducting state at low temperature (compared to Tc) is: Xs = O. For 

this reason the normal state becomes energetically more favorable for the system when the 

magnetic energy (l/21lo)XnB2 of the normal state reaches the condensation energy (l/21lo)B/ 

of the superconductor. In a BCS superconductor with non-interacting electrons, this gives rise 

to an upper limit for Hc2(O), the Clogston limit Hp = (1.84 T/K) Tc (Chandrasekhar 1962; 

Clogston 1962). Pauli limitation oecurs also in ail other superconducting states in which Xs is 

reduced compared to Xn, the susceptibility of the normal state. 

The above consideration applies only to isotropie systems without spin-orbital 

coupling. The situation becomes considerably more difficult in systems in which the crystal 

lattice provides an anisotropie background and in which spin-orbit coupling is essential. In 

this case, one should consider possible non-conventional order parameters that can occur in a 

system with given symmetry. An essential condition is that the order parameter has always a 

lower symmetry than the crystal. 
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In heavy electron superconductors, aIl containing atoms with high atomic numbers, the 

spin-orbit coupling is so strong, that a classification of non-conventional superconducting 

states according to spin and orbital angular momentum is not applicable. Instead of a 

classification into singlet (S = 0) and triplet (S = 1) states, a classification according to parity 

(even or odd) remains possible if there exists a center of inversion (Gor'kov 1987). It is not to 

be expected, however, that the properties of realistic non-conventional systems differ strongly 

from those of simple triplet-model states that are in detail described in the literature, 

neglecting the spin-orbit interaction. 

One important difference between the simple models and realistic non-convention al 

states is, however, that the strong spin-orbit coupling can lead to a situation, in which the spin 

part of the order parameter cannot orientate itself freely with respect to the orbital part. If in 

addition the orbital wave function is fixed in a preferential orientation by the symmetry of the 

crystal 1 atti ce , Xs will be smaIler than Xn for sorne orientations of the crystal relative to the 

magnetic field, also in triplet states. In this way, anisotropic Pauli limitation can occur ev en in 

a triplet superconductor. 

2.5.3 Initial slope. 

As we have already mentioned above, so far there are no general theories describing 

the initial slope of the upper critical field, H ~'2 ' in a non-convention al superconductor. 

However, exact theoretical calculations are still possible in sorne cases, providing that the 

exact symmetry of the order parameter is known. Here for simplicity, we shall consider only 

the conventional BCS case. In this framework, microscopic parameters of the normal and 

superconducting state can be calculated using the initial slope. This analysis is based on the 

Ginsburg-Landau theory. The equations were first given by Hake (Hake 1967) and were used 
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successfully by Orlando et al. (Orlando, McNiff et al. 1979) to analyze the critical field of the 

A-15 superconductors Nb3Sn and V 3Si. 

The main equation of the analysis (SI units) is 

(2.17) 

where VF is the Fermi velocity, l is the me an free path of the quasipartic1es, and RCZ) varies 

between R = 1 in the dirty and R = 1.17 in the c1ean limit, respectively. 

In the c1ean limit, only the first term in (2.17) contributes to H ~ 2 ' It increases with 

decreasing Fermi velocity. The second term gives an additional contribution, due to non pair-

breaking, elastic scattering. This contribution increases as the elastic mean free path 

decreases. In the dirty limit, H ~' 2 is given by this term only. 

For heavy electron systems, both in the c1ean and dirty limits, the initial slope of H e2 is 

expected to be much larger than in conventional superconducting metals, as high effective 

masses implies low values of the Fermi velocity. 
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3. Experimental technique 



Résume du Chapitre 3. 

L'accent est mis sur la réalisation des expériences dans des conditions extrêmes : très basses 

températures (T230 mK), hautes pressions (P<28 kbar) et hauts champs magnétiques (H<18 

T). Les techniques expérimentales regroupent les mesures de résistivité électrique, de 

susceptibilité alternative et de couple pour la détection des oscillations quantiques. Enfin, 

nous avons récemment participé aux expériences de diffraction néutronique afin de suivre 

l'évolution du ferromagnétisme de UGe2 sous pression. 



3. Experimental technique. 

3.1. Experimental equipment. 

3.1.1. High pressure chambers. 

AIl the resistivity and susceptibility experiments have been carried out in a 

conventional clamp piston-cylinder type pressure cell. The cell is made of non-magnetic 

materials, which allows for the measurements under field. It is also weIl adopted for the low 

temperatures. The limiting pressure of this cell is about 30 kbar at low temperature depending 

upon the pressure transmitting medium. 

A schematic drawing of the cell is shown on figure 3.1. The pressure chamber is 

realized in a two body cylinder. The insert made of special non-magnetic Ni-Cr-AI alloy is 

pressed into the outer Be-Cu cylinder. Thus the outer part of the cell provides a massive 

support of the inner cylinder. The electrical wires for transport measurements are introduced 

into the high pressure volume via the obturator (transport plug) and sealed by the 

convention al epoxy resin Stycast 2850Ff. The sample is mounted on the obturator as weIl as 

a manganin coil and a small strip of tin for pressure measurements at ambient and low 

temperatures respectively. The obturator is then pushed into a teflon cap filled with a liquid 

pressure transmitting medium. As the outer diameter of the obturator edge is slightly larger 

than the inner diameter of the teflon cap, the liquid is sealed already at ambient pressure. The 

teflon cap also in sures an electrical insulation of the wires from the cell body. The obturator 

with teflon cap are th en introduced into the sample chamber and fixed with the obturator nut 

containing a small axial bore to pass the wires outside of the pressure cell. Inner and outer 

threads on the top edge of the nut allow attaching the whole cell to a sample holder. The 

pressure transmitting medium is pressurized by a tungsten carbide piston. During the cell 
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loading or change of the pressure the force from the press is transferred by a pusher (not 

shown on the drawing) and a plunger. The pressure is then fixed by the fixing nut. 

Figure 3.1 Schematic drawing 

of the high pressure cell for transport 

experiments. 

1 - obturator nut (Be-Cu); 

2 - obturator (Ni-Cr-Al); 

3 - body (Be-Cu); 

4 - insert (Ni-Cr-Al); 

5 - sample; 

6 - tetlon cap; 

7 - piston (WC); 

8 - plunger (Ni-Cr-Al); 

9 - fixing nut (Be-Cu) 

As a pressure transmitting medium we use the polyethylene siloxane organic liquid 

owmg to its two essential properties. First, it provides quite a good hydrostaticity at Iow 
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temperatures (the estimated pressure gradients do not exceed 1 % of the applied pressure). 

Secondly, as for this liquid change of the relative volume when undergoing liquid-solid 

transition varies with pressure, it provides a gain in the low temperature pressure starting from 

about 16 kbar on, as shown on Figure 3.2. 
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Low temperature pressure versus that at ambient temperature for the polyethylene siloxane used 

as a pressure transmitting medium in the piston-cylinder cell (see text). At room temperature, the pressure is 

measured by the resistance of a manganin wire, and at low temperature, by the superconducting transition in tin. 

The dashed line corresponds to the "ideal" case when the pressure does not change with temperature. Note that 

two curves are crossing each other at about 16 kbar. 

At room temperature, three important parameters, namely the actual pressure, applied 

force and the piston displacement, are measured during the ceIl loading. The pressure is 

measured by the change of resistance of a weIl calibrated manganin wire according to the 

formula 
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MIRo 
M= , 

2.48 
(3.1) 

where M is the variation of pressure in kilobars, M is the change of the manganin resistance 

and Ro is its initial resistance. The calibration of manganin wire is verified against the 

transitions in Bismuth as shown on Figure 3.3. The applied force is measured by a 

convention al piezoelectric gauge, and the piston displacement is measured by a mechanical 

indicator. The evolution of these parameters is followed versus time during the loading and 

allows immediately detecting the occurrence of problems, e.g. a leak or a plastic deformation. 

A typicaI view of the computer monitor during the procedure is shown on figure 3.4. 
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Figure 3.3 Structural transitions in Bismuth Bi! - Bill and Bill - BiIII measured by the change of 

resistance under pressure. The pressure in obtained from the resistance of a manganin wire. 
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At low temperature, the pressure IS measured by the shift of the superconducting 

transition temperature of tin 

2 Te ( P)= Tc(0)-4.63P+2.16P , (3.2) 

where T is in Kelvin and P is in kilobars (Smith, Chu and Maple 1969). This provides a 

precision of typically about 0.1 kbar. 
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Figure 3.4 Loading of the cell and fixing the pressure. a - Pressure in the cell as a function of applied 

force. Sorne initial force has been initially applied manually by tightening of the fixing nut. Pressure decrease 

after release of the force is due ta the small deformation of the threads of the fixing nut. b - Displacement of the 

piston versus pressure. The curve represents compressibility of the pressure transmitting medium. 

The pressure cell used for the neutron diffraction experiments is very similar to one 

described above. The main difference cornes from the fact that it must be transparent for the 

neutron beam and does not have current leads. Therefore, the insert is made of the compressed 

Al20 3 powder, and the outer part is made of steel containing an Al window. Typical pressure 

transmitting medium used for this kind of experiments is a deuterated mixture of 

ethanol/propanol. The pressure is measured by the change of the lattice parameters of NaCI 

both at ambient and low temperature. The cell is suitable for experiments under pressure up to 

about 25 kbar at low temperature. 
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3.1.2. Cryogenie and high magnetic field faeilities. 

Low temperature transport measurements under magnetic field have been performed 

in a 3HelHe dilution refrigerator. !ts working temperature range is from about 50mK up to 

room temperature. Three resistive thermometers are used for different temperature ranges. 

Temperatures from ambient to 50 K are measured by a Pt thermometer, and Ge and Ru02 

thermometers are used for temperature ranges from 50 K to 1.2 K and from 1.2 K down to the 

base temperature respectively. The cryostat is equipped by two magnets. The first one is an 8 

T superconducting coil to apply field parallel to cryostat axis. The other one is a 4 T 

superconducting transversal field magnet, which allows applying field in the plane 

perpendicular to the axis of the cryostat. As for high pressure experiment the cell axis is 

parallel to that of the cryostat, magnetic field can be either parallel to the cell axis or rotated in 

the perpendicular plane. 

When neither magnetic field nor very low temperatures were required, experiments 

were carried out in a conventional 4He cryostat. This system allows working at temperatures 

down to about 1.4 K measured by a Rh-Fe thermometer in the whole temperature range. 

The de Haas-van Alphen experiments have been performed in an 18 T 

superconducting magnet equipped with a 3He/4He dilution fridge. There are two distinctive 

features of the fridge. Firstly, the mixing chamber is made of plastic, which implies a 

relatively low value of cooling power at the base temperature of about 30 mK. Secondly, the 

fridge does not contain a 1 K pot and the mixture is injected under high pressure by a 

compressor. This restricts the upper limit of the temperature regulation to about 800 mK. A 

Ru02 thermometer is used for the tempe rature measurements owmg to its low 

magnetoresistance. The error in the temperature determination due to the thermometer 

magnetoresistance at 18 T does not exceed 5% of the measured value. 
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Finally, low temperature neutron diffraction experiments have been performed either 

in a conventional 4He cryostat similar to that described above or in a 3He cryostat. The base 

temperature of this 3He system is about 300 mK. Three thermometers, namely Pt, Carbon and 

Ge are used for the temperature ranges down to 25K, from 25 to 3K and below 3 K 

respectively. No high magnetic fields are available for this setup. 

3.3. Experimental procedures. 

3.3.1 Resistivity and upper critical field. 

The electrical resistivity was measured by a standard 4-point AC technique with a 

!ock-in detection. For this purpose, four gold wires (typical diameter 10 - 40 /lm) were spot

welded on the samples. The wires also provided the heat link to the samples. The signal was 

consequently amplified by a transformer and an AC amplifier with a total gain of 105
. The 

measuring current was varied from 10 to 100 /lA depending upon the temperature, with 

special precautions being taken to avoid sample heating. Measurements were performed at a 

frequency of Il Hz. 

Depending upon the employed procedure, the investigation of the electrical resistivity 

p(H, n gives access to different physical quantities: 

• Determination of pen at H = 0 or H = const. 

• Determination of the magnetoresistivity p(H) 1 T = cons!. For this, the sample temperature is 

kept constant while the magnetic field is swept at a rate of typically 0.03 T/min above 4 K 

and 0.015 T/K below that temperature. 

• Determination of the upper critical magnetic field Hdn. Here, the superconducting 

transition is recorded either in fixed magnetic field as a function of temperature, or at 

fixed temperature as a function of magnetic field. In the both cases the transition is 
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determined by its midpoint, i.e. where resistivity reaches half of the value of the normal 

state. Special attention was paid to avoid thermal hysteresis during the temperature 

sweeps, which were performed at a typical rate of 0.1 Klhour. 

3.3.2 AC -susceptibility. 

For the AC-susceptibility measurements a special set-up was build. It consists of a 

long primary coil (540 turns) and of a compensated pair of secondary coils (2 x 184 turns) in 

one of which the sample is mounted. The coils are situated on the teflon support. For the fine 

compensation, the third coil (50 turns) was winded around the section containing the sample. 

The primary coii was fed by a stable AC-generator (typically 0.52 mA at a frequency of 327 

Hz). The estimation of the field produced by the primary coil is 0.9 G/mA. The susceptometer 

sensitivity is 25 mQ/SI unit of X. The size of the set-up was chosen to make it suitable for 

using in the high pressure cell described above. 

3.3.3. Torque measurements. 

For the de Haas-van Alphen experiments we used the torque method. This technique is 

based essentially upon the following principle. In a magnetic field, a non-aligned magnetic 

moment ln experiences a torque T, which tries to align it parallel to the field: 

(3 .3) 

As the magnetic moment is the integral of the magnetization if over the sample volume V, 

(3.3) can be rewritten as 

- - -
T=MxBV. (3.4) 

Thus the absolute value of the torque is given by 

(3 .5) 
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where Ml. is the magnetization component perpendicular to the magnetic field. 

Here we are, however, interested only in the osciHatory part of the magnetization. For 

materials with an anisotropie Fermi surface, this part has a component perpendicular to the 

magnetic field: 

M =_~dF M 
1- F de Il ' 

(3.6) 

where Mil is a parallel component, F is the dHvA frequency and e is the orientation of the 

Fermi surface with respect to the applied filed. Thus with this perpendicular magnetization the 

torque results in 

T=-~ dF MEV. 
F de Il 

(3.7) 

Analysis of this formula shows that this technique cannot be applied for completely isotropie 

Fermi surfaces, where dF becomes zero for aH orientations of the magnetic fields. In less 
de 

symmetric cases, this factor and thus the torque vanishes at orientations parallel to symmetry 

axes. However, when the Fermi surface is essentially anisotropie, this technique becomes 

very sensitive, as illustrated in figure 3.5 for the quasi-two-dimensional conductor K-(BEDT-

TTFh Cu(NCSh· 

lQ 2,Ox10" 
'c 

K-{BEDT-T1F),Cu(NCS), 

.ci o.o ~.~lIIlU 
<ü 
-; -2 .0)(10 · 

" e-
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10 
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12 14 16 

Figure 3.5 Example of the de Baas-van Alphen oscillations observed in organic conductor K-(BEDT-

TTFhCu(NCS)2 by the torque method . 
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For the realization of this technique, we used a simple construction of a torquemeter 

shown in Figure 3.6. The sample is mounted on the cantilever, which is separated and 

electrically insulated from the ground plate. Thus the cantilever and the ground plate form a 

capacitance. Torque acting on the sample bends the cantilever and therefore varies the 

capacitance. Providing that the cantilever bending is small, the change of capacitance can be 

assumed as proportional to the torque and thus to the sample magnetization component 

perpendicular to the applied magnetic field. 

Figure 3.6 Schematic drawing of the torquemeter used for dHvA experiments. 1 - distance plate; 2 -

cantilever; 3 - sample; 4 - ground plate; 5 - electrical wires. 

For the precise measurements of the capacitance change we used a "General Radio" 

mechanical capacitance bridge with a lock-in detection. The excitation voltage of 5 V at a 

frequency of 5128 Hz was applied from the lock-in built-in generator. 
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3.3.4 Neutron diffraction. 

Elastic neutron scattering is a powerful tool for investigation of crystallographic and 

magnetic structure of solids. Let us consider the main principals of this experimental 

technique. 

We shall start from the simple case of a coherent elastic scattering from a crystal 

lattice or so-called Bragg scattering. It occurs only when the following condition known as 

the Bragg's law is satisfied: 

k -k' = r , (3.8) 

where k and e are the wavevectors of the incident and scattered neutrons, and ris a vector in 

reciprocal space. Since the scattering is elastic, Ikl = Ik1 = k. Let now e be the angle between k 

and e. Then, according to (3.8): 

r = 2k sin~e. 

The vector ris perpendicular to a set of crystal planes. Its magnitude is 

2n 
r=n-

d ' 

(3.9) 

(3.10) 

where d is the spacing of the planes, and n is integer. Since k = 2n , where is the wavelength 
À 

of the neutrons, (3.9) cao be rewritteo as 

nÀ = 2d sin~e. (3.11 ) 

Although there are several methods of measuring Bragg scattering, we shaH consider 

only one of them, rotation of crystal, which we used in our experiments. In this method, a 

monochromatic beam of neutrons of wavevector k is incident on a crystal that can be rotated. 

The scattering angle e is set to satisfy (3.9) . The crystal is rotated about an axis perpendicular 

to the plane containiog k and e, so that the reciprocal lattice vector r remains in that plane. As 
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the crystal is rotated, the angle If! between k and T is varied. Bragg scattering occurs when T 

coincides with k - e. The counting rate as a function of If! is known as a rocking curve. The 

variation of e allows to study different points in the reciprocal space. In this method the 

integrated number of scattered neutrons per unit time in the Bragg peak P is given by: 

where V is the crystal volume, 'Ua is that of the unit cell, À is the wavelength of the incident 

neutrons, and FN( T) is the nuc1ear unit-cell structure factor. 

Scattering from the magnetically ordered crystal is a somewhat more complicated 

matter. In this case the scattering occurs because of the interaction of the neutron magnetic 

moment with the local magnetic field of the localized electrons. We shaH not give here the 

most general expression of the elastic cross-section, but concentrate on two very important 

cases of ferromagnetic and antiferromagnetic orderings. 

In the ferromagnetic case when there is no magnetic field, a crystal is composed of 

small domains, in each of which the electron spins tend to align in the same direction. Let 

then 1Î be a unit vector in the mean direction of spins, and (S1)) is the mean value of the 

component of the spin in this direction. Then the cross-section for a sample with many 

domains is given by: 

( 
da ) = (yra) 2 N (2n) ' (Sil) 2I. ~gF(-r)}2 exp( -2W)~ - (i· ft) ;,v )6(k - k' - -r) , (3.13) 
dO. 'Uo '(; 

where 'Y = 1.913, ro = 2.818x10-17 cm is the c1assical radius of the electron, N is the number of 

unit cell, g is the Lande factor, F(r,) is the magnetic form factor and exp(-2W) is the Debye-

Waller factor. Analysis of (3 .13) reveals severa! essentia! properties of the scattering from a 

ferromagnet. First of ail, the magnetic Bragg peaks occur at the same points in reciprocal 

space as the nuclear Bragg peaks. However, there are severa! important differences between 
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magnetic and nuclear Bragg scattering. Firstly, the magnetic scattering, being proportional to 

(S11) 2 , is very temperature dependent, and faIls to zero at the Curie temperature, while the 

nuclear scattering varies little with temperature. Secondly, since the magnetic potential has a 

long range, the magnetic form factor F( -r) falls rapidly with increasing l!l. 

In an antiferromagnet each domain consists of two interpenitrating sublattices, A and 

B, the spins of the atoms in A being antiparallel to those in B. Now il will denote the mean 

spin direction in sublattice A only. Similarly, (S1)) is now the me an spin for the ions in 

sublattice A alone, i.e. the staggered me an spin. The expression for the cross-section in this 

case is quite similar to that for a ferromagnet. The only correction is that one should substitute 

the parameters of the magnetic unit cell for those of the crystal one in (3.13). The most 

important difference from the ferromagnetic case is that the magnetic Bragg scattering not 

always occurs at the same points of the reciprocal space as nuclear one. 

Neutron diffraction experiments reported here were performed on the instrument D23 

of the Institute Laue Langevin, Grenoble. The instrument is installed on the thermal neutron 

guide H25. D23 is a double-monochromator two-axis spectrometer with a lifting detector arm. 

We used the Cu monochromator (Cu 200 reflection) . This gives a slightly lower flux, but at a 

shorter wavelength, and affords a higher resolution. AlI the experiments were carried out with 

an unpolarized beam of a wavelength 'A = 1.2792. 
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Résume du Chapitre 4. 

Nous avons effectué des mesures de transport sous pression hydrostatique à basse 

température et sous champ magnétique sur un monocristal de CeCu2Sh. Nous trouvons que la 

phase A, de nature vraisemblablement magnétique, s'effondre rapidement sous pression, et 

disparaît pratiquement à 3.2 kbar. Nous trouvons aussi une relation évidente entre la phase A 

et la présence d'un maximum sur la dépendance en température de Hc2. La susceptibilité 

magnétique déduite de l'analyse de la variation de Hc2(T), tenant compte de l'interaction 

d'échange, montre une forte variation à la frontière de la phase A identifiée par mesures de 

résistivité dans l'état normal. Comme le signe de l'intégrale d'échange est négatif, la 

supraconductivité est ainsi renforcée par la susceptibilité paramagnétique comme dans l'effet 

J accarino-Peter. 

L'analyse de la résistivité dans la phase normale montre un comportement de liquide 

de Fermi, P = Po + AT 2 
, en dessous d'une température caractéristique TA mais le produit 

AT; augmente à l'approche du point critique quantique contrairement au modèle SCR. 

Le champ critique supérieur a été ajusté en imposant un régime intermédiaire entre les 

limites propre et sale. Aucun changement significatif de la limite de Pauli n'est trouvé. En 

revanche le comportement de la résistivité dans l'état normal à basse température et les 

paramètres de fit de Hc2 suggèrent que la masse effective diminue sous pression. 

L'anisotropie de la pente initiale de Hc2 et par conséquent celle de la masse effective 

changent sous pression. Ces variations d'anisotropie devraient être prises en considération 

lors de la comparaison des résultats obtenus avec des orientations différentes du champ 

magnétique. Elles suggèrent un changement de la structure électronique près de la pression ou 

Tc augmente. 



4. CeCu2Sh 

4.1 Introduction. 

The interplay of magnetism and superconductivity is at present one of the fascinating 

topics in the physics of heavy fermion systems. In addition to several uranium based 

superconductors (UPt3, URuzSiz' UPdzAI3) which exhibit weIl defined antiferromagnetic 

order, CeCuzSiz, which lies close to a magnetic instability, is another good candidate for the 

investigation of this phenomenon. Since the discovery of heavy fermion superconductivity in 

CeCuzSiz (Steglich, Aarts et al. 1979), this compound has been the object of many 

experimental and theoretical studies. It is now known that in the low temperature B-T phase 

diagram, the superconducting phase is embedded in another phase (labeled A-phase), as 

shown in figure 4.1 for both principal orientations of the magnetic field. In zero magnetic 

field, the transition into the A-phase occurs below the temperature TA - 0.7 K, which is only 

slightly higher than the superconducting critical temperature Tc. When a magnetic field is 

applied the behaviors of the two phases are quite different: The upper critical field, H C2' of the 

superconducting phase is about 2 T, whereas the A-phase exists up to much higher fields, 

exceeding 7 T when the temperature approaches zero for H Il a (BruIs, Wolf et al. 1994). 

However the low temperature phase diagram of CeCu2Si2 is extremely sensitive to small 

differences in stoichiometry (Steglich, Gegenwart et al. 1996). Samples can be of the S-type 

(superconducting with no signature of the A-phase), AIS type (coexistence of 

superconducting and A-phases) or A-type (only A-phase). The A-phase was first detected as 

an anomal y in magnetoresistance measurements (Rauchschwalbe, Steglich et al. 1987) and 

was shown to be of magnetic origin by NMR (Nakamura, Kitaoka et al. 1988) and muon spin 

relaxation (/-lSR) (Uemura, Kossler et al. 1989) measurements. However the type of magnetic 

state remains a mystery, as a]] attempts of direct observation of the magnetic structure by 
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neutron diffraction have failed so far. For example, a recent neutron elastic scattering 

experiment on a single crystal failed to detect any long range order in the (h,O,I) plane (Fâk 

1998). f.lSR results (Luke, Keren et al. 1994; Feyerherm, Amato et al. 1995) suggest that Spin 

Density Wave or Spin Glass type ordering are most 1ikely. But even the microscopie 

signatures of the appearance of the A-phase are obscure: new NQR experiments on cerium 

depleted samples show that the A-phase may exist above the temperature where a c1ear 

broadening occurs in the CU NQR or NMR signal (Ishida, Kawasaki et al. 1999). 
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Figure 4.1 Generic diagram of the superconducting and A-phases in CeCu2Si2 with the field applied (a) in 

the basal plane, (b) parallel to the c axis. 
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Figure 4.2 Pressure dependence of the superconducting critical temperature of CeCu2Si2 obtained by a.c.-

susceptibility measurements in a diamond anvil cell (Thomas, Ayache et al. 1996) 

Another point of interest in this compound is the unusual influence of hydrostatic 

pressure on its superconducting properties. Contrary to most other heavy fermion systems, in 

CeCu2Si2 the pressure dependence of the superconducting critical temperature, Tc, is not 

monotonous and exhibits several anomalies including a very rapid increase at about 25 kbar. 

This behavior, first observed by resistivity measurements (Bellarbi, Benoit et al. 1984) was 

well established in a.c.-susceptibility experiments, performed in a diamond anvil cell, using 

helium as a pressure transmitting medium (Thomas, Ayache et al. 1996), as shown in figure 

4.2 Two theoretical models (Thomas, Ayache et al. 1996; Miyake, Narikiyo and Onishi 1999) 

have been proposed in order to explain this unusual feature, but the lack of experimental data, 

definitely supporting either of them, leaves the situation open. Clearly one of the most 
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promising ways to gain further insight into the causes of the increase in Tc is through transport 

measurements under high pressure and magnetic field, as this enables the study of the normal 

state properties, the critical temperature, and the upper critical field. Two studies of this kind, 

performed in a diamond anvil cell filled with helium (Thomasson, Okayama et al. 1998) and 

in a Bridgman type pressure cell using solid pressure transmitting medium (Vargoz, Jaccard et 

al. 1998), have been recently presented. However, sorne of the reported results were 

significantly different, probably partly due to considerable difference in sample quality, and 

partlyon account of different experimental conditions (i.e. hydrostaticity of applied pressure). 

Furthermore, because of the experimental procedures, both studies were mostly concentrated 

on the very high pressure range, and the samples, measured at ambient pressure were different 

from ones used for high pressure investigations. 

As relatively little attention was paid to the low pressure range, no observations of the 

A-phase under pressure were reported until a recent study showed that it is completely 

suppressed at 7 kbar (Steglich, Buschinger et al. 1996). This study provided little information 

about the evolution of the B-T phase diagram of the A-phase under pressure. It is also known 

that pressure can induce superconductivity in A-type samples which are non-superconducting 

at ambient pressure (Link, Laube et al. 1998). 

In the present study, transport measurements have been performed in a piston-cylinder 

type ce Il , which provides better hydrostatic conditions than the Bridgman technique, and 

which allows the measurements to be performed on a larger sample, which can be well 

characterized at ambient pressure. We have concentrated on the pressure range up to 24 kbar 

where drastic changes are expected to occur. The measurements have been performed in 

magnetic field, in order to determine precisely how the A-phase is suppressed with 

hydrostatic pressure. We have also measured the upper critical field to look for evidence of 

interplay between the magnetic and superconducting phases. We will not here solve the 
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problem of whether the A-phase is a real magnetic phase transition, but we will stress that it 

has a clear magnetic origin with feedback effects on the temperature variation of the upper 

critical field. By the application of pressure, TA decreases and collapses near 4 kbar. As for 

antiferromagnetic superconductors, the interplay between superconductivity and magnetism 

appears clearly when the magnetic ordering temperature is lower than the superconducting 

critical temperature. 

4.2 Experimental details. 
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Figure 4.3. Examples of field sweeps (right) where the A-phase boundary appears as a sharp drop in 

resistance at low pressure or as a minimum in resistance at higher pressure, and temperature sweeps (left) where 

the A-phase boundary is determined by the point of deviation from a T2 law. In both plots curves correspond to 

0, 0.8, 1.8 and 3.2 kbars and are successively shifted downwards. 
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The sample used in our experiments was a single crystal of the AIS type which was 

found to display a strong anomaly in the resistivity corresponding to the A-phase boundary at 

ambient pressure. It has dimensions 1.7x 1.0x 0.5 mm3
, with its crystallographic c axis along 

the longest edge. Details of the sample preparation and characterization are described 

elsewherc (Wolf, BruIs et al. 1993). 

At ambient pressure the sample showed a Tc of 0.677 K with a transition width of 25 

mK (10-90%) and a residual resistivity, po, of 7.8 ~cm. These results are among the best 

reported in the literature and confirm the high quality of the sample. 

To determine the upper critical field and the A-phase diagram, we performed 

temperature and field sweeps as shown in figure 4.3. In the field sweeps at low pressure, the 

A-phase boundary appears as a sharp drop of about 15% of the magnetoresistance 

(Rauchschwalbe, Steglich et al. 1987). At higher pressures the feature becomes broader, 

changing finally to rather smooth minimum, and transition points were determined by the 

minimum of the magnetoresistance. On the temperature sweeps the A-phase boundary is 

marked by a change of regime: below TA' a deviation from the f2 law occurs (Gegenwart, 

Lohmann et al. 1997). At intermediate temperatures and fields both types of measurement 

were performed and the criteria used produced consistent results. As the superconducting 

transition becomes broader both under pressure and magnetic field, the superconducting 

critical temperature was always determined by the transition midpoint. 
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4.3. Interplay of magnetism and superconductivity under hydrostatic 

pressure. 

Figure 4.4 shows the evolution of the A-phase under pressure for the magnetic field 

applied parallel to the a-axis. We have found that the A-phase disappears very rapidly with 

pressure. It appears that the initial effect is mainly to 
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Figure 4.4 Evolution of the A-phase diagram for H Il a under pressure shown with the superconducting 
li 

phase at zero pressure, dashed lines show the extrapolation of a fit of the form (1-TITe) , in order to estimate the 

temperature of the intersection between the superconducting and A-phase boundaries, T
A
(H e2) , indicated by 

arrows. 

depress the temperature of the A-phase boundary at low field, while the critical field of the A-

phase at low temperature is hardly affected up to 1.7 kbar. At a pressure of 3.2 kbar we 
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observed only tiny signs of the A-phase. Contrary to the lower pressure results the A-phase 

boundary obtained at 3.2 kbar lies at low field even at low temperature. This suggests that the 

A-phase should completely disappear at a pressure only slightly higher than 3.2 kbar. The 

high field part of the tempe rature dependence of the upper critical field He2 renormalized by 

Te for different pressures are shown on figure 4.5. The low field points, i.e. close to Te (not 

shown) are identical for aIl pressures up to 3.2 kbar within the ex periment al resolution. 

However, the low temperature parts of the Hein curves are found to vary significantly with 

pressure. The most striking result is the appearance of a rather broad maximum on the 

temperature dependences of He2 when the A-phase boundary is shifted to lower temperature. 

This maximum becomes more pronounced at higher pressure, but, like the A-phase, 

disappears at pressures above 3.2 kbar. This anomaly can be also seen in the temperature 

sweeps at a magnetic field slightly lower than the maximum value of Hc2 (fig 4.5 inset) where 
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Figure 4.5 Temperature dependence of the upper critical field Hc2 renormalized by T c for different 

pressures. The low field points, i.e. close to Tc (not shown) are identical for ail pressures within the experimental 

resolution. The inset shows a temperature sweep at a field slightly below the maximum value of Hc2 exhibiting 

reentrant behavior. 
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reentrant behavior is found. Such a maximum on He2 in this compound has been already 

observed in sorne samples at ambient pressure (Assmus, Herrmann et al. 1984) although less 

pronounced than here. Several possible explanations were proposed, but without a final 

conclusion. At that time the existence of the A-phase was unknown, however our new results 

suggest that the origin of this maximum of He2 is due to the interplay between the magnetic 

A-phase and superconductivity. Several points support this idea: we have not found this 

behavior either at higher pressure, when the A-phase does not exist, or at zero pressure, when 

the temperature of the transition to A-phase at zero field is slightly higher than Te. Moreover 

when the anomaly occurs, it is in the temperature region of TA (He2), the temperature where 

the A-phase boundary crosses the upper critical field (see arrows in figure 4.4). The influence 

of the appearance of a magnetic phase on He2 should come from a change in the 

(paramagnetic) Pauli limitation. For a quantitative estimate of this change through a realistic 

model of He2 , a proper account of the me an free path (Rauchschwalbe, Ahlheim et al. 1987) 

and strong coupling parameters (Thomasson, Okayama et al. 1998; Vargoz, Jaccard et al. 

1998) would be necessary. Because the microscopic nature of the A-phase is still unknown, 

this is anyway at present out of reach. However in order to test qualitatively how the 

anomalous behavior of He2 can arise from a modification of the Pauli limitation by the A

phase, a simple model of H e2 should be sufficient. To this end we have analyzed the 

temperature dependences of H e2 assuming weak coupling and clean limit. In this case the 

Pauli limitation is entirely controlled by the value of the gyromagnetic ratio, g, of the 

conduction electrons (g = 2 for free electrons). With the same hypothesis the orbital limitation 

is determined by a mean Fermi velocity which can be deduced from the value of the slope of 

He2 at Tc' (dHc2/dTc) 1 T=Tc. We mentioned above that, within the experimental error bars, this 

slope is constant at about 25 T/K in the pressure range considered here. So g is the only 

parameter which can change with pressure, and inside the A-phase. Let us note that in the 
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c1ean Iimit scenano, the calculation of the paramagnetic effect on H e2 must include the 

appearance of the Fulde-Ferrel-Larkin-Ovchinnikov state (Saint James, Sarma and Thomas 

1969), which gives realistic though slightly overestimated values of H e2 at low temperature, 

owing to the fact that CeCu2Si2 is probably in an intermediate regime between the clean and 

dirty limits (Rauchschwalbe, Ahlheim et al. 1987). In a simple description of the magnetism 

of CeCu2Si2 arising from (paramagnetic) conduction electrons and magnetic ions, the Pauli 

limitation of H e2 is controlled by the pair-breaking effect of the external field, gIlBB, and by an 

additional term due to the internaI exchange field, X(T)JB, where J is the exchange integral 

between the conduction electrons and the magnetic moments, and X(T) is the uniform 

susceptibility of the magnetic ions. We can therefore write the effect of an external field as an 

effective temperature dependent gyromagnetic factor geff(T) IlBB where 

geneT) = g +x(T)J 1118 (4.1) 

We then fit the H e2(T) curve allowing geff to vary with temperature. As neither J nor g 

should vary with temperature, geff(T) reflects the temperature dependence of the susceptibility. 

This variation of geff(T) is shown in figure 4.6. geff is practically constant at ambient pressure, 

but at higher pressures shows a clear upturn. The most significant result is that the 

temperature where this upturn occurs coincides very weIl with the temperature of the 

intersection of the A-phase boundary with H e2 (indicated by arrows). A second, weaker upturn 

can be seen at lower temperature on the ambient pressure curve, but this probably arises from 

the shape of the theoretical curve of He2 which tends to overestimate He2 at low temperatures. 

In a more realistic model geff is expected to remain constant at ambient pressure and the 

increase would probably saturate when T decreases towards zero at the higher pressures. 

The fact that this upturn of g etf' found from the shape of H e2' occurs at almost exactly 

the same temperature as the transition to the A-phase deduced from magnetoresistance in the 
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normal phase, is in itself strong evidence towards our suggestion that the maximum of H c2 is 

due to the interaction with magnetism. However if as is most likely the A-phase corresponds 

to the onset of an order with antiferromagnetic correlations, one would expect the 

susceptibility to decrease, or at least remain constant below the ordering temperature, whereas 

geff is found to increase on cooling. This is not necessarily contradictory as the relation 

between X and g eff depends on the sign of J . If J is negative the two terms in equation (1) 

compensate each other, and the paramagnetic susceptibility enhances Hc2 in the presence of an 

external field, according to the Jaccarino-Peter effect (Jaccarino and Peter 1962). Then if X(T) 

has a maximum below Tc' H c2(T) will also exhibit a maximum as found here. 
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Figure 4.6 Temperature dependence of the effective g factor obtained from the fit of the RelY) curves. 

Note that for each pressure the upturn of g(T) occurs at a temperature close ta the intersection of the A-phase and 

superconducting phase boundaries indicated by the arrows. 
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Several studies show that the superconducting and A-phases tend to repel each other 

(BruIs, Wolf et al. 1994; Luke, Keren et al. 1994; Feyerherm, Amato et al. 1995). Here we 

have assumed their coexistence at least in a region close to the Hc2 boundary. We stress that 

this is not contradictory with an expulsion of the A-phase when moving deeper into the 

superconducting phase. However our results support the idea that at the onset of 

superconductivity, the two phases coexist homogeneously on a microscopic level, and not in 

separate macroscopic regions. The critical field of the A-phase, HA' increases on cooling, and 

decreases with pressure. This supports the idea of a real magnetic long range ordered state for 

the A-phase. 

This kind of measurement may provide a unique way of obtaining information on very 

weak variations of the magnetic susceptibility, as its effect on the conduction electrons can be 

greatly amplified by the exchange integral. Our results show that interplay of magnetism and 

superconductivity must probably be taken into account to understand the upper critical field 

of CuCu2Si2 at low tempe rature and ambient pressure. 

4.4 Normal state resistivity. 

For each pressure, we performed accurate measurements of resistivity as a function of 

temperature, several ex amples of which are shown in figure 4.7. At sorne given pressures the 

temperature dependence of the upper cri tic al field was also measured. 

At each pressure we have observed the characteristic Fermi liquid behavior of the 

resistivity: P = Po + AT 2 above the superconducting transition up to a temperature TA' as 

shown in figure 4.8 for the same pressures as on figure 4.7. In the pressure range around 10 

kbar where Tc increases rapidly under pressure, the rfit must be restricted above Tc because 

of the transition shape. The observation of the r law in the whole pressure range of our study 

differs from sorne recent studies (Steglich, Gegenwart et al. 1997; Gege'nwart, Langhammer 

52 



et al. 1998; Steglich, Geibel et al. 1998), where such a behavior of the resistivity at low 

temperatures and zero magnetic field was found only up to a pressure of about 5-7 kbar, at 

which the presumably magnetically ordered A-phase was completely suppressed. In these 

measurements, the characteristic values of the residual resistivity were of the order of 30 

J.1,Qcm, which is about four times higher than for our sample. This difference in the sample 

quality can be of particular significance, since it considerably effects the exponent, as was 

recently pointed out by Rosch (Rosch 1999). The influence of sample purity on the low 

tempe rature resistivity behavior was also considered by Kambe and Flouquet (Kambe and 

FIouquet 1997). 
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Figure 4.7 Resistivity versus temperature for several given pressures and at zero magnetic field . 
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Figure 4.8 Exponent, x, in the relationship P = Po + AT x 
, found as a logarithmic derivative, as a 

function of temperature for the same pressures as in figure 4.7. At each pressure, low temperature resistivity 

obeys the r-law up to the temperature TA indicated by arrows. The inset shows TA as a function of pressure, 

where line is a linear fit. 

Far from the magnetic instability, it is observed that A and TA-
2 scale with the square 

of the qU,asi-partic1e effective mass (m*)2 (Kadowaki and Woods 1986), thus the product AT} 

should be pressure independent. However near the magnetic quantum critical point (QCP), 

AT} is not expected to be invariant. Experimentally AT} is pressure invariant above 10 

kbar, whereas it increases with decreasing pressure below this point (see figure 4.9a). The 

residual resistivity, po, reaches a pronounced minimum at P = 8.25 kbar (inset of fig. 4.10). 
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Figure 4.9. (a) Pressure dependence of the product Ar A from the relationship p = po + Ar, which is valid 

up to the temperature TA. (b) A, TA-
2 

and V;2 normalized to their 24.2 kbar values vs . pressure. Lines are a 

guide to the eye. The inset shows low pressure part of A"2 which should be proportion al to (P - Pc) according to 

the SCR mode!. Thus its extrapolation to zero provides Pc, which is found to be about -4 kbar here. 

In order to describe the heavy fermion state close to the magnetic instability, a self-

consistent renormalized (SCR) spin fluctuation the ory has been recently developed by Moriya 

and Takimoto (Moriya and Takimoto 1995). In this theory the low temperature resistivity 
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behavior is described with the aid of two main phenomenological parameters, Yo and To' The 

first one, Yo' is a dimensionless parameter inversely proportional to the staggered 

susceptibility, X(Q). It characterizes the proximity to the magnetic instability reaching zero at 

the QCP. The temperature To is related to the frequency width of the local fluctuation. In the 

SCR model, it is predicted that A will diverge as y~"2; one can expect that the temperature 

range TA of the T 2 law should be proportional to the temperature ~ oc yoTo below which the 

disordered Fermi-liquid quantum phase is found in thermodynamic measurements (Millis 

1993). However, the relation between A and TA near a magnetic instability has not been 

given theoretically. Furthermore it may depend strongly on the nature of the approximation 

made for the calculation of the scattering (validity of the Born approximation near QCP). The 

SCR model has been applied successfully to the thermodynamic properties of several heavy 

fermion systems but gives less satisfactory results for transport measurements (Kambe, 

Flouquet and Hargreaves 1997); To is found generally pressure independent while Yo is 

proportional to (P - PJ, where Pc is the pressure at QCP. Assuming TA = TI' in the SCR 

Born approximation AT} will vary as AT} oc y~I2To2 oc (P - PJ 3/2 i.e. must decrease on 

approaching QCP. Experimentally the result is opposite. The same disagreement with the 

SCR model was found by Demuer in the case of CeA12 (De muer 2000). Here TA seems to 

increase linearly with pressure (inset of figure 4.8a), however this linear relation predicts that 

TA will reach zero at a rather large negative, Pc = -20 kbar , in comparison to other estimates 

(Steglich, Gegenwart et al. 1997; Gegenwart, Langhammer et al. 1998; Steglich, Geibel et al. 

1998), which locate CeCu2Si2 at P = 0 very near the QCP i.e. within a few kilobars. In the 

SCR theOt'y, A diverges as y~1/2 near the QCP. Assuming Yo is linear in pressure, the 

variation of A at low pressure (P < 4 kbar) gives Pc = -4 kbar (see inset of fig. 4.8b) which 
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is in qualitative agreement with the proximity of the QCP to ambient pressure. By contrast, 

the large negative value found for p,.. = -20 kbar from the extrapolation of TA to zero is 

unexpected. That suggests a strong turndown of TA from pressure linearity near the QCP, i.e. 

here at low negative pressure. 

An open possibility is a scenario different from the usual spin fluctuation picture in 

CeCu2Si2 at low pressure as the nature of the A-phase is still unclear. Notably it can be an 

identification to long range magnetic order or the occurrence of magnetic clusters. 

On figure 4.9b we show the pressure dependencies of A and TA-
2

, both normalized by 

their 24.2 kbar values, where the system is far from magnetic instability. Both curves coincide 

within 10% with each other above 10 kbar, but deviate strongly at lower pressure. Using the 

usual Kadowaki-Woods representation (Kadowaki and Woods 1986), the behavior at 

pressures higher than 10 kbar points to pressure induced decrease of t}1e effective mass, which 

is consistent with the result of Vargoz et al. (Vargoz, J accard et al. 1998). 

4.5 Superconductivity. 

Figure 4.10 shows the superconducting critical tempe rature as a function of pressure, 

found for our sample, compared with the data obtained previously by susceptibility 

measurements. We found that Tc hardly changes up to about 10 kbar, and th en begins to 

increase. In comparison with the results of Thomas et al. (Thomas, Ayache et al. 1996) in our 

case, the increase of Tc starts at lower pressure, but the increase itself is not so rapid. Vertical 

bars on the figure 4.10 represent the transition width, I1T, which appears to be considerably 

narrower than that found in a Bridgman type cell (Vargoz, J accard et al. 1998). For example 

at 25.5 kbar in (Vargoz, J accard et al. 1998), which is quite close to our point of 24.2 kbar, 
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the transition width was found to be more than 0.7 K, whereas in our case it is less than 0.2 K 

Moreover in our case the transition broadening cannot be easily explained by the pressure 

gradients in the ce Il , since even in the pressure range where Tc changes very rapidly the 

estimated pressure gradients of several kilobars necessary to produce such a broadening are at 

Jeast 10 times higher than those « 0.3 kbar) which could exist for the high pressure technique 

we use. 
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Figure 4.10 Superconducting transition temperature, obtained from the resistivity measurements, as a 

function of pressure. Vertical bars represent the transition width !!..Tc (10 - 90 %). Line is a guide to the eye. 

Dotted line: data obtained by susceptibility measurements (Thomas, Ayache et al. 1996). The inset shows 

pressure dependence of the residual resistivity. 
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4.6 The upper critical field. 

4 H lIa • 1 bar 
\j 

:~;, 
0 3.2 kbar • 0 8.3 kbar 

3 • 20.2 kbar 
v 24.2 kbar -1--N 

(.) 

2 :I: <g <P 

• 

1 

o 
o 0.5 1 1.5 2 

T (K) 

Figure 4.11 Upper critical field of CeCu2Si2 vs. tempe rature for various pressures. Lines are fits for the 

strong coupling intermediate regime hypothesis. 

In figure 4.11 we show the temperature dependencies of H c2 for different pressures 

and H Il a We have fitted these curves using a strong coupling model, in an intermediate 

regime between the clean and dirty limits, assuming the usual pressure independent Pauli 

limit characterized by a gyromagnetic ratio g = 2 . It has been shown (Rauchschwalbe, 

Ahlheim et al. 1987; Vargoz, J accard et al. 1998) that these assumptions seem to be the most 

realistic in the case of CeCu2Si2. Within this model there are four fitting parameters, once Tc 

is fixed: the Fermi velocity, VF (averaged over directions perpendicular to the field), the mean 
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free path, l , the strong coupling parameter, À, and the Coulomb repulsion parameter f.l * . f.l " 

has been fixed to a standard value (f.l * z 0.1). À has been determined assuming that the strong 

coupling regime is responsible for the enhancement of the paramagnetic limitation, like in 

A 15 compounds for example (Orlando, McNiff et al. 1979). Because H c2 is strongly limited 

by the paramagnetic effect at low temperature, the assumption that g = 2 and is pressure 

independent gives an unambiguous determination of À. Nevertheless, this is quite artificial 

owing to the fact that we have no control of the true value of g, and the main interest of the 

procedure is to provide a fit of the data which allows for an accurate determination of 

(aH C2 /aT)T,. This quantity depends only on Tc' vF and l, and the dependence of 

(aHc2 /aT) T, over these parameters is only weakly influenced by the weak or strong coupling 

regime. In the following, we will therefore focus mainly on this quantity, and not on the 

relevance of our strong coupling model because the conclusions are essentially model 

independent. 

At ambient pressure, a simple estimate of the product vFI is given by the residual 

resistivity, Po' and the specifie heat Sommerfeld coefficient y: vFI = 3La , where Lu is the 
PoY 

Lorentz number. Fitting H c2 close to T c and imposing this experimental value yields a value 

of vF = 3490m/ S, 1 = 189A., Ço = 70.6A.. For the pressure measurements, we have then 

assumed that the mean free path is inversely proportion al to Po' so that the fit of H c2 (P) , 

together with the measured residual resistivity, gives the pressure dependence of vF (and 

therefore of y). 

The parameters deduced from the fits of the tempe rature dependence of H c2 are given 

111 table 1. For 20.2 and 24.2 kbar the values of the critical temperature used for fits are 

somewhat lower than experimentally observed (given in brackets in table 1). This is due to the 
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existence of a small positive curvature close to T e of H e2 (T) at these pressures, as could be 

seen on figure 4.11. The origin of this behaviour is not clear and cannot be taken into account 

in the fitting procedure. 

TABLEI 

Parameters Deduced from the Fit of He2 in the Strong Coupling Model, in General Intermediate Regime Between 

the Clean and Dirty Limits and H Il a. 

P (kbar) Tc (K) -H'c2 (T/K) À vdmls) 

0 0.677 23 0.63 3490 

3.2 0.713 22 0.8 3678 

8.3 0.722 16 0.62 4209 

20.2a 1.45 (1.487) 12 0.48 6722 

24.2a 1.59 (1.62) 10 0.53 7950 

il For 20.2 and 24.2 kbar the values of the critical temperature used for fits are different from those 

experimentally observed, which are given in brackets. See text for the explanation. 

The Fermi velocity deduced from the initial slope of H e2' taking into account the 

evolution of T e and Po' increases, which corresponds to a decrease of the effective mass 

under pressure. The pressure dependence of V;2 normalized to its 24.2 kbar value is also 

shown on figure 4.9b. This result is consistent with that obtained by Vargoz et al. (Vargoz, 

Jaccard et al. 1998), although we do not find a low pressure maximum of (dHc2 /aT)T, 

reported by them. It is also in principal agreement with the result reported by Bleckwedel and 

Eicher (Bleckwedel and Eichler 1985) on the specifie heat measurements, though performed 

on a polycrystal and in a small pressure range, P ~ 6 kbar . In qualitative agreement with the 
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SCR approach of QCP, V~2 which is proportion al to (m* )2 does not have a fast variation on 

approaching ~. , while A and TA-
2 will diverge at QCP. 

As regards to the behavior of the strong coupling parameter, À, it should be stressed 

that at ambient pressure it can be affected by the interplay of superconductivity and the 

presumably magnetic A-phase (see section 4.3). Indeed, we have used the low temperature 

part of H â to fix its value. But it has also been shown that at low pressure, this region of the 

phase diagram is influenced by the development of the A-phase which competes with 

superconductivity and decreases H c2 ' This effect, which is neglected in the strong coupling 

model , is probably responsible for the low value of À found at ambient pressure. Taking this 

into account, one sees a weak tendency of À to decrease under pressure, which is also 

consistent with the result of Vargoz et. al. (Vargoz, Jaccard et al. 1998). 

4.6 Anisotropy under pressure. 

Figure 4.12 shows the temperature dependence of H c2 measured for both principal 

orientations of the magnetic field at ambient pressure. We find that H c2 (T ~ 0) is 

anisotropie, being about 20% higher for H Il c, which is in good agreement with 

(Rauchschwalbe, Ahlheim et al. 1987). The initial slope of H c2 is aIso anisotropie, having a 

value of 18.5 T/K for H Il c and 23 T/K for H Il a. Similar values were reported by 

Rauchschwalbe (Rauchschwalbe, Ahlheim et al. 1987) for the best single crystals 

investigated, though no anisotropy was emphasized there. This is in strong contradiction with 

the results of Moshchalkov and Aliev (MoshchaIkov and Aliev 1987), who found a huge 

anisotropy of about 170%. However, it should be mentioned that in their case the single 

crystal was not superconducting at atmospheric pressure and pressures P > 2 kbar were 

62 



needed to induce superconductivity, still with relatively low critical temperature of about 420 

mK. 

2.5 

2 

- 1.5 
1--N 

0 

J: 1 

0.5 

o 
o 

Figure 4.12 

o o 

0 .8 

0 .4 

0.1 0.2 

H Ilc 

0.3 0.4 

T (K) 

p 

0.5 

o 

0.6 0.7 

Temperature dependence of the upper critical of CeCuzSiz at ambient pressure and for 

different orientations of the magnetic field. Lines are fits for the strong coupling intermediate regime hypothesis. 

The inset shows the initial slopes. 

Figure 4.13 shows the temperature dependencies of H c2 measured for both principal 

orientations of the magnetic field at 24.2 kbar. In the case of H Il c we fitted our data within 

the same model, keeping the same values of À as for H Il a . In order to take into account the 

anisotropy of H c2 (0), we had to allow for a small anisotropy of the Pauli limit, and to allow 

the g-factor to be anisotropie and deviate from the free electron value. Thus we have again 

two independent parameters, g and (dHc2 /dT)T . The results deduced from the fits are given .. 

in table 4.2 together with those obtained for H Il a. 
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Figure 4.13 Temperature dependence of the upper critical field for P=24.2 kbar and different orientations 

of the magnetic field. Lines are fits for the strong coupling intermediate regime hypothesis. The inset shows the 

initial slopes. 

TABLE 4.2 

Comparison of the Parameters Deduced from the Fit of Hc2 for both Principal Orientations of the Magnetic Field" 

P (kbar) Orientation g -H'c2 (T/K) 

0 HII a 2 23 

0 H Il c 1.7 18.5 

24.2 H Il a 2 10 

24.2 H Il c 1.8 11.5 

il Note the change of the initial slope anisotropy with pressure. 
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But it may weil be that the most remarkable result cornes from the comparison of the 

Fermi velocity values deduced from the initial si opes of H e2 (shown in the in sets of figures 

4.12 and 4.13 respectively) for different orientations of the magnetic field at zero and high 

pressure. As we have mentioned above, the Fermi velocity obtained from a fit is averaged 

over directions perpendicular to the field. Thus for H Il c one obtains vFa which is inversely 

proportional to m: , and HI/a provides the value of ,jvp" vpc ~ ~. Taking this into 
mam e 

* * 
account one can obtain the ratio m~ . We find that at ambient pressure m~ = 0.74, while at 

me me 

* 
24.2 kbar m~ = 1.12, i.e. that the anisotropy of the effective mass reverses under pressure. 

me 

This pressure change of the effective mass anisotropy is a sign of an electronic modification 

either in the normal phase and/or in the superconducting order parameter as respectively 

assumed in the references (Thomas, Ayache et al. 1996) and (Miyake, Narikiyo and Onishi 

1999). However no major pressure change in the Pauli paramagnetic limit and in the g factor 

is found ; a possible pressure switch from antiferromagnetic spin fluctuation pairing to a 

valence fluctuation mechanism does not necessarily correspond to a drastic variation in the 

upper critical field curve. The pressure variation of the broadening of the superconducting 

transition may show that a tiny axial modulation of the pressure influences strongly the 

superconducting properties; it supports the idea of a drastic change in the normal ground state 

properties. 

4.7 Conclusions. 

We have performed transport measurements under hydrostatic pressure, low 

temperature and magnetic field on a single crystal of CeCu2Si2. The presumably magnetic A-
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phase is shown to collapse rapidly with pressure, and to almost disappear at 3.2kbar. We find 

evidence for a relation between the A-phase and the presence of a maximum on the 

temperature dependence of the He2 . The magnetic susceptibility deduced from the analysis of 

the variation of Hein, taking into account the exchange interaction, shows a sharp variation 

at the A-phase boundary obtained from resistivity measurements in the normal state. Our 

analysis shows that the sign of the exchange integral should be negative, thus 

superconductivity is enhanced by the paramagnetic susceptibility as in the Jaccarino-Peter 

effect. 

The analysis of the normal phase scattering underlines that here the product AT} 

increases on approaching the QCP by contrast to the SCR mode!. 

The upper critical field has been fitted assuming an intermediate regime between the 

clean and dirty limits. No major change in the Pauli limit is found, however both the low 

temperature behavior of the normal state resistivity and the fitting parameters of HeZ suggest 

that the effective mass decreases under pressure. 

The anisotropy of the initial sI ope of HeZ(T) and hence that of the effective mass 

changes under pressure, which should be taken into account when comparing the results 

obtained with different orientations of the magnetic field, and suggest a change in the 

electronic structure close to the pressure where Te mcreases. 
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Résume du Chapitre 5. 

En conclusion, nos résultats confirment l'apparition de la supraconductivité près du 

point critique quantique dans CePd2Sh. En ce point, le comportement de la résistivité de l'état 

normal change drastiquement. Au-dessous de la pression critique, Pc, la loi de résistivité est 

simplement la somme du terme f2 du liquide de Fermi et d'une contribution des ondes de 

spin. En revanche juste au-dessus de Pc, elle suit une loi en TU au lieu de la forme habituelle 

(quadratique) du liquide de Fermi, qui n'est pas restaurée même sous champ magnétique 

élevé. Ce comportement inhabituel indique fortement l'importance des fluctuations de spin 

près de la pression critique. Les valeurs élevées de la pente initiale de Hc2 trouvés à Pc 

suggèrent que les paires de Cooper sont constituées par des particules lourdes. Le champ 

critique supérieur est bien analysé dans le modèle du couplage faible et de la limite propre, 

avec une limite orbitale légèrement anisotrope. L'anisotropie de la limite paramagnétique de 

Pauli s'avère être considérablement plus grande que celle trouvée dans des mesures de 

susceptibilité à la pression ambiante. Des développements théoriques et expérimentaux sont 

nécessaires pour aller plus loin dans la compréhension de cette supraconductivité non 

conventionnelle. 

En ce qui concerne les expériences de Haas-van Alphen, deux fréquences différentes 

avec un faible dépendance angulaire ont été détectées lorsque le champ magnétique est 

appliqué dans le plan basal. Une autre fréquence a été trouvée avec le champ magnétique 

parallèle à l'axe tétragonal c. Malheureusement, l'absence des calculs de structure de bande et 

le très fort signal de fond dans le plan (a,c) ne permettent pas d'indiquer si cette fréquence 

correspond à la même partie de la surface de Fermi que la fréquence plus élevée observée 

dans le plan basal. Les valeurs modérées de la masse effective, de 13 à 16 me, sont cohérentes 

avec un coefficient linéaire de la chaleur spécifique relativement petit. Cependant, les 

majeures parties de la surface de Fermi sont restées non observées. Des études sous champ 

plus élevé seront réalisées pour l'exploration de ces parties, en tenant compte de la possibilité 

de masses effectives dépendantes du champ. Les calculs de structure de bandes électroniques 

sont nécessaires pour une meilleure interprétation des résultats expérimentaux. 



5.1 Introduction 

During the last decade, the appearance of superconductivity in heavy fermion systems 

near the quantum critical point (QCP), where the Néel temperature, TN, is suppressed to zero, 

became the mIe rather than an exception. Such an emergence of superconductivity has been 

observed notably in CeCu2Ge2 (Jaccard, Behnia and Sierro 1992), CeRh2Si2 (Movshovich, 

Graf et al. 1996), CeIn} (Walker, Grosche et al. 1997; Mathur, Grosche et al.. 1998) and 

CePd2Siz (Grosche, Julian et al. 1996; Walker, Grosche et al. 1997; Mathur, Grosche et al. 

1998; Raymond, Jaccard et al. 1999; Raymond and Jaccard 2000). AlI these compounds, 

being antiferromagnetic under normal conditions, were driven to the QCP by the application 

of hydrostatic pressure. 

In ail these materials, superconductivity develops near the critical pressure, Pc, where 

the magnetic transition temperature, T N, vanishes, however the pressure range of 

superconductivity existence varies for different compounds. In CeRh2Si2 and CeIn} it exists 

only in a small range around the critical pressure, while in CeCu2Ge2, superconductivity was 

found over a wide pressure range, and in CePd2Si2 this question is not yet clear (see below). 

Close to the critical point, the magnetic fluctuations become strong, and it has been suggested 

(Miyake, Schmitt-Rink and Varma 1986) that superconductivity is due to magnetism rather 

than the usual phonon mechanism. However, such an unconventional superconducting state 

may exist only in very pure samples. Probably, it is this restriction which explains why until 

very recently superconductivity in CePd2Siz was observed by only one group in Cambridge 

(Grosche, Julian et al. 1996; Walker, Grosche et al. 1997; Mathur, Grosche et al. 1998), in 

spite of several experimental efforts (Thompson, Parks and Borges 1986; Link, Laube et al. 

1998). The existence of superconductivity in this system has been confirmed by Raymond and 

Jaccard (Raymond, Jaccard et al. 1999; Raymond and Jaccard 2000), though the 
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superconducting transition they observed was not complete but appeared as a lOto 40 % drop 

of resistivity. This group performed their measurements in a Bridgman type pressure ce II , 

whereas in Cambridge the experiment was carried out in a piston-cylinder type cell. Sorne of 

the results obtained by these two teams are considerably different, with the main disagreement 

being the pressure range of superconductivity existence. Whereas in (Mathur, Grosche et al. 

1998) superconductivity was observed only in a small range close to the QCP, i.e. 27 kbar, in 

(Raymond and J accard 2000) traces of superconducting transition were found up to a pressure 

of about 70 kbar. This caused doubts on the validity of the model of magnetically mediated 

superconductivity in this compound. 

An essential information which would allow to shed sorne light on the situation in 

CePd2Si2 is the Fermi surface structure. However, it is not available so far ev en at ambient 

pressure. For this matter, quantum oscillation measurements could be particularly 

informative, as it is a unique tool for direct exploration of the Fermi surface. AIso, from the 

Fermi surface topology it may be possible to determine if the f-electrons of Cerium contribute 

to it. 

This situation In CePd2Sh motivated us to perform yet another study of this 

compound. The first part of this study consists of the resistivity measurements performed on a 

sample quite similar to that described in (Raymond and Jaccard 2000), but using almost the 

same high pressure technique as the Cambridge group. With this type of cell we are limited to 

Jess than 30 kbar so we do not try to give a definite answer about the pressure range of 

superconductivity existence. However, since our cell is made of non magnetic materials, it 

allows measurements of the upper critical field, and thus we can shed sorne light on the 

microscopie parameters and origin of this superconducting state. In the second part of this 

study, we have investigated the quantum-oscillatory magnetization, or the de Haas-van 
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Alphen effect, at ambient pressure and with applied magnetic fields B in both the basal and in 

(a-c) planes. 

5.2 Experimental details. 

We performed our experiments on a single crystal obtained from a platelet for which 

details of preparation and characterization are given in (Raymond, Jaccard et al. 1999). The 

sample dimensions are 630x150x70 11m3
, with its a and c axis parallei to its length and width 

respectively. At ambient pressure, the sample resistivity measurements showed a residual 

resistivity ratio as high as 45 with the residual resistivity being of the order of 1 ~ncm. The 

antiferromagnetic transition marked by a kink in the resistivity curve was found at TN = 10.5 

K. These parameters are among the best reported in literature and characterize the sample as a 

high quality one. High quality of the sample is also confirmed by the observation of the de 

Haas-van Alphen effect, from which the Dingle temperature was estimated as 0.5 K. 

5.3 P-T phase diagram - comparison with previously reported data. 

Figure 5.1 shows the P-T phase diagram compared with that reported in (Raymond 

and Jaccard 2000). The antiferromagnetic transition manifests itself by a c1ear kink on the 

peT) curves as shown in the inset for several given pressures. While the difference between 

our results and those reported in (Mathur, Grosche et al. 1998) is quite small and could be 

explained by a small difference in the sample quality, the disagreement with (Raymond and 

J aceard 2000) for a sample eut from the same platelet is rather remarkable (see figure 5.1). 

We find that TN decreases much faster, and the extrapolation of the experimental points to 

zero yields Pc of about 27 kbar. This differenee in the results could be due to differences 

between the two samples. However, it is more likely to be explained by the difference of high 

pressure techniques, as pressure gradients and uniaxial stresses are known to be much 
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stronger in a Bridgman type cell than in a piston-cylinder one. The uniaxial stress dependence 

of the 
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Figure 5.1 The P-T phase diagram of CePd2Si2 compared to the results obtained in a Bridgman type 

pressure cell (Raymond and Jaccard 2000). The antiferromagnetic transition temperature, T N, is determined by a 

kink in the resistivity curves (the inset). 

antiferromagnetic transition temperature has been estimated by van Dijk et. al. (Van Dijk, 

Fâk et al. 2000). The authors applied the Ehrenfest relation to the measured anomalies in the 

coefficient of thermal expansion combined with the jump in the specifie heat. The found 

values are dT ,/dplI = -83 mKlkbar and dT ,/dpc = 84 mKlkbar. From the fact that these two 
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derivatives have opposite signs, it follows that if the uniaxial stress is higher along one 

crystallographic direction of the sample the measured antiferromagnetic transition 

temperature will appear either higher or lower than that obtained in pure hydrostatic 

conditions. Thus if in (Raymond and Jaccard 2000) strong uniaxial stresses occur along the c 

axis of the sample (which is quite possible as the c axis was parallel to the ceIl axis), it 

accounts for the higher values of the Néel temperature and thus larger pressure range of 

antiferromagnetism existence. Besides that, the pressure gradients broaden both magnetic and 

SC transitions. That is why while in (Raymond and Jaccard 2000) the lowest reported TN is of 

about 6 K and has a big error bar, we can clearly see the transition up to 24.5 kbar where it 

occurs at 2.4 K. 

5.4 Normal state resistivity near the quantum critical point. 

The change in the normal state resistivity behavior when crossing the QCP is dramatic, 

as shown on figure 5.2. At P = 24.5 kbar, i.e. just below Pc, an attempt to fit p(T) = Po + Arx 

for Tc<T<TN yields ex = 2.2l±0.01. The effective exponent, being higher than 2, points to a 

presence of an additional contribution besides that of the usual FL T-. It is most natural to 

expect this additional contribution to be due to antiferromagnetic gapped spin waves. In such 

case, the resi stivity should be described by the following formula (Palstra, Menovsky and 

Mydosh 1986): 

P = Po + AT 2 + BT(1 + 2T f f}. ) exp ( -f}.fT ), (5.1) 

where the first two terms correspond to the PL contribution of heavy electrons, and the last 

one to that of antiferromagnetic gapped spin waves with f}. being the value of the spin gap. 

The best fitting to (5.1) between Tc and TN gives po = 0.965 (0.002) M!2cm, A = 0.128 (0.006) 

~CrnJK2, B = 0.098 (0.005) Qcm/K and f}. = 2.2 (0.2) K. These values should be treated with 
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caution as the validity of Eg. (5.1) is restricted to Tv ,:1. The upper limit of temperature range 

for the fit cannot be significantly reduced, because we are also limited by the SC transition 

temperature. This does not allow for a very precise determination of,:1 and B. Nonetheless, the 

values of po and A do not change within the error bar with the temperature range reduction. 
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Temperature dependence of the resistivity, p, just below and at the quantum critical point. Note 

that just below Pc, at 24.5 kbar, both antiferromagnetic and superconducting transitions are visible on the curve. 

The inset shows log-log plot of p versus r in a large temperature range at P = 26.7 kbar and zero magnetic field. 
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At the critical pressure, Pc = 26.7 kbar, the resistivity follows a TI3-law up to T - 40 K 

(see the inset). This is compatible with the results of Marthur et al, (Mathur, Grosche et al. 

1998) who found an effective exponent of 1.1 in a large temperature range near the critical 

pressure. However, more careful analysis performed by Demuer (Demuer 2000) revealed that 

the effective exponent is not a constant and increases at very low temperature. A large 

crossover regime down to T --7 0 is expected at the QCP within the self-consistent spin 

fluctuation theory (Millis, Sachdev and Varma 1988; Moriya and Takimoto 1995). In (Moriya 

and Takimoto 1995) at the QCP, for a pure system (Po = 0) a y312 variation of the resistivity is 

predicted. The temperature range, T < TI (Moriya and Takimoto 1995), of the observation of 

the usual r FL contribution vanishes at this point. As the system moves from the QCP (P > 

Pc), the r term appears below TI oc (P - Pc). However, in order to understand the anomalous 

exponent a (1 :S;a:S;1.5), characterizing the temperature dependence of resistivity, as weIl as its 

large temperature range of observation, one should take disorder into account (Rosch 1999). 

According to (Rosch 1999), disorder changes the weight of hot spots scattering, i.e. that from 

the parts of the Fermi surface, connected by the antiferromagnetic wavevector, Q. In this case, 

the crossover regime characterized by the unusual exponent can be observed over a large 

temperature range, depending upon the amount of disorder. 

When a magnetic field, B, is applied, one may expect to the system to move rapidly 

from the QCP, since in usual antiferromagnets TN decreases with magnetic field. This "field 

departure" from the QCP must lead to the recovery of the FL temperature dependence of p. 

As shown on figure 5.3, even at B = 6 T, the quadratic behavior is not yet restored, and the 

resistivity follows a T14 law. The behavior of TI under magnetic field may depend on intrinsic 

fine electronic and magnetic structures as well as on the field decoupling of the disorder, 

Po(B). An excellent example of this complex problem is the apparently conflicting data 

obtained on CeNi2Ce2 (Pc - 0), where in (Julian, Pfleiderer et al. 1996) the Fermi liquid 
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behavior is not observed even at 16 T, while in a recent work (Gegenwart, Kromer et al. 

1999), the f2 law of p is found already at 2 T. 
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Figure 5.3 Resistivity versus temperature at 26.7 kbar and a magnetic field of 6 T. The inset shows a 

comparison between zero field and 6T temperature dependence of resistivity in a log-log scale. Note the different 

slope of the two curves. 

5.5 Superconductivity. 

As regards superconductivity, its first trace was observed already at 19 kbar: at 180 

mK the resistivity began to decrease rather rapidly and dropped by 30% down to 50 mK, 
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meaning that at this pressure the transition is very broad. This broadening of the transition 

cannot be simply explained by the pressure gradients present in the celI. Indeed, with the 

estimated derivative of dT cldP - 28 mKlkbar, such a broadening would require gradients as 

strong as at least several kilobars, compared to less than 0.2 kbar experimentally observed 

here. This points to another physical reason that must be involved in the transition 

broadening. The same conclusion was also drawn in (Raymond, Jaccard et al. 1999), where at 

P = 41 kbar, the transition width was found to be 150 mK, which is twice of the width 

possibly produced by the pressure gradients evaluated from the lead manometer. However, if 

indeed the superconductivity is related to the disappearance of the antiferromagnetism, i.e. 

each value of the TN(P) corresponds to a particular value of Te(P), the pressure inhomogeneity 

leads also to an additional broadening of the superconducting transition, and ev en incomplete 

achievement. Alternatively, the magnification of the inhomogeneity as Te emerges may reflect 

here a high sensitivity to the Cooper pair breaking, a competition between different 

characteristic lengths (superconducting coherence length, magnetic coherence Iength and 

electronic mean free path) and related unusual dependence of the critical current. A new 

generation of experiments must be performed to clarify these striking points. 

With increasing pressure, the transition moves to higher temperature and becomes 

much sharper, reaching Te=395 mK with a width (10%-90%) of 20mK at P = 26.7 kbar (see 

figure 5.2). We have already mentioned above that our high pressure technique is limited to 

about 27 kbar, so we cannot determine the range of existence of superconductivity. Instead, 

we have concentrated on the temperature dependence of the upper critical field, He2, at this 

critical pressure. 
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5.6 The upper critical field. 

Figure 5.4 shows the upper critical field measured for both principal orientations of the 

magnetic field. The values of the He2 initial slope, which are -12.7 T/K and -16 T/K for the 

magnetic field applied along a and c axis respectively, are very high taking into account Te 

and high residual resistivity ratio . The value of (JH'7àr )T. for H Il c is rather close ta that 

reported in (Raymond and J accard 2000) for the same orientation of the magnetic field. 

However, the initial slope of about -6 T/K given in (Mathur, Grosche et al. 1998) is much 

lower than that found here, even though the authors do not mention the orientation of the 

magnetic field in their experiments. The large initial slopes indicate a small coherence length, 

ç. Taking into account the very low residual resistivity, this compound is close to the clean 

limit, as it was 
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Figure 5.4 Temperature dependence of the upper critical field at P = 26.7 kbar measured for both principal 

orientations of the field . Lines are fits in a weak coupling cie an limit mode\. 
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found to be the case for other heavy fermion systems, such as UPt3 (Choi and Sauls 1992), 

UBe13 (Thomas, Wand et al. 1996) and URU2Sh (Brison, Keller et al. 1995). In the c1ean limit 

the initial slope of He2 normalized to Te is inversely proportional to the square of the Fermi 

velocity, VF, so our results confirm the heavy fermion origin of superconductivity on one hand, 

and point to a small anisotropy of the Fermi velocity on the other hand, VF being slightly 

higher in the basal plane. This is compatible with our results of the de Haas-van Alphen 

(dHvA) effect measurements (see the next section), obtained on the same sample at ambient 

pressure. Observed oscillatory frequencies and effective masses also reveal a small anisotropy 

of the averaged Fermi velocity, with again VF slightly higher in the basal than in the (a,e) 

plane. However, this comparison should be treated with sorne caution as the dHvA 

experiments allowed to observe only small part of the Fermi surface so far. This weak 

anisotropy of the initial slope of Hc2 can be also compared to that in CeCu2Si2, which aiready 

at ambient pressure, is relatively close to the QCP. In that case, the initial slope is also slightly 

anisotropic, being somewhat higher for H Il a (see section 4.6). 

We have tried to fit the He2 curves both with strong and weak coupling models in the 

framework of normal s-wave superconductor. While the attempt of fitting in the strong 

coupling model has faiIed, the weak coupling one provides quite good results, which are aiso 

shown in figure 5.5 as fulllines. In this model, once the initial slope is fixed, there is only one 

fitting parameter, namely the gyromagnetic ratio, g, which controis the Pauli limit. The values 

of the g-factor obtained from this fit were found to be 1.82 and 0.92 for the field parallel to a 

and c axis respectively. This large anisotropy of the g-factor deduced from the Pauli limitation 

of He2 might be indeed related to an anisotropic Pauli susceptibility of the conduction 

electrons. This cannot be eXcluded due to their strong f-character. Note that in the 

antiferromagnetic ordered state, the easy magnetization axis is along [110] direction, which is 
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compatible with ag-factor smaller along the c axis than in the basal plane. However, the 

measurements of the DC susceptibility at ambient pressure (Van Dijk, Fâk et al. 2000) show a 

weak magnetic anisotropy between c and a axis. The occurrence of a drastic change of the g

factor anisotropy with pressure is very unlikely. An appealing solution is an unconventional 

pairing (d or p wave). A well known example for heavy fermion systems is the link between 

the odd parity superconducting state of UPt3 and its unusual anisotropy of the temperature 

dependence of Hc2 (Choi and Sauls 1992). There is c1early a need here for an analysis of Hc2 

in the framework of unconventional superconductivity. 

The apparent validity of the weak coupling theory found here supports the idea that the 

key parameter governing the pairing mechanism is the ratio of Tc and the effective Fermi 

temperature TF, which would be here roughly the Kondo temperature (TK - 10 K (Van Dijk, 

Fâk et al. 2000)). Of course, the characteristic spin fluctuation temperature TSF will collapse at 

the critical pressure, but the damping rates of the quasipartic1es with energy of the order of Tc 

is still much smaller than Tc itself. In the opposite case of UBel3 where large strong coupling 

effects are observed, the situation is quite contrary, as now T K is comparable to Tc (Hori and 

Miyake ; Glemot, Brison et al. 1999; Walti, Ott et al. 2000). 

5.7 de Haas-van Alphen effect and the Fermi surface at ambient pressure. 

Figure 5.5 shows the oscillatory part of the torque signal observed for the magnetic 

field applied parallel to the crystallographic c axis. The amplitude of the oscillations is more 

than 2000 times smaller than the high field background signal, and only several times higher 

than the noise level. However, the oscillations are reproducible and c1early seen on both field 

sweeps up and down with the background substracted. The oscillation spectra of this data is 

shown in figure 5.6. It reveals unambiguously a frequency of 2500 T. The temperature 

dependence of the quantum oscillation amplitude follows the Lifshitz-Kosevich temperature 
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damping factor and is shown in the inset. From this dependence one can extract the effective 

mass. For this frequency m* was found to be (14±1) me. Unfortunately, the very high 

background signal did not allow to detect oscillations at other orientations of the magnetic 

field in the (a-c) plane. 
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Figure 5.5 Oscillatory part of the torque signal with the magnetic field parallei to the tetragonal c-axis. 

With the magnetic field applied in the basal plane, two sheets of the Fermi surface, 

denoted here a and ~, have been clearly observed at T = 35 mK. However, the weak 

amplitude of the oscillations allowed the determination of the effective mass for only one 

particular orientqtion of the magnetic field for each frequency. AlI the results are given in 

table 5.1. 
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Table 5.1 

Angle (deg.) Fa. (T) * m a.lme F~(T) m*~/me 

0 - - 3480 16±2 

15 920 - 3320 -

30 670 - 3540 -

45 710 13±2 - -

dHvA frequencies and effective masses from sweeps with the field inside the basal plane. The angle is that 

between the magnetic field and the a-axis. 
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Both a and p orbits have weak angular dependence. The a frequency lies between 670 

and 920 T. This frequency was not observed for the magnetic field parallel to the symmetry 

(100) axis . The P frequency, which was not observed at (110) direction, lies between 3.3 and 

3.6 kT. The effective mass associated with this frequency is somewhat higher than that 

corresponding to the a orbit. 

The observation of moderate masses is consistent with a relatively small value of the 

1 inear coefficient 'Y of the specific heat. The rough uniformity of the masses is also in 

agreement with the isostructural compound URU2Siz (Bergemann, Julian et al. 1997). 

However, the estimation based upon the observed frequencies and effective masses yields a 

contribution to the linear heat capacity that does not exceed 30% of y. Thus, the major and 

thermodynamically more important sheets of the Fermi surface of this material remain 

unobserved. The most probable scenario is the existence of addition al branches of the Fermi 

surface with higher effective masses that we were not able to detect being Iimited in the 

magnetic field. 

5.8 Conclusions 

In conclusion, our results confirm the emergence of superconductivity near the QCP in 

CePd2Si2. At this point the behavior of normal state resistivity changes dramatically. Below 

Pc, the resistivity law is simply the sum of Fermi liquid T2 term and spin wave contribution. 

By contrast just above Pc, it follows a Tl.3 law instead of the usual FL (quadratic) form, which 

is not recovered even at high magnetic field. This unusual behavior points strongly to the 

importance of spin fluctuations near the critical pressure. High values of the initial slope of 

Hc2 found at Pc suggest that the superconducting pairs are formed by heavy particles. The 

upper critical field is well analyzed within weak coupling, clean limit model, with a slightly 

anisotropic orbital limit. The anisotropy of the Pauli paramagnetic liinit is found to be 
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considerably larger than that reported in bulk susceptibility measurements at ambient 

pressure. Theoretical and experimental developments are needed to go further in 

understanding of this unconventional superconductivity. 

As regards the de Haas-van Alphen experiments, two different frequencies with weak 

angular dependence were detected with magnetic field lying in the basal plane. Another 

frequency was found with magnetic field parallel to the tetragonal c axis. Unfortunately, the 

absence of the band structure calculations and very high background signal in the (a,c) plane 

do not allow to say whether this frequency corresponds to the same branch of the Fermi 

surface as the higher frequency observed in the basal plane. Moderate values of the effective 

mass, from 13 to 16 me, are consistent with a relatively small linear coefficient of the specifie 

heat. However, major parts of the Fermi surface remained unobserved. Higher field studies 

will be performed for the exploration of these branches, taking into account a possibility of 

the field dependent effective masses. Electronic band structure calculations are needed for 

better interpretation of the experimental results. 
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Résume du Chapitre 6. 
La motivation initiale de notre étude sur UGe2 était de rechercher la supraconductivité 

spin triplet de parité impaire à proximité de la pression critique, Pc, où le ferromagnétisme 
dispar,a~t. TI est prévu. q~e ce type de sUp'raconducti~ité i~d~ite par les, fluctuati~ns 
magnetlques, en analogIe a la phase Al de -He, apparmtra generalement pres d'un pomt 
critique ferromagnétique de deuxième ordre. Cependant un tel état est difficile à observer en 
raison de la nécessité d'avoir, dans des matériaux appropriés, des cristaux de suffisamment 
bonne qualité. Notre recherche initiale a été focalisée sur des pressions situées juste au-dessus 
de Pc, où aucune supraconductivité n'a été vue jusqu'à 70 mK. Cependant, un comportement 
metamagnétique observé au-dessus de Pc, a indiqué que la transition magnétique est 
probablement devenue du premier ordre aux pressions juste au-dessous de Pc. Ainsi la 
divergence de l'amplitude de fluctuation, caractéristique d'un point critique quantique de 
deuxième ordre, ne serait plus attendue. La surprise a été de constater que juste à l'intérieur de 
l'état ferromagnétique nous avons tout de même observé la supraconductivité. 

La recherche supplémentaire sur les phénomènes présentés ici a montré une forte 
corrélation entre une transition à Tx dans l'état ferromagnétique et l'apparition de la 
supraconductivité ; la supraconductivité a la température critique la plus élevé pour la 
pression Px où Tx disparaît. Ainsi il s'avère que la condition initiale d'un point critique 
quantique de deuxième ordre pourrait être satisfaite, mais pour la transition avec la pression 
critique Px plutôt qu'à la pression critique de la disparition de l'ordre ferromagnétique. 
L'identification de la nature microscopique de la transition à Px n'a pas été encore réalisée. 
Cependant une comparaison avec le cas de l'uranium alpha et la structure de bande calculée 
pour l'UGe2 suggèrent que la transition puisse être liée à un « nesting » de la surface de Fermi 
et de la formation d'une onde de densité de spin (SDW). En général, on s'attendrait à ce que 
l'ordre de SDW soit affaibli sous pression. En outre, la formation d'un tel état dépendrait des 
volumes et des formes des feuilles particulières de la surface de Fermi. Celles-ci changent de 
manière significative avec l'aimantation de l'échantillon, à cause du changement de la 
population des bandes à majorité et à minorité de spin. TI y a alors une possibilité naturelle 
pour que la transition de SDW soit confinée à la phase ferromagnétique et de même pour la 
supraconductivité. Ce scénario peut également expliquer l'occurrènce d'une transition 
« metamagnétique» comme observé sous champ élevé entre Px et Pc. Ceci donne aussi une 
explication qualitative pour la « réentrance » de la supraconductivité sous champ appliqué à P 
= 13,5 kbar. Une autre remarque concerne la largeur de la transition supra. La transition sous 
champ nul est étroite sous haute pression au-dessus de Px, mais devient beaucoup plus large 
aux pressions au-dessous de Px. En même temps la résistivité résiduelle de l'échantillon 
augmente rapidement au-dessous de Px. Ces observations suggèrent que l'état au-dessous de 
Px est plus désordonné, peut-être en raison d'une structure de domaine de l'onde de densité de 
spm. 

La nature uniaxiale (Ising) des spins pourrait jouer un rôle important en renforçant de 
Tc. Ceci assure que des fluctuations transversales seront absentes (c.-à-d. qu'elles auront une 
énergie très élevée) et deuxièmement elle suggère la présence d'un gap de spin pour les modes 
longitudinaux de la plus basse énergie. Les fluctuations transversales et les modes de plus 
basse énergie sont nocifs à la supraconductivité spin triplet. 

TI est évident que des travaux futurs sont nécessaires pour rechercher les petites 
modulations de la structure de spin et pour confirmer le scénario ci-dessus. Si il s'avère q'un 
SDW ne se produit qu'au-dessous de Px, nous avons en effet la coexistence du 
ferromagnétisme et de la supraconductivité entre Px et Pc. Au-dessous de Px la structure 
magnétique pourrait s'avérer être décrite plus exactement comme ferrimagnétique. 
L'identification éventuelle de la transition à Px devrait également clarifier la nature de 
l'interaction de couplage. Elle peut être purement liée au magnétisme, de nature phononique 
ou être une action combinée de ces deux mécanismes. 



6. UGe2. 

6.1 Introduction. 

The coexistence and interplay of superconductivity and magnetic order remain one of 

the most fascinating topics in the physics of heavy electron systems. There are many 

examples known where there is a simultaneous existence of antiferromagnetism and 

superconductivity (see section 5.1). However, the coexistence of ferromagnetic order and 

superconductivity has not been observed in this class of materials so far. Moreover, more 

generally there are only a few known ex amples where these two orders exist simultaneously. 

Among such systems are ErRh4B4 (Fertig, J ohnston et al. 1977; Moncton, Mc Whan et al. 

1980), HoM06Sg (Ishikawa and Fischer 1977) and ErNhB2C (Canfield, Bud'ko and Cho 

1996). However in those cases TClIrie < Tc and the two orders can be considered as competing. 

For the case of ferromagnetic nuclear spin order, which has also been observed 

(Hermamsdorfer, Pehmann et al. 1998) to exist in the superconducting state of AuIn2, the 

nuclear and electronic spin systems are only very weakly coupled. More recently the 

coexistence of ferromagnetism and superconductivity has been claimed to occur in 

RuSr2GdCu20S with TClIrie > Tc (Bernhard, Tallon et al. 1999), however in this case they seem 

to exist in different layers of the perovskite structure. Moreover, high quality single crystals of 

this material have not yet been studied. 

Theoretically superconductivity might appear not only near an antiferromagnetic 

quantum critic point, like in CePd2Sh (see chapter 5), but also near a ferromagnetic one (Fay 

and Appel 1980). Such a scenario is simpler to study theoretically since we avoid the 

complexity of dealing with the more complicated antiferromagnetic ground state and a 

fluctuation spectrum centered at large finite q. For the ferromagnetic state close to a critical 

point, low q magnetic fluctuations become strong enough to give rise to the formation of 

electron pairs. Superconductivity mediated by ferromagnetic spin fluctuations is expected to 
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have odd parity, i.e. to be spin triplet. This superconducting state, like the higher angular 

momentum states thought to be realized near an antiferromagnetic critical point, is very 

sensitive to the presence of impurities, which are strongly pair-braking in the case of 

anisotropie pairing. Thus it is rather difficult to observe experimentally such a state as one 

needs very high quality crystals of materials that can be tuned close enough to a 

ferromagnetic quantum critical point. Ferromagnetic UOez seems to be particularly suitable 

for this purpose, as high purity specimens of this compound can be relatively easily prepared, 

and it can be tuned to the quantum critical point by the application of a sufficiently low 

pressure. 

Here we report on the coexistence of ferromagnetism and superconductivity in a heavy 

fermion system UOez. The superconductivity appears at pressures above 10 kbar. The most 

sensational aspect of this coexistence is that at the pressure where the superconductivity is 

strongest, the Curie temperature (TCurie = 35 K) is almost two orders of magnitude higher than 

the superconducting critical temperature (Tc = 0.8 K). The disappearance of the 

superconductivity in UOez at higher pressure coincides with the simultaneous suppression of 

the ferromagnetism at Pc - 16 kbar. This second fact suggests that the superconductivity and 

ferromagnetic order are in fact co-operative effects in this compound. 

In this chapter we report several measurements that address the nature of the 

superconductivity in UOez. From neutron scattering we establish that there is no substantial 

change in the ferromagnetic component of the magnetic order (1 /-LB/Uranium) on crossing 

into the superconducting state at 13 kbar. Secondly, we report measurements of the flux flow 

resistivity, which show a dependence on field typical for the motion of a vortex lattice in a 

conventional bulk type II superconductor. This establishes that the superconductivity is 

indeed a bulk property and not limited to filaments, domain boundaries or defects. This 

conclusion is supported by our observation that the superconducting uppe~ critical field shows 
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a smooth angular dependence at 15 kbar. A feature in the temperature dependence of the 

electrical resistivity however suggests that in addition to the ferromagnetic transition, there is 

a second more subtle transition or crossover in the ferromagnetic state at a characteristic 

temperature Tx(P) . The signature of this second transition is weak at low pressure. However it 

becomes more marked at pressures approaching 12 kbar. Tx decreases with pressure and 

vanishes at a pressure, Px, where the superconductivity is strongest. However the microscopic 

details of the change at Tx remains elusive; we find no evidence for a significant modification 

of the magnetic structure in a preliminary neutron scattering study. Finally we discuss 

measurements of the upper critical field. A re-entrant behavior with the applied field is found 

for a narrow range of pressures. The relationship of this pressure range to the transition at Px 

suggests that critical fluctuations near Px provide the microscopic driving force that pairs the 

electronic excitations to form the superconducting state. 

6.2. Experimental details. 

The crystals used in the experiments reported here were grown by A. Huxley 

(MDN/SPSMSIDRFMC, CEA-Grenoble) from a zone purified ingot, by the Czochralski 

technique under a highly purified pressurized Argon atmosphere. Radio-frequency heating 

and a cold crucible were used. The crystals were additionally annealed for 2 days under ultra

high vacuum. Preliminary neutron diffraction studies suggest that the annealing may be an 

important to remove stacking faults along the crystal b direction. Resolution limited 

diffraction peaks (FWHM = 0.3 0
) were recorded by neutron diffraction, with no change in 

peak width under applied pressure. 
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Figure 6.1 Electrical resistivity of UGe2 normalized to its room temperature value at ambient pressure for a 

current applied along the b-axis. 

At ambient pressure, the samples were characterized by measuring the temperature 

dependence of resistivity, magnetization, specific heat and by neutron diffraction. Resistivity 

versus tempe rature measurements (an example is given figure 6.1) reveal residual resistivity 

ratios above iOO for a CUITent applied along the b-axis. The best single crystals were th en 

chosen for the experiments under pressure. 

We have performed electrical resistivity, ac susceptibility and neutron diffraction . 

studies under pressure. Transport measurements were performed on two sections of the same 

single crystal. The resistivity was measured for a current applied along the a-axis and the ac 

field was applied along the same axis in the susceptibility measurements. Cylindrical crystals 

of height 2 mm parallel to the b-axis, and diameter 2 mm, cut from the same parent crystal as 

the samples for resistivity and susceptibility measurements were used for neutron diffraction. 
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6.3. Properties of UGe2 at ambient pressure. 

6.3.1. The crystal structure. 

UGe2 crystallizes in an orthorhombic structure (space group Cmmm) (Oikawa, 

Kamiyama et al. 1996; Boulet, Daoudi et al. 1997) with lattice parameters a = 4.0089(1), b = 

15.0889(3) and c = 4.0950(1). The unit cell of UGe2 is shown in figure 6.2.a. The uranium 

atoms are arranged in corrugated chains of nearest neighbour atoms, du-u = 3.85 À, with Ge 

atoms inc1uded at interstitial positions. The chains are arranged in planes that are separated 

from each other by additional planes of Ge atoms (figure 6.2.b). The chain direction is the a-

axis of UGe2, with the c-axis being perpendicular to the chain planes. 

a b 

Figure 6.2 Crystal structure of UGe2: a) the unit cell; b) corrugated chains of nearest neighbour U atoms 

going along a direction. 
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The crystal structure of UGe2 is quite similar to that found in alpha Uranium, which 

also has an orthorhombic structure and also contains chains of nearest neighbour Uranium 

atoms. In fact, such a low symmetry structure is very unusual for both simple and transition 

metaIs, but is commonly found in light actinides. In the particular case of a-Uranium, this 

structure is stabilized by the gain in energy achieved by splitting a potentially large f-electron 

density of states at the Fermi surface to form a Iarger unit cell (Soderland, Eroksson et al. 

1995) (Akella, Weir et al. 1997). A local minimum in the density of states at the Fermi level 

in the orthorhombic structure would then be expected. One of the most remarkable properties 

of a-Uranium is a strong nesting of sorne parts of the Fermi surface in the a (equivalent to the 

c-axis in UGe2) direction and a possible additional nesting in the b direction (Fast, Eriksson et 

al. 1998). This gives rise to a complex charge density wave (CDW) below 43 K (Mermeggi, 

Currat et al. 1999). 

The important difference between UGe2 and a-uranium is that in UGe2 the distance 

between the nearest neighbour uranium is greater. Apart from separating the uranium atoms it 

should be remembered that the Ge atoms, might also play a second role in hybridizing with 

the Uranium (dU-Ge = 2.9 Â). 

6.3.2. The magnetic structure in zero pressure. 

UGe2 orders ferromagnetically below the Curie temperature, Tenrie = 53 K, with the 

magnetic moments aligned along the U chain direction, i.e. crystallographic a-axis, which is 

the easy magnetization axis at ambient pressure. 

A complete study at atmospheric pressure (Kernavanois, Ressouche et al. 2000) with 

polarized neutrons revealed that the magnetization density is due to uranium f-moments with 

a low temperature (5 K) moment of Mu-sf = 1.48(2) IlB/Uranium (at 4.7 Tesla) with no 
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Magnetization versus temperature for UGe2 at ambient pressure measured in a SQUID 

contribution from the Ge sites (MGe-3d < 0.01 ~B). The best fit to the form factor is obtained 

for either a U4
+ ion with a reduced 5f orbital contribution (~J~ = -2.60) compared to an 

isolated ion (~J~ = -3.34), or alternatively to a U3
+ ion with close to a full orbital 

contribution. From the neutron scattering it is not possible to distinguish between these two 

scenarios. For comparison, the orbital contribution is completely absent for alpha uranium 

(with U3+) (Maglic, Lander et al. 1978), which has no local moments and a strongly de-

localized f-band, whereas the full orbital contribution characteristic of an isolated U4
+ ion is 

found for the compound U02. The case for UGe2 is intermediate, again indicative of a weak 

delocalization of the f-electrons (Brooks and Johansson 1993). The profile of the form factor 

was found to be unchanged in the paramagnetic state at 60 K (4.7 Tesla), and at an 
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intermediate temperature of 30 K. Direct measurement of the saturation moment in a SQUID 

magnetometer (figure 6.3) gave Msat = 1.50(2) ~B/Uranium (also at 4.7 Tesla and 5 K), with 

no significant field dependence at this field. Any contribution from the polarization of the 

uranium 6d orbits must therefore be almost exactly compensated by an opposite polarization 

from other non-f conduction bands. Finally a complementary study by X-ray magnetic circular 

dichroisme (Kernavanois, Ressouche et al. 2000), supports the choice of a U4
+ form factor 

6.3.3. Proximity to the nesting of the Fermi surface and the possibility of a spin density 

wave. 
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The room pressure specifie heat divided by the temperature, T, is plotted against T. The convex 

form of the curve most probably indicates a substantial contribution from low energy phonons. The height of the 

jump at the Curie temperature and low temperature limiting value (35 mJ/moleK2
) are discussed in the text. 
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Following the analogy between the crystal structures of UGe2 and a-uranium, the parallel of a 

possible proximity to nesting is also suggested for UGe2 by band structure calculations 

(Yamagami and Hasagawa 1993) (Tejima 2000). This raises the possibility that a spin density 

wave (SDW) might also appear at low temperature (because of the ferromagnetic ordering in 

UGe2, an appearance of CDW means unavoidably that of SDW). 

Even though no evidence for any change in the magnetic structure of UGe2 at ambient 

pressure was found by neutron diffraction so far, there are sorne indirect indications of such a 

possibility reported in the literature. Oomi et al. (Oomi, Kagayama and Onuki 1998) found a 

distinct anomaly in the temperature dependence of the thermal expansion coefficient. 

However, it might rather be related to a change from pinned domain walls below about 20 K 

to a softer response at higher temperature. We see exactly this kind of behavior in 

magnetization measurements, where a strong hysteresis in magnetization versus magnetic 

field curves at low temperature becomes weaker with increasing temperature and finally 

disappears at about 20 K This resembles previous results on UCoGa (Nakotte, de Boer et al. 

1993). On the other hand, such a behavior could be also characteristic of a SDW. In accord 

with the Iiterature (Onuki, Ukon et al. 1992), we find no addition al anomaly in the specifie 

heat and resistivity at ambient pressure, other than at the Curie temperature. The convex 

curvature of the specifie heat visible below TCurie (figure 6.4) suggests that there is however an 

important contribution from low energy phonons, suggestive of a Kohn anomaly (Kohn 

1959), and a proximity to nesting of the Fermi-surface. 

6.3.4. Itinerant versus localized magnetism. 

An important question concerning the magnetism in UGe2 is whether it is due to 

itinerant or completely localized quasiparticles. In most of the Uranium based heavy fermion 

compounds, the 5f-levels are highly localized. In UGe2, a degree of de-localization of the f-
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electrons is however suggested by the moderate value of the low tempe rature specific heat 

(figure 6.4), CfT = 35 mJfmoleK2, and the ratio of this to the step in CfT at TCurie, which is 

about 200 mJfmoleK2 here (Mohn and Hilscher 1989). This conclusion is also supported by 

the Fermi surface studies (Yamagami and Hasagawa 1993) (Tejima 2000). The value of the 

ordered moment, 1.481l8, which is less than half the value for an isolated uranium ion, 3.7Ils, 

does not give unequivocal evidence about the extent of de-Iocalization, since a reduction of 

this order can be potentially explained by crystal field splitting alone. The small ratio of this 

value compared to the Curie-Weiss moment (2.8Ils) deduced from the susceptibility above 

T Curie is however consistent with a weak de-localization (Rhodes and Wohlfarth 1963; 

Wohlfarth 1978). The overall reduction of the Curie temperature with pressure reflects an 

increase in the extent of the de-localization of the f-electrons as the distance between nearest 

neighbour U atoms is decreased. 

6.4. Pressure temperature phase diagram. 

The pressure temperature phase diagram of UGe2 is shown in figure 6.5. The 

ferromagnetic transition is clearly seen in resistivity, susceptibility and neutron diffraction 

measurements. The ferromagnetic transition temperature, T Curie, is found to decrease 

monotonically with pressure and to disappear at Pc - 16 kbar. This defines the ferromagnetic 

quantum critical point. As regards superconductivity, the transition is seen in both AC 

susceptibility and resistivity measurements. In the former case, it manifests itself by the 

characteristic diamagnetic response, and in the latter by the complete disappearance of 

electrical resistivity at low temperature. The superconductivity exists in a narrow pressure 

range from lOto 16 kbar. This implies that at high pressure it disappears simultaneously with 

the suppression to zero of the ferromagnetic transition temperature. The pressure dependence 

of the superconducting critical temperature is essentially asymmetric with a maximum value 
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of Tc - 800 mK at approximately 11.5 kbar. For pressures below this value, Tc falls rapidly 

and at 10 kbar we can see only the transition onset (about 10 % drop of the resistivity) at 200 

mK. Above 11.5 kbar, Tc decreases smoothly over almost a 5 kbar range with increasing 

pressure. No trace of superconductivity was found above the critical pressure at temperatures 

down to 70 mK. We would like to stress, that at the pressure where the superconductivity is 

strongest, the Curie temperature (T Curie = 35 K) is almost two orders of magnitude higher than 

the superconducting critical temperature (Tc = 0.8 K). 
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Figure 6.S The pressure-temperature phase diagram of UGe2. The Curie temperature and critical 

temperature (XIO) for superconductivity determined by susceptibility (open and cJosed squares), resistivity 

(open and cJosed circJes) and neutron diffraction (open triangles) measurements are shown. 
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Four obvious questions arise when considering this phase diagram: 

1. What is the nature of magnetism in the pressure range where superconductivity 

exists? 

Il. Do superconductivity and magnetic order really coexist or are we dealing with 

a (first order?) transition from a magnetically ordered state to, for example, a 

diamagnetic one in which superconductivity develops? 

\11. What is the microscopie origin of the superconductivity in UGe2? 

IV . Is the superconductivity we observe here a bulk property of the sample or just 

limited to filaments, domain boundaries or defects? 

We will address these questions in the following sections. 

6.S. Magnetism under pressure. 

6.5.1. The temperature dependence of the magnetization. 

To answer the first of the questions above, we performed a detailed study by neutron 

diffraction under pressure, paying special attention to 13 kbar which is close to the maximum 

of Tc. Due to the near cancellation of the nuclear scattering lengths for sorne reflections it is 

straightforward to measure the magnetic moment as a function of temperature at different 

pressures without resorting to polarized neutrons. The 001 peak is particularly suited to study 

since the magnetic structure factor is large at small wave vector transfer, q, and this peak has 

only a small nuclear contribution. The integrated peak intensity therefore gives directly a 

measure of M; . At 13 kbar, as weIl as examining the known nuc1ear and magnetic peaks that 

were accessible, we also looked additionally for long wavelength modulations (q > 0.002 kl) 

and additional magnetic peaks (~ > 0.1 ~B) along the high symmetry crystal directions (e.g. by 
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performing q-scans along h 0 1 and 1 1 Y2+bk). No extra peaks were detected In the 

ferromagnetic state either at 13 kbar or at ambient pressure. 
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The diffracted intensity of the magnetic contribution to the <001> peak as a function of 

temperature for different pressures. The data have been scaled to give the correct value of M 2 at zero pressure 

and temperature, which was determined independently by neutron scattering in the absence the pressure cell. The 

sotid tine through the P = 0 data represents a function M oc (l-T/Tc lIIie)" with n = 0.30 above 30K and M2 oc 1-

(T/Tcu'ie)'n with m = 3.2 below 30K. The line through the data at P = 9 kbar is for the same exponent n. A 

different mu ch smaller exponent is however required to describe the sharper curvature near T ClIIie of the 13kbar 

data. The dashed !ine is the saturation magnetization at P = 0 determined in a magnetometer. 

Although Friedel pairs of peaks gave equal intensities within 10%, the ratios of the 

various strong nuclear peak intensities differed by up to 50% from their calculated values. 

This reflects an angular dependence of the absorption/scattering from the cell body. The 

intensity from the strong nuclear peaks however did not evolve with pressure. We therefore 
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measured the accessible peaks at zero pressure and low temperature and normalize the data at 

other pressures (9.5 and 13 kbar) to their zero pressure values, for a fixed spectrometer 

geometry. The data at 14 kbar were measured at a different time with a different crystal and a 

different configuration of the spectrometer. The analysis of this data is therefore limited to 

presenting the temperature dependence of the scattering of the magnetic 001 peak. To show 

the data on the same graph the magnetic scattering has been normalized to the 002 Bragg peak 

and thus placed on the same scale as the other measurements. However it should be 

remembered that the absolute value of M 2 deduced for this pressure may not be accurate. 

Figure 6.6 shows the temperature evolution of M; measured at various pressures. The 

minimum value of the moment detectable is 0.1 IlB, against background scattering from the 

ceU, a weak nuclear contribution to the peak and a weak contribution due to A/2 

contamination from the stronger 002 reflection. At ambient pressure the saturation 

magnetization, Ms, measured in a SQUID magnetometer is aiso shown. To facilitate 

comparison, Ms has been scaled by a few percent to be equal to the value of Mf at low 

temperature. The evolution of Ms is then seen to follow closely the evolution of Mf measured 

by neutron scattering. The small difference is in part due to difficulties in determining the 

saturation moment in the direct magnetization measurements. In these measurements at low 

temperature sufficiently strong fields have to be applied to ensure the sample is mono

domain. Close to TCurie however small fields have to be used to distinguish the ordered 

moment from the linear response. 

At 13 kbar the low temperature moment is 1.0 IlB and the Curie temperature is 28 K, to 

be compared to 1.5 IlB and 53 K in zero pressure. The relationship between Mo and TCurie 

therefore appears to be intermediate between that expected for an itinerant magnet following 

the Stoner-Edwards-Wohlfarth theory, TCurie oc Mo, and the relation T Curie oc Mo2 expected for 

local moment magnetism mediated by the RKKY interaction. Such an intermediate 
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dependence, TCurie oc Ma312
, is indeed predicted in the standard SCR theory for weak itinerant 

ferromagnetism (Moriya 1985). 

At ambient pressure, above TCurie/2 the temperature dependence of the neutron data fit 

weIl a law M = (1-TITcurie)(J.. The critical exponent ex = 0.30 is close to the value 0.326, 

predicted for a three dimensional Ising magnet (LeGuillou and Zinn-Justin 1985). The same 

critical exponent also fits the data at 9.5 kbar. Over a wide temperature range and in particular 

at low temperature the P = 0 data is well described by (M1Ma)2 = l-(TITa)n, with n close to 3 

and Ta only slightly higher than TCurie. This is in contrast to the value n = 2, expected for a 

weak itinerant ferromagnet (Lonzarich and Taillefer 1985). 

6.5.2. Indications of a first order transition near the quantum critical point. 
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Figure 6.7 On susceptibility versus temperature curves the ferromagnetic transition appears as a sharp 

maximum corresponding to the Curie temperature. 
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The slope of dM/dT at TCurie appears to increase substantially at P = 13 kbar. The 

observed rapid increase in the slope, dM/dT, with pressure near 13 kbar points strongly to the 

first order transition. A vertical slope would be expected when the transition became Ist 

order. At higher pressures than 13 kbar dTcurie/dP becomes very steep, and therefore even a 

small pressure gradient will cause a smearing of the sI ope due to a spread in the values of 

TCurie. A very similar experimental situation pertains for the evolution of M(T) with 

composition in the series of compounds UCoAll_xGax, where the compositional parameter x 

plays the role of the pressure in UGe2; x = 0 corresponds to the high pressure paramagnetic 

state and increasing x to reducing the pressure (Andreev 1998). 
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Figure 6.8 Variation of the zero-field susceptibility with temperature at close to critical and slightly 

overcritical pressures. 
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The hypothesis that ferromagnetic transition becomes first order close to the cri tic al 

pressure is strongly supported by the observation of a metamagnetic transition in 

susceptibility measurements at a slightly overcritical pressure. 

As shown in figure 6.7 at low pressures, there is a sharp peak in susceptibility, X, at 

Teurie. The peak in X becomes more extended and weaker as P approaches Pc (figure 6.8). A 

remnant of this peak at 10 K is rapidly suppressed above Pc. A second more robust peak in X 

becomes visible at Tm = 27 K, when Teurie < Tm. Tm changes only slowly with pressure. 
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Figure 6.9 Hm, the field at which susceptibility is maximum is shown for the same pressures as on figure 

6.8. 

For T < Teurie we find that susceptibility falls rapidly with magnetic field, H, due to the 
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shows a maximum at a finite field, Hm(T, P), which we interpret as the boundary between a 

weakly polarised state at low field and a much more strongly polarized state at high field 

(figure 6.9). The maximum is very pronounced at low temperature, but becomes weaker and 

broader with increasing temperature. For T> Tm, X(H) is initially constant and decreases at 

higher field. The fact that dX(T)/dH and dX/dT at H = 0 always have opposite sign is 

consistent with a thermodynamic Maxwell relation if the entropy is an increasing function of 

X' as might be expected. 

Theoretically, metamagnetism can occur ln a self-consistent theory of magnetic 

fluctuations when b < 0 in a Ginzburg-Landau expansion of the free energy, M, (Yamada, 

1993; Moriya 1986), where to sixth order in M: 

(6.1) 

In principle a, b, c and D can be ca1culated from microscopic theory (Lonzarich and 

Taillefer, 1985). The pressure dependence of a is expected to be the most significant; a can 

depend sensitively on exchange interactions which depend on the interatomic distances . To 

extend the description to finite temperatures it is necessary to relate the fluctuating component 

of M to the temperature. This requires a further parameter, y, which determines the 

characteristic time-scale of the fluctuations. Both D and y can be determined from inelastic 

neutron scattering. 

In the absence of further information on the parameters, it appears that one can semi-

quantitively describe the experimental results if the a-parameter varies linearly with pressure 

assuming constant values for the other coefficients. 

The theory predicts that TCurie decreases as the parameter aclb2 is increased and that 

the transition changes from second to first order when TCurie = T *ClIrie at a particular value of 

aclb2 (5/28 for isotropic fluctuations, 3120 if longitudinal fluctuations dominate). For 
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pressures above this value, TCurie falls quickly to zero at ac/b2 = 3/16. Metamagnetic 

behaviour is predicted for 3/16 < aclb2 ~ 9120. Near the critical pressure, the susceptibility is 

peaked at T~ Curie, while Hm increases with both aclb2 and T. 

Our measurements of the a.c.-susceptibility thus provide tentative support for the 

above theoretical scenario and point strongly to a change in the order of the transition when 

TCurie = Tm "" 26 K. 

6.5.3 The evidence for the coexistence of ferromagnetism and superconductivity. 

The answer to the second question. concerning the pressure temperature phase diagram 

also cornes from the neutron diffraction study. The data taken at 13 kbar extend down to 300 

mK, i.e. weil below superconducting critical temperature which is about 500 mK at this 

pressure. Examples of the 001 peak rocking curves below and above Tc are shown in figure 

6.10. At low temperature, the intensity of the magnetic scattering (determined with a 

sensitivity 2 %) and the width of the magnetic peak showed no detectable tempe rature 

dependence. Thus there is no strong modification of the magnetic order on entering the 

superconducting state. The order of magnitude of the condensation energy of the 

superconducting state, NoTe 2 (No is the density of states at the Fermi energy), should be 

compared to a much larger value of order NoTo
2(W!lB)2 for the formation of the ferromagnetic 

order (To is the Stoner temperature To > T Curie). The anticipated change in the ferromagnetic 

moment due to the appearance of spin triplet superconductivity is then expected to be 

extremely small, at most of order TerrCurie. The spontaneous magnetization at zero pressure is 

0.19 Tesla/!lB' This would give a flux line spacing corresponding to a wave-vector of 0.006 A

I for a conventional flux line lattice at 13 kbar in zero applied field. However by the same 

energy considerations there is no reason to suppose that this field modulation of several Gauss 
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would be amplified by Mf. It is therefore not expected that weak scattering from the flux line 

lattice should be observable with the conventional diffractometer used. 
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Figure 6.10 Rocking curves of the 001 "magnetic" peak at 300mK (below Tc) and 900 mK (above Tc) are 

shown to emphasize the absence of any detectable changes when passing to the superconducting state. 

We remark also that the absence of a temperature hysteresis in resistivity 

measurements when entering the superconducting state does not favour any interpretation 

invoking a first order transition. Therefore we conclude that what we obs(1rve here is indeed a 
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coexistence of superconductivity with magnetic order. However, as we have previously 

discussed, the ferromagnetic transition presumably becomes first order close to the quantum 

critical point, i.e. where superconductivity develops. This throws doubt on the scenario that 

superconducting pairing is due to ferromagnetic spin fluctuations alone and thus leaves the 

question about the microscopic origin of superconductivity open. A possible answer to this 

question is provided by the normal state resistivity measurements that will be considered in 

the next section. 

6.6 Normal state resistivity and a revision of the phase diagram. 

Figure 6.11 shows resistivity versus temperature curves at various pressures. The most 

striking feature of these data is the appearance of a strong anomaly in addition to 

superconducting and ferromagnetic transitions at pressures approaching 12 kbar. Wh en the 

magnetic field is applied, the anomaly shifts almost linearly to higher temperature (figure 

6.12) and becomes less pronounced. At lower pressure, the anomaly becomes weaker and is 

seen mostly as a maximum on the dp/dT curves (inset of the figure 6.11), which disappears 

above 12 kbar. In the pressure range 12 kbar < P < Pc, the low temperature susceptibility and 

resistivity also show an anomaly as a function of an applied magnetic field (figure 6.13), the 

characteristic field of which increases rapidly with the pressure. This pronounced anomaly 

occurs in the magnetically ordered state and is distinct from the metamagnetic transition for 

pressures above Pc. 

103 



120 
3 0 T 

100 
25 

20 

80 15 -E 10 

0 

C 60 5 

::l 
'-" 

a... 5 10 15 
40 

T 
-€) - 9.9 kbar 

0 12.0 kbar 
20 ----€)o---1 3.5 k bar 

0 

5 
T 

x - 4 1 ~ ...... 
E 
0 

C 3 
::l -1-

"C 2 ...... 
a... 

"C 

1 
12.0 kbar 

0 
0 10 20 30 40 50 

T (K) 

Figure 6.11 The upper panel: temperature dependence of the electrical resistivity of UGe2 at various 

pressures (the inset shows the low temperature part of the data). The curve at 12 kbar shows clearly both 

anomalies at Tende and Tx • The later becomes weaker at lower pressure, and is seen mostly as a low temperature 

maximum on the dp/dT curves as illustrated in the lower panel. 
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AlI these features clearly suggest that there is a second transition or at least a strong 

crossover in DOe2 within the ferromagnetic state. The characteristic temperature of this 

second transition in zero magnetic field decreases with pressure and tends to a small value or 

vanishes at a pressure of Px = 12.5 kbar, which is close to the pressure where the 

superconductivity is strongest Just above this pressure the longitudinal magnetoresistance 

suggests that the crossover can be induced by application of a magnetic field. The observation 

of a field induced transition above Px supports a view that the transition within the 

ferromagnetic state is due to sorne feature of the Fermi surface. Two scenarios are possible (i) 
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a nesting or (ii) a van Hove singularity. In either case the Fermi surface for the majority spins 

is expanded with the polarisation and therefore a special condition might be fulfilled when the 

magnetisation attains a certain value. This would give a second phase line corresponding 

approximately to M = constant. 
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Figure 6.13 The left panel shows the longitudinal magnetoresistance at 13.5 kbar at low temperatures in an 

increasing field . The right panel shows the ac susceptibility measured at 15.7 kbar. The field was applied parallel to 

the easy magnetization direction in both cases. The anomalies at 2 T and 4.5 T occur in the ferromagnetic state, but 

above the pressure Px ::::: 12.5 kbar which is the maximum pressure in which a strong anomaly at Tx occurs. 

The microscopic nature of the transition remains elusive as no extra magnetic peaks 

were detected by the neutron diffraction at 13 kbar or in scans along the crystal axis at P = 17 

kbar> Pc (the paramagnetic state), or in more extensive scans at low temperature and ambient 

pressure. The measurements do not, however, rule out the possibility of a change in the 

magnetic or crystal structure with pressure. A nesting transition need not necessarily give a 

modulation vector close to a high symmetry direction and therefore might not be seen in our 

scans. Further any structural or magnetic modulation could be very small, as is the case of the 

charge density wave in alpha uranium (Lander, Fisher and Bader 1994). A final possibility is 

that the nesting could concern mainly non-f electrons whereas the neutron data detect the 
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component of the magnetization density principally due to the f-electrons. A planned study 

with a Laue camera should provide a more systematic survey of q space to look more 

carefully for evidence of nesting. 
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Figure 6.14 At ail the pressures examined, the low temperature resistivity immediately above the 

superconducting transition is fit weil by a law p = po + Ar. The residual resistivity, po, and the r coefficient, A, 

are shown as a function of pressure. Other data (Takahashi, Môri et al. 1993) show that the A coefficient 

l'ails at higher pressures above Pc. The data are characterized by a sharp increase in A and fall in po at the 

pressure Px- The lines serve to connect the points. 

Even though the exact origin of the transition at Tx remains somewhat a mystery, we 

can speculate that the critical slowing down of the fluctuations related to the disappearance of 

this transition could be the driving force for the superconducting pairing. This hypothesis is 

supported by examining the r coefficient of the electrical resistivity. It -has previously been 
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pointed out that the r coefficient is apparently peaked at 12-13 kbar rather than at Pc (Oomi, 

Kagayama and Onuki 1998). We find that the r coefficient grows rapidly at 11 kbar and 

remains large over the range of pressures where superconductivity is seen (figure 6.14). Other 

work (Oomi, Kagayama and Onuki 1998) show that the r coefficient decreases smoothly 

with pressure above Pc. 
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Figure 6.15 A possible sketch of the P-T phase diagram of DOe2 inc\uding the line corresponding to the 

low temperature anomaly observed by resistivity measurements at a temperature Tx. 

The above reasoning leads to a revision of the previously plotted (figure 6.5) pressure-

temperature phase diagram. A possible sketch of the new phase diagram is shown in figure 

6.15. In addition to the ferromagnetic and superconduncting phases, it includes a new 

crossover or a phase transition line corresponding to the temperature Tx that has been 
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discussed above. This revised phase diagram is remarkably similar to that recently reported by 

Jaccard et al. (Jaccard, Wilhelm et al. 2000) for the Bechgaard salt (TMTTFhPF6. 

6.7 Superconductivity and flux flow resistivity 
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Figure 6.16 shows superconducting transitions measured by resistivity at several 

pressures. At low pressure, below Px, the transitions are quite broad, but become considerably 

sharper at pressure above Px. Apparently, this broadening cannot be explained simply by 

pressure gradients existing in the pressure cell, as in such a case the transition width would be 

proportion al to the pressure derivative of the superconducting critical temperature, which is 
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not observed here. A more reasonable explanation follows from the consideration of the 

variation of the residual resistivity with pressure (figure 6.14). It increases smoothly with 

pressure up to its maximum value at about Px and then decreases rapidly above this pressure. 

Taking into account that the residual resistivity is a measure of the sample disorder (i.e. 

concentration of defects of any kind), one can conclude that the state below Px is more 

disordered, perhaps due to a domain structure of the SDW /CDW. In any case, the ratio of the 

superconducting coherence length to the characteristic distance between defects is slightly 

sm aller above Px, and therefore the transition is sharper. 

An alternative possibility is that the transition broadening is due to the multi-domain 

structure of the sample in zero magnetic field. The magnetic domains with different 

orientations of the magnetization create an inhomogeneous field over the sample volume. 

However, the sample magnetization decreases with pressure which leads to a reduction of the 

inhomogeneity and therefore to a decrease of the transition width. 
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Figure 6.17 The left panel shows the ac voltage-current (V-l) relations measured in the superconducting 
state at 300 mK and a pressure of 11 .5 kbar in different applied magnetic fields . The right panel shows the linear 
slope d V/dl plotted against the field normalized to He2 . This observed behavior strongly resembles that expected 
for the flux fl ow resistivity of a bulk lype II superconductor. 

An observed characteristic of the zero resistive state is that it appears particularly 

sensitive to the magnitude of the applied current. A small finite resistançe appears when the 
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CUITent density exceeds a value as small as 65 mNcm2 for TITe::::: 0.5, HIHe2 ::::: 0.5 at Il.5 

kbar. Low critical currents have been previously observed in c1ean single crystals of other 

high K superconductors (K = 'A/ç, where À is the penetration depth and ç the superconducting 

coherence length). Typical values of Je (for BIBe2 ::::: 0.5, TITc::::: 0.5) of the order 100 Alcm2 

have been reported (Hedo, Kobayashi et al. 1999; Huxley, van Dijk et al. 1999) for CeRu2 (K 

= 17), while a value of 10 Alcm2 has been reported (Kambe, Huxley et al. 1999) for the non 

conventional superconductor UPt3 (K = 50). The critical current of course depends on the 

concentration of defects. However for equivalent defects, a higher K tends to favour a lower 

value for the critical current for the relevant case of weak collective pinning (Larkin and 

Ovchinnikov 1979). This occurs because the decrease in f p, the maximum force exerted by a 

single defect, more than compensates a reduction in rigidity of the flux-line lattice. Thus a 

very small value of Je could simply indicate a pure sample with a large value of K. However, 

it is important to eliminate an alternative explanation that the low value of Je is indicative of 

weak filamentary superconductivity. To this end we performed sorne voltage versus current 

measurements at elevated current densities (figure 6.17) as a function of a transverse field. A 

linear response was obtained for currents well above the critical value. The differential 

resistance r = dVldI is constant with a value weIl below that in the normal state, rn . For 

filamentary superconductivity we would expect a continuous increase of r with the current 

density, as the peak current density exceeds the critical current for successive individual 

filaments. If all the filaments were similar the normal state resistance would be rapidly 

approached. The result we observe is instead compatible with the standard theory for a bulk 

flux flow resistance (Hu and Thompson 1971). This is particularly apparent when we plot the 

linear resistance rlrn against h = HIHe2. The differential resistance increases smoothly with H 

and attains the normal state value at Hc2 . Further the concave form of the curve agrees well 

with that predicted from the time dependent Ginzburg-Landau theory for. a conventional bulk 
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superconductor (Maki 1969; Maki and Houghton 1971). The predicted magnitude In this 

theory for drldh z 5 at h = 1 agrees well with our ex periment al observation. 

The large value of K, suggested by the small values of Je might have a natural 

explanation. The penetration depth À would be large if as we suspect the Fermi energy is 

located near a minimum in the density of states. The large mass renormalization suggested by 

the sharp increase in the f2 coefficient of the resistivity at Px (we note that we always observe 

the characteristic f2 behavior of resistivity and any other law that may occur exactly at the 

critical pressure) would suggest a large value for the penetration length whereas the large 

slope of dHc2/dT suggest a small value for the coherence length. 

6.8 The upper critical field. 
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Figure 6.18 The critical field is shown for a field applied parallei to the a direction (the easy magnetic 

axis) at three different pressures. The temperature dependence of Hez at 13.5 kbar is highly unusual compared to 

that at lIA kbar and 15.3 kbar, and is discussed extensively in the main text. The observed curvature at low 

fields is probably due to the magnetisation of the crystal. 
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We have performed extensive measurements of the upper critical field for aIl three 

crystallographic directions as a function of pressure. The measurements were performed with 

a small current of 100 f..LA. (10 JlA above 300 mK), and as previously the points of Hc2 were 

defined by the transition midpoints. Anyway, the features we describe below do not depend 

on this choice of criteria. 

We start our discussion from the case for the field parallel to the easy axis. The curve 

for Rc2 against temperature measured with the field parallel to the easy axis at three pressures 

is shown in figure 6.18. The first obvious feature of the data is a strong downward curvature 

of Rc2 at small fields of the order 0.2 Tesla, particularly visible at 11.4 kbar. This is 

understandable from the fact that the total field is the sum of the applied field, Rapp, and a 

field due to the magnetization of the sample. The later will depend on the distribution of 

magnetic domains and is therefore not necessarily homogeneous or directed everywhere 

parallel to Rapp. The sample magnetization corresponds to 0.19 Tesla per JlB/uranium and is 

therefore of the same order of magnitude as the field range oyer which the strong curvature is 

seen. 

The value of RdO)/Tc is seen to be rather large and most notably at 13 kbar exceeds 

the so called paramagnetic limiting field Rp/Tc = 1.84 T/K for conventional isotropie 

superconductivity (Chandrasekhar 1962; Clogston 1962), although the application of the law 

directly to UGe2 requires careful consideration, since in a ferromagnet the susceptibility is 

Jess simply related to the density of states. The paramagnetic limit is however not expected to 

apply to odd-parity superconductivity when the field is directed along a direction where the 

total spin of the Cooper pairs can be non-zero. Our results are therefore consistent with the 

hypothesis of spin triplet superconductivity, whereas new arguments would be necessary to 

reconcile them with a spin singlet state. For a spin triplet state another higher limiting field 

might be reached due to the effect of the field on the non-zero orbital momentum of the 
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Cooper pairs (Luk'yanchuk and Mineev 1986), Hl = (m*/m) Hp (where m*/m is the effective 

electron mass compared to the bare mass). It is interesting to speculate that this could explain 

the very fiat behavior of the Hc2 curve against temperature at 13 kbar. 
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Figure 6.19 The resistivity is plotted against field for a pressure of 13.5 kbar, for several temperatures. 
Both the current and field directions are parallel to the a-axis . A clear correlation between the upper critical field, 
H e2' in the superconducting state and the field at which there is a transition in the magneto-resistance at higher 
temperature. Ali the data presented here were measured for a CUITent I=100~. The peak effect clearly seen at 
300 mK almost disappears when the current is reduced by a factor of ten. This emphasizes the low value of the 
critical current near Tc, but gives the same He2. 

We now turn our attention to the most striking feature of our data. This concerns the 

sharp jump or near reentrant behavior of the superconductivity we see with field at 13 kbar 

just below Tc . The resistivity versus field data at several temperatures are shown in figure 

6.19, along with the curves for the magnetoresistance at temperatures above Tc. Strikingly the 
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low temperature limiting value of Hc2 corresponds to the field at which there is a 

'metamagnetic' transition in the ferromagnetic state at higher temperature. In our previous 

discussion we suggested that the metamagnetic transition might be produced if an applied 

magnetic field enhances the effective value of Px. If it is the fluctuations associated with this 

transition that drive the superconductivity the application of a field at a pressure just above Px 

would strengthen the superconductivity and this could th en explain the near reentrant 

behavior we observe. The resistivity against field curve at 300 mK does not go to zero below 

the critical field and shows a smooth maximum at low field (peak effect). This maximum 

becomes much weaker with the measuring current of 10 !lA, i.e. ten times smaller than on 

figure 6.19. This emphasises that Jc becomes small close to Tc. It would however be too 

speculative to suggest that the transition in the magneto-resistance at 1 K shows an 

incomplete transition to superconductivity. An inhomogeneous superconducting state 

modulated along the field direction can occur theoretically in a strongly paramagnetic singlet 

superconductor at high field (Fulde and Ferrel 1964; Larkin and Ovchinnikov 1965). 

Experimental and theoretical investigations to examine the stability of similar states in a 

ferromagnetic triplet superconductor are left to future work. 

Let us now consider the anisotropy of the upper critical field and compare the curves 

obtained for aIl three principal orientations of the magnetic field. Because of the orientation of 

the sample in the high pressure cell (c-axis was parallel to the cell axis), the curves for H 

parallel to a and b directions were measured using a transversal field magnet, while the third 

orientation was obtained with a vertical field one. It means that in between this measurements 

the high pressure cell was warmed up to the room tempe rature and then cooled down again. 

This thermal cycle caused a small variation of pressure, and thus the pressure for H Il c is 

always slightly different from the two other orientations. This small difference of pressure led 

in turn to a small difference in the superconducting critical temperature. Taking this into 
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account and to simplify the analysis of the data we plot the normalized upper critical field, h = 

He21Te, as a function of normalized temperature, t = TITe. Figure 6.20 shows h versus t curves 

for aIl three directions of the magnetic field and at three different pressure. 

The first obvious observation when regarding these curves is that there is an important 

anisotropy between aU three directions of the applied magnetic field. This is consistent with 

the band structure calculations (Yamagami and Hasagawa 1993) (Tejima 2000) that reveal 

considerably anisotropie features of the Fermi surface. The electron Fermi surface consists of 

two parts with quite different volumes occupied by the particles with different orientations of 

the spin. The majority spin electron surface is represented by two large and roughly parallei 

sheets reminiscent of a quasi-one-dimensional system. The strong anisotropy of the upper 

critical field indeed reminds us of the situation in low dimensional organic superconductors 

(Lee, Naughton et al. 1997; Ishiguro 2000), where a pronounced anisotropy of He2 is related 

to their fundamental anisotropie transport properties. 

Another striking feature of the present data is a particularly unusual shape of the upper 

critical field along the c direction. It has a weIl pronounced positive curvature and a weak or 

even no tendency to saturate at low temperature. This is also quite similar to the behavior of 

the quasi-one-dimensional organic superconductor, (TMTSFhPF6, for which the upper 

critical field exhibits a strong positive curvature with no sign of saturation to 0.1 K for H 

along the a (intrachain) and b (interchain) directions (Lee, Naughton et al. 1997). Following 

the analogy between the majority spin Fermi surface of UGe2 and that of quasi-one

dimensional conductors, the c direction of UGe2 would correspond to the conduction 

(intrachain) direction of quasi-one-dimensional systems. 
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Figure 6.20 Normalized upper eritieal field is plotted as a funetion of the normalized temperature for ail 

three principal orientations of the magnetic field and at three different pressures. For eaeh pressure, Hc2 is 

essentially anisotropie for ail three directions. Note the particular shape of the curves for Hil e, which have a 

strong positive curvature (espeeially at 12 kbar) and a weak or no tendency to saturate. 
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The behavior of the initial slope of He2 is also quite remarkable, though these results 

should be treated with caution as at low field He2 is strongly effected by the sample 

magnetization. The pressure dependence of (dHe2/dT) normalized to the critical temperature is 

shown in figure 6.21. 
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Figure 6.21 The initial slope of the upper critical field normalized to Tc is plotted as a function of pressure 

for aIl three principal orientations of the magnetic field. The change of its anisotropy cou Id be an indication of a 

modifïcation of the Fermi surface under pressure. 

In the case of clean limit superconductors, the initial slope of the upper critical field 

divided by Te is inversely proportional to the square of the Fermi velocity, 
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_1 (dH C2 ) _ ("FI )2 . Taking this into account, three conclusions follow from the analysis of 
Tc dT T, v 

the data presented in figure 6.21. Firstly, very high values of (dHc2/dT)/Tc imply high values 

of the effective mass of the quasiparticles forming the superconducting state. Secondly, the 

monotonie increase of the curves for H parallel band c directions points to a general tendency 

for the Fermi velocity to decrease under pressure. This may be both due to the increase of the 

effective mass and to the decrease of the Fermi wavevector, kF, as the majority spin Fermi 

surface shrinks with pressure. Finally, the change of the anisotropy could possibly be 

considered as an indication of a modification of the Fermi surface under pressure. 
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Figure 6.22 Left panel: the upper critical field at 100 mK normalized to Tc is shown to emphasize, that the 

paramagnetic limiting field HI/Tc = 1.84 T/K for conventional isotropic superconductivity cannot be applied 

here. Right panel: HdlOO mK) divided by the initial slope and the critical temperature is plotted against 

pressure. The lower dashed line represent the low temperature orbital limit for a conventional superconductor in 

the dirty limit, while the upper one corresponds to that of the polar triplet state. Note that most of the points lie 

below this range. 

As regards the low temperature limit of the upper critical field, Hc2(T -:;0), for most of 

the measurements, it substantially exceeds the Pauli limiting value, as we have already 
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mentioned above for H Il a. This can be c1early seen in the left panel of figure 6.22, where we 

plot Hc2 at 100 mK normalized to the corresponding critical temperature, the dotted line in 

this figure corresponds to the paramagnetic limiting field Hp/Tc = 1.84 T/K. However, the 

analysis of Hc2(T -70) in the absence of the Pauli limiting do es not provide a satisfactory result 

either. For a purely orbital limit, the value of Hc2 for T"-70 varies from H:2 = O. 693H ~2Tc for 

a conventional superconductor in the dirty limit and H :2 = O. 850H ~2Tc for a polar triplet 

state, where H ;:2 is the initial slope at Tc. On the right panel of figure 6.22 we thus plot the 

dimensionless value H c2 (T = 100mK ) / H ~2Tc' where the dotted Iines correspond to the 

limiting values for the absence of the Pauli limit. One can see that the majority of the 

experimental results lie below this range but with the notable exception of the point for H Il c 

at 11 .5 kbar. In general, we might expect the above theoretical results to be modified for 

strong coupling. However, a more elaborate theoretical analysis taking into account possible 

non-unitary (multi-component order parameter) superconductivity might be needed to fully 

understand the behavior of the upper critical field in UGe2. 

6.9 Conclusions. 

The original motivation for our study of UGe2 was to look for odd-parity spin triplet 

superconductivity in the vicinity of the critical pressure Pc, where ferromagnetism disappears. 

This type of superconductivity mediated by magnetic fluctuations in analogy to the Al-phase 

of 3He (Levin 1975) is predicted to occur generally near a second order ferromagnetic 

quantum critical point (Fay and Appel 1980). In general however such astate is difficult to 

observe due to the need to have high enough quality crystals of the appropriate materials. Our 

initial investigation was focused at pressures just above Pc, where no superconductivity was 

seen down to 70 mK. An observed metamagnetic behavior above Pc, however indicated that 
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the magnetic transition probably became first order at pressures just below Pc and therefore 

the divergence of the fluctuation amplitude, characteristic of a second order quantum critical 

point would no longer be expected. The surprising result was that just inside the 

ferromagnetic state we did however observe superconductivity. 

The further investigation of the phenomena, presented here, has revealed a strong 

correlation between a transition at Tx within the ferromagnetic state and the appearance of 

superconductivity; the superconductivity has its highest Tc at the pressure Px where Tx 

vanishes. Thus it appears that the original condition of a second order quantum critical point 

might be satisfied, but for the transition with a critical pressure at Px rather than at the critical 

pressure for the appearance of ferromagnetic order. The identification of the microscopic 

nature of the transition at Px has not yet been achieved. However a comparison to the case of 

alpha-uranium and the calculated band structure for UGe2 suggest that the transition could be 

related to a nesting of the fermi-surface and the formation of a SDW. On general grounds 

SDW order would be expected to be depressed with pressure. Further the formation of such a 

state would depend on the volumes and forms of particular sheets of the Fermi surface. These 

change significantly with the magnetization of the sample, due to the change in population of 

the majority and minority spin bands. It is th en a natural possibility that the SDW transition is 

confined to the ferromagnetic phase and likewise for the superconductivity. This scenario can 

also explain the occurrence of a 'metamagnetic' transition as seen at high field between Px 

and Pc. This in turn gives a qualitative explanation for the near reentrant behavior of the 

superconductivity with applied field at P = 13.5 kbar. A further remark concerns the width of 

the superconducting transition. The transition in zero field is sharp at high pressure above Px, 

but becomes much broader at pressures below Px. At the same time the residual resistance of 

the sample increases sharply below Px (figure 6.14). These observations suggest that the state 

below Px is more disordered, perhaps due to a domain structure of the SDW. 
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The uni axial (or Ising nature) of the spins might play an important role in enhancing 

Tc. This assures that transverse fluctuations will be absent (i.e. have a very high energy) and 

secondly it suggests the presence of a spin gap for the lowest energy longitudinal modes. Both 

transverse fluctuations and the lowest energy modes are harmful to spin triplet 

superconductivity (Millis, Sachdev and Varma 1988). 

Future work is clearly required to look for the small modulations of the structure or 

spin density to confirm the above scenario. If indeed a SDW is found to occur only below Px, 

we are indeed dealing with coexistence of ferromagnetism and superconductivity between Px 

and Pc. Below Px the magnetic structure might turn out to be more accurately described as 

ferrimagnetic . The eventual identification of the transition at Px should also clarify wh ether 

the pairing interaction is purely spin based, phononic or a combined action due to both 

mechanisms. 
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7. Conclusions 



Résume du Chapitre 7. 

Nos études ont approfondies la situation des composés proches d'une instabilité 

antiferromagnétique (CeCu2Sh, CePd2Sh) et ferromagnétique (UGe2). 

Dans le composé CeCu2Sh, la difficulté pour une compréhension microscopique vient 

de l'absence d'informations sur la dynamique des fluctuations magnétiques et la structure 

éventuelle ordonnée du magnétisme. Nos expériences de transport permettent de suivre la 

coexistence supraconductivité - phase A dite magnétique, de préciser le domaine de validité 

du rédime de liquide de Fermi et de comparer la mesure du deuxième champ critique Hc2(T) à 

un modèle simple de supraconductivité S avec un passage graduel d'une supraconductivité 

propre et sale. 

La situation de CePd2Sh est moins ambiguë car la dynamique de spin et la structure 

antiferromagnétique ont été déterminées à P = O. Dans des conditions hydrostatiques, le point 

critique magnétique quantique est Pc = 27±1 kbar. En des~ous de Pc, la contribution des ondes 

de spin à la résistivité est clairement établie. Même à Pc, le deuxième champ critique 

supraconducteur ne présente aucun signe de couplage fort. 

En collaboration avec Cambridge, nous avons tracé le diagramme des phases 

ferromagnétique (T Curie) et supraconductrice (T sc) de UGe2 en fonction de la pression. Nous 

avons mis en évidence une troisième température T x (T sc < T x < T Curie) sans doute liée à 

l'existence d'une faible modulation supplémentaire de l'aimantation (ondes de densité de 

spin) . La réalisation d'expériences de diffraction neutronique dans le domaine d'existence de 

la supraconductivité confirme sa coexistence avec un magnétisme à forte composante 

ferromagnétique. Un dernier effet découvert est le comportement non-conventionnel de 

Hc2(T) sous pression. 



7. Conclusions. 
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Figure 7.1 The generalized pressure·temperature phase diagram commonly found for heavy fermion 

systems. Several important features, like magnetically ordered phase, quantum critical point (QCP), crossover 

line between Fermi liquid (PL) and non Fermi liquid (NFL) behaviour as well as superconducting (SC) phase are 

shown. Schematic positions of the three investigated compounds are also marked. 

CeCu2Sh, CePd2Si2 and UGe2 belong to the same family of so-called heavy fermion 

systems. Ali of them can be placed on the same generalized pressure-temperature phase 

diagram characteristic for this c1ass of materials as shown in figure 7.1. At low or sometimes 

even negative pressure, the systems have a magnetically ordered ground state that may be 

either ferromagnetic or antiferromagnetic. With increasing pressure, the magnetic transition 

temperature reduces and finally disappears as the pressure reaches its critical value. This 

special point is known as the magnetic quantum critical point. From the microscopic point of 

view, one of the essential characteristics of this point is that quantum spin fluctuations 

become considerably strong close to it. This gives rise to the unusual ·normal state which 
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appears just above the critical pressure. At low temperature, the systems still behave as usual 

Fermi liquids characterized, for example, by the weIl known r dependence of the electrical 

resistivity. However, this behavior is observed only up to a characteristic crossover 

temperature. Above this temperature, a non Fermi liquid behavior is both theoretically 

predicted and experimentally observed. The crossover temperature is also pressure dependent 

and shrinks at exactly the quantum critical point. However, the above scenario is valid for 

sufficiently c1ean systems only. An emergence of superconductivity is also predicted in a 

small pressure range near the magnetic instability. The same spin fluctuations that lead to the 

unusual normal state give rise to a formation of superconducting pairs. This superconducting 

state is also expected to be particularly unusual, different from the conventional BCS one. In 

particular, it is very sensitive to the sample disorder. 

To have access to the above phenomena, one therefore needs pure samples and a 

possibility to tune them to their quantum critical point, which means an application of 

hydrostatic pressure. The samples are to be studied at very low temperatures, where the most 

interesting phenomena take place. An additional opportunity to apply high magnetic fields 

allows to broaden the research area. In particular, it provides an access to the upper critical 

field measurements, which allow to get further insight into the microscopic origin of the 

unconventional superconducting state. The above experimental conditions were satisfied for 

the three systems studied here. 

The first one, CeCu2Si2, is located on the right side of the phase diagram but very 

close to the quantum critical point already at ambient pressure. The application of pressure 

thus moves it further from the magnetic instability. This makes it a perfect candidate for 

testing the theoretical predictions for the behavior in the unusual normal state. In particular, 

the theory predicts the usual tempe rature dependence of the electrical resistivity, 

P = Po + AT 2 
, which should be observed up to a tempe rature TA. Indeed, we have observed 
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this behavior over the whole pressure range of our study. However, contrary to the model 

predictions, the product AT} was found to increase on approaching the quantum critical 

point. Apart from the above disagreement, this system demonstrates two fascinating features, 

which are not predicted theoretically. The first one is the existence of superconductivity over 

a wide pressure range and not only in the immediate vicinity of the quantum critical point. 

Moreover, in accord with the literature we found the critical temperature to increase rapidly at 

about 16 kbar. Two theoretical models have been proposed to explain this unexpected 

behavior. However, the lack of the experimental data definitively supporting any of them, 

leaves the situation unclear. Our measurements of the upper critical field under pressure 

showed that the anisotropy of its initial slope and hence that of the effective mass changes 

under pressure. This may indicate a change in the electronic structure close to the pressure 

where Tc increases. The second well known peculiarity of this compound is the appearance of 

the so-called magnetic A-phase whose exact origin is however still unknown. This phase 

appears to be very sensitive even to small deviations from the exact stoichiometry . We found 

that the A-phase is also very sensitive to hydrostatic pressure as it disappeared at quite a low 

one. However, over the small pressure range where it still existed, it demonstrated an 

especially interesting interplay with superconductivity. In particular, we found an 

experimental evidence for a relation between the A-phase and the presence of a maximum in 

the temperature dependence of Hc2 . 

Two other systems, CePd2Si2 and UGe2, have in common that at ambient pressure, 

they are both situated on the left side of the phase diagram, though at different distances from 

the quantum critical point (figure 7.1). In other words, in zero pressure they are both ordered 

magnetically, although the first one, CePd2Si2, demonstrates an antiferromagnetic order, while 

the other one shows ferromagnetism. In spite of this difference, they are both expected to 

show similar phenomena when tuned to the quantum critical point by hydrostatic pressure. 
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Therefore, they seem to be good candidates to test the whole variety of theoretical predictions 

both for ferromagnetic and antiferromagnetic cases. For several years, CePd2Sh was indeed 

considered as of the best examp1es of the expected behavior near an antiferromagnetic critical 

point. It showed both the existence of superconductivity close to its magnetic instability and 

non Fermi liquid behavior just above it. This was however observed by only one group in 

Cambridge, which is not surprising since, as we already know, only very clean samples are 

supposed to demonstrate the expected features. Much more surprising was the very recent 

report of another group in Geneva who also seen superconductivity, but found it over a large 

pressure range. This makes the situation similar to that in CeCu2Siz. We have also found the 

emergence of superconductivity near the quantum critical point in our sample, though the 

limits of our experimental technique did not allow to make a conclusion about the range of it 

existence. As for the non Fermi liquid behavior, we also saw it in the temperature dependence 

of resistivity just slightly above the quantum critical point. 

In UGe2 we were first looking for superconductivity at pressures just above the critical 

one, Pc, where no trace of it was found down to 70mK. However, we observed a 

metamagnetic behavior above Pc which combined with our results of the neutron diffraction 

under pressure indicated that the magnetic transition probably becomes first order close to the 

critical point. Therefore, the divergence of the fluctuation amplitude, characteristic of a 

second order quantum critical point that should give rise to superconductivity and non Fermi 

liquid behavior, is no longer be expected. Surprisingly, we did observe superconductivity in 

the ferromagnertic state just below Pc, where the coexistence of superconductivity and 

ferromagneti sm was subsequently confirmed by neutron diffraction. The striking 

contradiction of this behavior with theoretical predictions is possibly explained by our 

resistivity measurements, where we found another transition within the ferromagnetic state. 

The critical pressure of this transition was found to roughly correspond to the maximum of 
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superconducting critical temperature. Moreover, we found the f2 coefficient of resistivity to 

increase rapidly when approaching this second quantum critical point which is also consistent 

with the existing theoretical models. Thus, the behavior of this compound becomes consistent 

with those previously considered, if a second phase boundary within the ferromagnetic state 

leads to the existence of a second quantum critical point. 

We have seen that although aIl three considered compounds can be placed on the same 

general phase diagram, this should be somewhat modified in each particular case. Moreover, 

even though aU three compounds have been investigated for sorne years (especially CeCu2Sh 

which has been intensively studied since 1979), they still present new phenomena which are 

to be understood theoretically. But for experimentalists, there is aIso a great deal of work left 

to eliminate the existing white spots in the physics off these three compounds and others 

similar to them. Continuous progress in metallurgy and experimental technique will doubtless 

allow to obtain new results which will certainly improve our understanding of the physics of 

heavy fermions . 
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Summary 

Three heavy electron systems, CeCu2Sh, CePd2Si2 and UGe2, were 
investigated by transport, quantum oscillations (CePd2Sh) and neutron diffraction 
(UGe2) measurements. The experiments were performed under extreme conditions of 
very low temperature, high magnetic field and hydrostatic pressure. 

In the case of CeCu2Sh, we followed the evolution of the magnetic A-phase 
that is found to collapse rapidly under pressure. We found evidence for a relation 
between the A-phase and the presence of a maximum in the temperature dependence 
of He2. Our analysis showed that at low pressure, the sign of the exchange integral 
should be negative, thus superconductivity is enhanced by an increase in the 
paramagnetic susceptibility as in the Jaccarino-Peter effect. The anisotropy of the 
initial slope of He2 and therefore that of the effective mass was found to change under 
pressure. 

For CePd2Si2, both the de Haas-van Alphen effect at ambient pressure and the 
electrical resistivity under pressure were studied. The latter reveals a non-Fermi liquid 
behavior in the vicinity of the antiferromagnetic quantum critical point, Pe-27 kbar. 
The analysis of He2 at Pe shows that the superconducting state is weIl described by a 
weak coupling, clean limit model with a slightly anisotropic orbital limit and a 
strongly anisotropic paramagnetic one. 

UGe2 is shawn to demonstrate the coexistence of ferromagnetism and 
superconductivity that develops just below the ferromagnetic quantum critical point, 
P e-16 kbar. The measurements of the resistivity under pressure point to a possible 
existence of another phase boundary and thus another quantum critical point, Pc 12 
kbar, within the ferromagnetic state. The P-T phase diagram containing both Pe and 
Px was sketched, and a possible relation between Px and the development of 
superconductivity was discussed. The temperature dependence of H e2 demonstrates a 
variety of novel behaviors, which cannot be understood within conventional models 
of superconductivity. 



Résumé 

Nous avons étudié trois systèmes à électrons lourds, CeCu2Sjz, CePd2Siz et UGe2, par 
des mesures de transport, d'oscillations quantiques (CePd2Sjz) et de diffraction neutronique 
(UGe2). Les expériences ont été effectuées dans des conditions extrêmes: très basse 
température, champ magnétique élevé et pression hydrostatique. 

Pour CeCu2Siz, nous avons suivi l'évolution de la phase A magnétique qui s'effondre 
rapidement sous pression. Nous avons mis en évidence une relation entre la phase A et la 
présence d'un maximum dans la dépendance en température de Hc2. Notre analyse a montré 
qu'à basse pression le signe de l'intégrale d'échange doit être négatif. La supraconductivité est 
alors renforcée par une augmentation de la susceptibilité paramagnétique comme dans l'effet 
Jaccarino-Peter. L'anisotropie de la pente initiale de Hc2 et donc celle de la masse effective 
change sous pression. 

Pour CePd2Sjz, l'effet de Haas-van Alphen à pression ambiante et la résistivité 
électrique sous pression ont été étudiés. Cette dernière montre un comportement non liquide 
de Fermi à proximité du point critique quantique antiferromagnétique Pc-27 kbar. L'analyse 
de Hc2 à Pc prouve que l'état supraconducteur est bien décrit par le modèle du couplage faible 
en limite propre, avec une limite paramagnétique fortement anisotrope. 

UGe2 présente une coexistence de ferromagnétisme et de supraconductivité, se 
développant juste en dessous du point critique quantique ferromagnétique Pc-16 kbar. Les 
mesures de résistivité sous pression montrent l'existence possible d'une autre ligne de 
transition et d'un autre point critique quantique, Px-I2 kbar, dans l'état ferromagnétique . Le 
diagramme de phase P-T incluant Pc et Px a été tracé, et une relation possible entre Px et le 
développement de supraconductivité a été discutée. La dépendance en température de Hc2 

montre une variété de comportements nouveaux, ne pouvant pas être compris dans les 
modèles conventionnels de la supraconductivité. 



Résumé 

Nous avons étudié trois systèmes à électrons lourds, CeCuzSiz, CePdzSiz et UGez, par 
des mesures de transport, d'oscillations quantiques (CePdzSiz) et de diffraction neutronique 
(UGez). Les expériences ont été effectuées dans des conditions extrêmes: très basse 
température, champ magnétique élevé et pression hydrostatique. 

Pour CeCuzSiz, nous avons suivi J'évolution de la phase A magnétique qui s'effondre 
rapidement sous pression. Nous avons mis en évidence une relation entre la phase A et la 
présence d'un maximum dans la dépendance en température de HeZ. Notre analyse a montré 
qu'à basse pression le signe de l'intégrale d'échange doit être négatif. La supraconductivité est 
alors renforcée par une augmentation de la susceptibilité paramagnétique comme dans l'effet 
Jaccarino-Peter. L'anisotropie de la pente initiale de Hez et donc celle de la masse effective 
change sous pression. 

Pour CePdzSiz, l'effet de Haas-van Alphen à pression ambiante et la résistivité 
électrique sous pression ont été étudiés. Cette dernière montre un comportement non liquide 
de Fermi à proximité du point critique quantique antiferromagnétique P e- 27 kbar. L'analyse 
de Hez à Pc prouve que l'état supraconducteur est bien décrit par le modèle du couplage faible 
en limite propre, avec une limite paramagnétique fortement anisotrope. 

UGez présente une coexistence de ferromagnétisme et de supraconductivité, se 
développant juste en dessous du point critique quantique ferromagnétique Pe-16 kbar. Les 
mesures de résistivité sous pression montrent l'existence possible d'une autre ligne de 
transition et d'un autre point critique quantique, Px-I2 kbar, dans l'état ferromagnétique. Le 
diagramme de phase P-T incluant Pc et Px a été tracé, et une relation possible entre Px et le 
développement de supraconductivité a été discutée. La dépendance en température de Hez 
montre une variété de comportements nouveaux, ne pouvant pas être compris dans les 
modèles conventionnels de la supraconductivité. 


