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1 1 
II  Introductio n 

1.1.1.1. Scope 

"Condensedd matter physics has been surprisingly fertile in giving rise to new and 

unexpectedd phenomena, associated very often with new ground states of the electronic system. 

Manyy of them lurk at the fringes of interest until they are received into the Church of Physics by 

baptismm with a name, and the latest such addition is provided by what are now called heavy-

fermionfermion materials". This sentence, written by B.R. Coles |l] more than a decade ago in the 

introductionn of a review paper on heavy-fermion compounds, can now be used in the 

introductionn of this thesis by simply replacing the term heavy-fermion by non-Fermi liquid. 

Landau'ss Fermi liquid theory has been outstandingly successful in describing the low-

temperaturee properties of normal and heavy-fermion metals. However, in the past decade an 

increasingg number of heavy-fermion systems has been reported to show strong deviations from 

Fermii  liquid behaviour at low temperatures. This so called non-Fermi liquid (NFL) behaviour is 

generallyy believed to represent a new type of ground state of metals, thus challenging both 

theoristss and experimentalists to properly describe this new behaviour |2|. This represents the 

mainn motivation for the work described here. 

Differentt mechanisms leading to NFL behaviour have been proposed. Some of these 

mechanismss are based on the physics of quantum phase transitions, while others are based on 

locall  Fermi liquid descriptions. NFL materials can normally be grouped into one of these two 
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classess of mechanisms. Up to now. a theoretical model which yields an universal description of 

NFLL behaviour is not available. Crystallographic disorder, which is present in most NFL 

materials,, is expected to play an important role in modelling certain types of NFL behaviour, 

howeverr its precise influence is far from being understood. The lack of a full theoretical 

understandingg of NFL behaviour asks for careful and detailed studies of the low-temperature 

propertiess o\' heavy-fermion compounds exhibiting NFL behaviour. 

Inn the course of this thesis work, several systems exhibiting NFL behaviour were studied. 

Amongg them. U2Pt2ln appeared to be the most interesting system and a detailed study of its 

electronic,, thermal and magnetic properties was earned out. Although UzPbIn is a "difficult " 

materiall  from the metallurgical point of view, it is the first stoichiometric uranium-based 

compoundd discovered to exhibit NFL behaviour at ambient pressure. U:Pt:In is a promising 

compoundd to study NFL behaviour because: iJ it is a stoichiometric compound, thus the physics 

mightt not be dominated by disorder: ii) the observation of NFL behaviour at ambient pressure, 

enabless the use of a wide range of experimental techniques. These points, together with the 

availabilityy of samples in a single-crystalline form, yield the motivation to study U2Pt2ln 

extensively. . 

Hopefully,, this thesis wil l serve as a reference work to NFL behaviour in heavy-fermion 

compounds.. No definite answer as to the origin of the observed NFL behaviour is given. 

Actually,, considering the state of the art of NFL physics, no definite answer can be given at 

present.. The experimental results presented here are discussed in terms of possible mechanisms, 

yieldingg strong indications for collective (as in quantum criticality) or single-ion (as in local 

Fermii  liquid descriptions) phenomena. 

1.2.1.2. Outline 

Throughoutt this thesis, the discussion of the results runs in parallel with the presentation 

andd analysis of the experimental data. A general discussion of the physical properties and/or a 

summaryy of the results is given at the end of each chapter. 
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AA brief introduction to heavy-fennion compounds and Fermi liquid theory, as well as an 

overvieww of the relevant models that predict NFL properties is given in Chapter 2. In this 

chapter,, a short overview of materials exhibiting NFL behaviour is given as well. 

AA description of the experimental techniques used throughout this work can be found in 

Chapterr 3. As most of these experimental techniques and set-ups have been described extensively 

elsewhere,, the presentation is kept relatively short. However, the high-pressure technique, used 

inn Chapters 6 and 7. and the muon spin relaxation and rotation (jaSR) technique, used in Chapters 

55 and 7. are described in more detail. 

Inn Chapter 4. an introduction to the U2T2X family of compounds is given and a Doniach 

phasee diagram is constructed for the families with X=In and Sn. In the case of LNPtzIn. 

measurementss of the magnetization, resistivity, magnetoresistance, specific heat, specific heat in 

fieldd and thermal expansion are presented, analysed and discussed. The data presented in this 

chapterr undoubtedly establish the NFL character of IKPtTn. 

Zero-,, longitudinal- and transverse-field jitSR spectra taken on L^Pt:^ are discussed in 

Chapterr 5. These experiments served to confirm the absence of static magnetic order in U^Pt: .̂ 

Inn the NFL regime, pronounced magnetic fluctuations are found. 

Chapterr 6 deals with resistivity measurements on L^PtTn under hydrostatic pressure, as 

welll  as with Th-doping studies. Results of the recovery of a Fermi liquid state in U:Pt:In under 

pressuree and the possible emergence of magnetic ordering in Th-doped LNPt2ln are presented. 

Forr comparison, the suppression under pressure of magnetism in U:Pd:In was studied. A 

discussionn in terms of the Doniach phase diagram is given. In addition, magnetization 

measurementss are presented for several compounds of the U;T:X family in order to investigate 

theirr location in the Doniach diagram. 

Besidess the UnT X̂ family, several other uranium intermetallic systems exhibiting NFL 

behaviourr were studied. Namely. U;,Ni;,Sn4 was studied by means of specific heat, resistivity 

(underr pressure) and p:SR experiments. U(Pt|.NPdĵ  by means of juSR experiments and 

URhi/^Ni^/^All  by means of resistivity measurements. The results are presented in Chapter 7 in a 

collectionn of published (or submitted for publication) articles. 

Somee concluding remarks are made in Chapter 8. 

Severall  abbreviations are introduced in this thesis. A list is presented in Table 1.1. 
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Tabicc 1.1 - List of abbreviations used in this work. 

AFF AntiFerromagnetism QCP 

CWW Curie-Weiss QKE 

EPMAA Electron Probe MicroAnalysis RE 

FCC Field Cooled RKKY 

ELL Fermi Liquid RT 

FMM FerroMagnetism SBF 

GPSS General Purpose Spectrometer SC 

MFF Heavy Fermi on SCR 

HTSCC High-Temperalnre Superconductivity SDW 

INSS Inelastic Neutron Scattering SFM 

FDAA Focal Density Approximation SG 

FFF Longitudinal Field SMAF 

LMA FF Large-Moment AntiFerromagnelism SQUID 

LTFF Low Temperature Facilitv TCKE: 

MCW'' Modified Curie-Weiss TF.M 

MORFF MuonsOn RKquest TF 

MRR MagnetoResisiance XRD 

NFLL Non-Fermi Liquid ZF 

NMRR Nuclear Magnetic Resonance ZI'C 

OFHCC Oxygen-Free High Conductivity JJ-S.S. 

PSII  Paul Scherrer Institute uSR 

Quantumm Critical Point 

Quadrupolarr Kondo Effect 

Raree Earth 

Rudcrmann-Kittel-Kasuya-Yosida a 

Roomm Temperature 

Symmetryy Breaking Field 

Superconductivity y 

Self-Consistentt Renormali/ation 

Spinn Density Wave 

Secondarvv Electron Microscopy 

Spinn Glass 

Small-Momentt AntiFerromagnetism 

Superconductingg QUantum Interference Device 

Two-Channell Kondo Effect 

Transmissionn Electron Microscopv 

Transversee Field 

X-Rayy Diffraction 

Zeroo Field 

Zeroo Field Cooled 

Muonn Stopping Site 

Muonn Spin Relaxation or Rotation 

References References 
1.. B.R. Coles. Contcmp. Phys. 28 (1987) 143. 

2.. Proc. ITP Conference on Non-Fermi Liquid Behaviour in Metals. Santa Barbara. 1996. 
Phys.:: Condens, Matter 8 (1996) 9675 ff. 
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^ BB  Non-Ferm i liqui d behaviou r in 

heavy-fermio nn compound s 

2.1.2.1. Heavy-fermion  compounds  and Fermi  liquid  theory 

Heavy-fermionn (HF) systems are predominantly found in cerium and uranium compounds 

wheree the 4/ and 5/-electron states are relatively close to the Fermi level. Near room temperature 

(RT),, the /-moment sublattice has properties resembling those of weakly (Curie-Weiss) 

interactingg magnetic moments. The electronic transport properties are dominated by incoherent 

scatteringg of the conduction electrons by the local moments. As the temperature is lowered, 

local-momentt behaviour gives way to electronic properties that are consistent with those of a 

narroww band of conduction electrons. The crossover temperature is the coherence temperature 

Inn Landau's theory of Fermi liquids (FL). a one-to-one mapping of non-interacting electron 

statess to interacting electron states is assumed close to the Fermi energy. If the interactions are 

turnedd adiabatically. the states can be described in terms of quasiparticles. which have an 

enhancedd effective mass due to interactions with other quasiparticles in the surrounding medium. 

Att sufficiently low temperatures (much lower than the Fermi temperature), a useful tool to 

describee the thermodynamic properties of a system with itinerant electrons is the effective mass 
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off  the electrons. In normal metals, the effective mass m* is of the order of the free-electron mass 

me.. while in heavy-fermion systems /»*  can attain values as large as 10 in,.. 

AA single quasiparticle has an energy 

^ ^ ( j i k - , )) . (2.D 

22 m * 

wheree k is the wave-vector and A>- = (37i2pt;)
l/"1 is the Fermi wave-vector (pe is the number of 

electronss per unit volume). This expression defines the effective mass m*. When a quasiparticle 

iss added to the system, it wil l have an energy 

1111 k 

wheree Q is the volume of the system and f{k.k') is the quasiparticle interaction function. From 

this,, it follows that the energy of the added quasiparticle is not just the bare quasiparticle energy 

e/'.. but also depends on the presence of other quasiparticles. bti(k)=\ represents an excited 

quasiparticlee and bn{k)=-\ an excited quasi-hole. Notice that k denotes (fc.rj) with a the spin 

indexx ( t or i). The function f{k,k") can be transformed into spin-symmetric and spin-

antisymmetricc functions: 

/(*TrT )) = r (*,*')+ƒ*(*,*' ) f 2 3 ) 

/ (JtT.Jt ' i )) = ƒ* ( * , * ' ) -ƒ " ( * . * ' ) 

AA restriction of the Fermi-liquid theory is that all involved particles have a momentum very 

closee to the Fermi surface: |Jt| = \k] ~ A>. The f 's functions can then be expanded in a series of 

Legendree polynomials P/: 

ƒ " ' ( * , * >> £./T/>,(COS9) (2.4) 

withh cosQ = (k-kyk}.2. A dimensionless form of the coefficients / /as is given by the Landau 

parameters s 

K'tr K'tr 

Thee thermodynamic and response functions of the electronic liquid can now be calculated 

andd shown to be smooth functions of temperature. The density of states at the Fermi energy is 

«ivenn by 
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N(0)='-K^-N(0)='-K^-  (2 .6. 

JT/T T 

wheree the effective mass of the quasiparticles m* is related to the bare mass /»c by a symmetric 

Landauu parameter 

^ = 11 + ^ . ( 2 . 7 | 

mmcc 3 

Thee temperature independent Pauli susceptibility has the form 

U..UZ.U..UZ. m*k. 1 
X == , .—! (2.8) 

K'trK'tr  1 + F,;' 

withh F,,'1 an antisymmetric Landau parameter, x l*  enhanced with respect to the Pauli 

susceptibilityy of the non-interacting system by a factor m*/mc( l+Fo'). 

Thee specific heat cv in the FL theory is given by 

c... m* k, ki 
—— = Y = \-^- . (2.9) 

TT 3tr 

whichh is enhanced with respect to the specific heat of the non-interacting system by a factor 

m*/mm*/mcc.. Therefore, the specific-heat coefficient gives direct information about the effective mass 
w* .. The Wilson ratio Rw relates the Pauli susceptibility to the electronic specific-heat coefficient 

Rww ^J^Ll  = -L_ . ( 2 . i ( ) , 
3u.„u.-- y 1 + F,;' 

Inn the case of a non-interacting system, Rw = 1

Thee electrical resistivity behaves as 
pp = p„+ AT2 . (2.1 I) 

wheree po is the residual resistivity due to impurities and defects and A is a constant. 

Thee FL theory gives a good description of the low-temperature properties of metals (above 

anyy magnetic or superconducting transition). In heavy-fennion compounds, the high-temperature 

local-momentt behaviour gives way to a low-temperature coherent state where the FL theory is 

validd with a strongly enhanced effective mass m*. The specific heat, susceptibility and resistivity 

followw the temperature dependencies c(T) = yT. j((D = const and p(T) - p^+AT'. respectively. 

Valuess of the Wilson ratio in the range 2-5. as normally found in HF systems, can be accounted 

forr by a negative Landau parameter F(;'. The coefficient A is related to y by the empirical 

Kadowaki-Woodss relation: Ahf ~ 10 |uQcmK"moLJ ~ [1 ]. 
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Withinn the FL theory, spin fluctuations in the HF system give rise to a correction term in 

thee specific heat of the form c(T) - yT+ 8T"ln(T/T*). where P*  is a characteristic spin-

fluctuationfluctuation temperature. 

Mostt HF compounds exhibit the Kondo effect [2]. manifested in measurements of the 

electricall  resistivity from room temperature down to low temperatures. The Kondo Hamiltonian 

describess the exchange interaction of a single magnetic impurity (with spin S) with a conduction 

electronn (with spin s): 

c7{ J=-2Js-SS . (2.12) 

Forr a negative coupling parameter J. the impurity spin is completely compensated at low 

temperaturess and a Kondo singlet is formed. As a result, the resistivity obeys a -\n(T/TK) 

behaviour.. The binding energy of a Kondo singlet is 

k,//KK ^ exp . (2.13) 

'' K N(0) { JN{0) J 
HFF materials may be considered as Kondo lattices with a periodic array of magnetic "impurities". 

Inn Kondo lattices, scattering at low temperatures may be coherent, resulting in a fast drop of the 

resistivityy (as the temperature is lowered) and a T~ behaviour at the lowest temperatures. In 

general,, the compensation of the /-moments by means of the Kondo effect leads to the formation 

off  a non-magnetic ground state. 

Onn the other hand, antiferromagnetic interactions between the /:moments are provided via 

thee conduction electrons by the Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction. This 

interactionn tends to form a magnetic ground state in HF systems. The energy associated with the 

RKKYY interaction is 

kJkJRKKRKK,~J,~J::N(0)N(0) . (2.14) 

Consideringg the scales defined by PR and 7"RKKY- Doniach proposed that the low-

temperaturee ground state of the system is a direct consequence of the competition between the 

Kondoo scattering and the RKKY interaction [3]. A (Doniach) phase diagram can then be 

constructedd (Figure 2.1)'. Heavy-fermion compounds are in general located close to the magnetic 

Strictlyy speaking, the Doniach phase diagram is of the form 7/U \ersus ,//H'. However, tor HF compounds and close 
too the magnetic instability externa] parameters like pressure and doping will more effecliveh influence the 
exchange-couplingg parameter./ than the bandwidth \Y Therefore, and also for simplicity. 7'i./t diagrams will be used 
throughoutt this work. 

file:///ersus
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instability,, where the competition between the Kondo effect and the RKKY interaction is most 

important. . 

T T 

Figuree 2.1 Doniach phase diagram (FL = Fermi liquid. HF= heavy fermion). The dotted lines 
representt VRKKÏ and 7'K. The lull line represents the ordering temperature and the dashed 
linee the temperature below which FL behaviour is attained. 

Reviewss on heavy-fermion compounds are given in Rets. 4 and 5. The Fermi-liquid theory 

iss extensively described in Refs. 6 and 7. 

2.2.2.2. Non-Fermi liquid behaviour 

Duringg the past decade, a new class of heavy-fermion systems that exhibit strong 

deviationss from Fermi-liquid theory has attracted much interest [8]. These non-Fermi liquid 

(NFL)) materials are U-, Ce- and Yb-based intermetallics that, with a few exceptions, have been 

dopedd with a non-magnetic element. The main macroscopic properties related to NFL behaviour 

aree a diverging specific heat divided by temperature (c/T~ -ln(777b) or cIT ~ Jo-ctT ), a 
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divergingg magnetic susceptibility (%~\-bTf or x ~ -ln(777b)) and a non-quadratic electric 

resistivityy (p ~ aT" with a < 2 and a can be positive or negative). 

Thee divergency of cIT is the hallmark of NFL behaviour. Within the FL theory, a 

temperaturee dependent coefficient y that diverges as 7"-̂ >0 would imply a diverging density of 

statess at the Fermi level. Therefore. FL theory cannot be applied in its simple form. This is why 

thee name non-Fermi liquid was fist given to this behaviour. Nevertheless, in some cases, models 

basedd on a local FL description can account for this new behaviour. 

Att present, no theoretical models are at hand which yield an universal description of NFL 

behaviour.. However, a common starting point may be found in the physics of quantum critical 

points.. This results from the recognition that NFL properties emerge at or close to the magnetic 

instabilityy in a typical Doniach phase diagram for HF compounds (Figure 2.2). 

magnetic c 

NFL L 

FL L 

Figuree 2.2 - NFL region close to a magnetic instability for HF systems. 

Withinn the Doniach phase diagram, magnetism vanishes when the single-ion Kondo 

scatteringg becomes more important than the RKKY interaction. In renormalization group 

language,, antiferromagnetistn (AF) and FL behaviour can be considered as two competing fixed 

points.. As the temperature is lowered, the system evolves from the high-temperature local-

momentt behaviour to one of these fixed points, as represented in the flow diagram in Figure 2.3. 

Thee trajectories represented correspond to different values of 7K/7RKKI • When a material is tuned 

too the critical value of 7K/7RKKY, it is forced to evolve to the quantum critical point (QCP) [9]. 
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Thee existence of an antiferromagnetic QCP implies that the two fixed points (AF and FL) are 

linkedd by a new unstable fixed point. For a wide range of materials. 7VTRKKY is close to its 

criticall  value. These materials wil l evolve towards the FL or AF fixed points, passing close to the 

neww fixed point. Over a large temperature range their properties, excitations and interactions wil l 

bee dominated by the physics of this QCP. 

high-temperature e 
locall moment 

Figuree 2.3 - Schematic flow diagram for the Kondo lattice. Taken from Ref. 9. 

However,, since a number of /-systems exhibiting NFL properties does not seem to be at a 

QCP.. other models have been put forward in order to describe the microscopic mechanisms that 

leadd to NFL behaviour. Single-ion Kondo models have been applied, with relative success. Also 

modelss have been proposed where disorder plays a crucial role, as a number of NFL systems are 

chemically-substitutedd or diluted compounds and. therefore, disordered. 

Thee most relevant routes that have been proposed to lead to non-Fermi liquid behaviour in 

/-electronn systems are: 

i)) a two-channel Kondo effect [10], where the/-electron impurity spin is overscreened by the 

spinss of the conduction electrons, giving rise to an antiferromagnetic superexchange interaction 

withh electrons off the impurity site (see Section 2.3.1): 

ii )) a distribution of Kondo temperatures [ I I ] . where the Kondo effect on each/electron impurity 

setss a different temperature scale, resulting in a broad range of effective Kondo temperatures: 

averagingg over such a distribution gives rise to thermodynamic properties which follow the NFL 

expressionss (see Section 2.3.2); 
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iii )) a proximity to a QCP [ 12J. where a magnetic or superconducting phase transition occurs at 

r = ( ) KK (either spontaneously or the transition might be tuned to 0 K by an external parameter, 

likee hydrostatic or chemical pressure): here, the thermodynamic properties are determined by 

collectivee modes corresponding to fluctuations of the order parameter in the vicinity of the 

criticall  point (see Section 2.3.3): 

iv)) a Griffiths phase model [13] where, due to disorder, magnetic clusters appear in the 

paramagneticc phase close to a QCP (see Section 2.3.4). 

NFLL properties have also been found in (/-transition-metal systems. For instance. NixPdj.x 

hass a ferromagnetic QCP at x = 0.025 [14]. The specific heat, resistivity and magnetic 

susceptibilityy strongly deviate from the standard FL behaviour and can be fully accounted for by 

aa proximity to a ferromagnetic QCP (see Section 2.3.3). 

NFLL behaviour may also be found in one-dimensional (ID) systems, where it is described 

theoreticallyy by the Luttinger liquid model [15]. In these ID systems, the electron-electron 

interactionn is much stronger than in a FL. which may lead to spin-charge separation [16]. 

Quantumm wires [17] and some organic ID conductors [18] have been described as Luttinger 

liquids. . 

Thee normal state of high-TL cuprates is also known to exhibit properties that deviate 

stronglyy from FL behaviour. A so-termed marginal-Fermi liquid model [19] has been proposed 

ass a phenomenological approach to the behaviour of high-temperature superconductors. Here, it 

iss assumed that the spin and charge susceptibilities have an unusual form, in that they are 

approximatelyy momentum independent and vanish linearly in to/T for low frequencies. In 

contrast,, spin and charge of a FL are strongly momentum dependent and have a low-frequency 

behaviourr that becomes independent of temperature as 7—>(). This assumption gives rise to a 

scatteringg rate linear in temperature and an effective mass that diverges logarithmically as the 

Fermii  energy is approached. 
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2.3.2.3. Routes  to  non-Fermi  liquid  behaviour 

2.3.1.. Multichanne l Kond o effec t 

Ass mentioned before, within the usual single-channel Kondo effect, the physics of an / : 

electronn system can be described by a local version of Landaus FL theory [20]. However, a 

simplee modification of this model can produce NFL behaviour: the multichannel Kondo effect 

[10]. . 

Inn the overcompensated multichannel Kondo model. M identical spin-'/2 conduction bands 

exchange-couplee to a single-impurity spin S\ with the condition M/2 > S[. so that there are more 

conductionn spins than needed to fully compensate the impurity. 

Inn the simplest case of the Si=l/2 two-channel Kondo effect (TCKE) [211. the impurity spin 

iss overcompensated by the presence of two conduction spins Vi. The resulting spin of the ground 

statee wil l be Vi and an anti ferromagnetic superexchange wil l be generated with electrons off the 

impurityy site. In renormalization group language, the kinetic energy introduced by this 

superexchangee interaction makes the strong-coupling (J—>») fixed point unstable, since at this 

fixedd point the kinetic energy is zero. This maps the effective model back to the weak-coupling 

(7=0)) limit . However, the weak-coupling fixed point is unstable due to the Kondo effect. Thus 

bothh weak- and strong-coupling limits are unstable. Therefore, a non-trivial fixed point at 

intermediatee coupling must exist [22]. 

Thiss non-trivial fixed point gives rise to a degenerate ground state and a NFL energy 

spectrum.. The extra specific-heat coefficient and spin susceptibility per mole of impurity diverge 

forr 7 ^0 as [23] 

A'A'  T 

(2.15a) ) 

(2.15b) ) 

wheree ,4' = 0.251R, b-0A\. by is of the order of 1 and B' is a temperature independent 

electronicc or crystal-field background in c/T. The resistivity, on the other hand, behaves as [24] 

c(T)c(T) _ 

T T 

X(7> > 

TTKK hTK 

11 T 
Inn . 

?KK b.,TK 
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p(7Vl-« « 
T T 

(2.15c) ) 

wheree a is of the order of 1. However, while the logarithmic divergence of c/T and X appears for 

7<< 0.57K. p - l - t / 71 ' " should be observable only for r < 0.057K f 10). In the intermediate 

temperaturee range 0.057V; < T < TK. p ~ \-aT. 

Thee two channels of conduction spin and the impurity have an effective spin xh. Therefore, 

thee degeneracy of the impurity spin is never lifted, unlike in the ordinary Kondo problem. This 

residuall  degeneracy manifests itself in a net residual entropy of '/2RIn2 per mole impurity. This 

residuall  entropy can be recovered by e.g. an external magnetic field |10j. which wil l lif t the 

degeneracy. . 

Forr the quadrupolar multichannel Kondo effect (QKE) [25). where the electrical 

quadrupolarr moment of the /:ion interacts with the conduction electrons and their spins provide 

thee two channels, the susceptibility does not diverge logarithmically but as 

z(nn  = x(" ) b' b' 
T T 

T T 
\\ K ) 

(2.16) ) 

withh b' 

2.3.2.. Kondo disorder model 

AA distribution of Kondo temperatures TV. can arise if a material has large disorder. Around 

eachh single magnetic impurity, antiferromagnetically coupled to conduction electrons (assuming 

ann effective spin-'/2 impurity magnetic moment), the Kondo effect wil l occur at a different value 

off  7"K. Averaging over such a distribution can produce thermodynamic and transport properties 

withh NFL-like dependencies due to the broad range of effective Fermi temperatures. Essentially, 

thee unquenched moments contribute to the NFL physics. 

Inn this scenario, a NFL state is generated as a consequence of the interplay of disorder and 

strongg correlations. The main idea of this model is that moderate bare disorder in a lattice model 

off  localized moments is magnified due to the strong local correlations between the ^moments 

andd the conduction electrons. In particular, a broad distribution of local energy scales (Kondo 

temperatures)) is generated. A few local sites with very low Kondo temperatures are unquenched 
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att low temperatures and dominate the thermodynamics and transport, giving rise to a dilute gas 

off  low-lying excitations above the disordered metallic ground state. The presence of these 

unquenchedd moments leads to the formation of a NFL phase [11]. 

Inn UCu^Pdx ( x = l , 1.5). Cu NMR studies revealed the presence of a strong 

inhomogeneouss broadening of the NMR line width [26]. This broadening can be explained 

withinn the Kondo disorder model assuming a collection of completely uncorrelated spins, each 

coupledd to the conduction-electron bath by a Kondo-coupling constant N{0)J. which is allowed to 

bee randomly distributed in the sample. This distribution is supposed to originate from the local 

disorderr induced by Pd substitution at the Cu sites. The thermodynamic response is then 

calculatedd by taking an average over the response of a single Kondo spin with a distribution of 

couplingg constants. Because of the exponential dependence of TK on N(0)J, a broad distribution 

off  Kondo temperatures results, as shown in Figure 2.4. 
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Figuree 2.4 - Distribution of Kondo temperatures in L'Cu4Pd (dashed line) and in L'Cth ,Pd, 5 (dotted 
line).. The shaded area below '/'represents the lo\v-7K spins which remain unquenched at 
thatt temperature. Taken from Rel'. 1 1. 

Thee Kondo disorder model also leads to an incoherent nature of the transport properties 

withh sufficient disorder strength. Due to local Kondo physics at each /-site, the effective disorder 

generatedd from a bare distribution of local /-shell parameters is strongly renormalized up to 

scaless of the order of the conduction electron bandwidth. Although clean systems have low 

resistivitiess due to the onset of coherence at low temperature, moderate amounts of /-element 
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disorderr are capable of destroying this low-temperature coherence, leading to characteristic 

incoherentt Kondo scattering behaviour. 

Thee predictions of the model for the specific heat, susceptibility and resistivity are [ 111 

c(T)~-T\n(T/Tjc(T)~-T\n(T/Tj (2.17a) 

X ( 7 - ) ~ - l n ( 7 / 7 ;)) (2.17b) 

p(T)~]-aTp(T)~]-aT . (2.17c) 

2.3.3.. Proximity to a quantum critical point 

AA quantum critical point (QCP) occurs when a critical point such as that associated with a 

ferro-- or antiferromagnetic transition is tuned to T=() by some external parameter 6. such as 

pressuree or dopant concentration. At the QCP (8=6L). the low-temperature thermodynamics is 

determinedd by collective modes corresponding to fluctuations of the order parameter, rather than 

byy single-fermion excitations as in a FL. Therefore, NFL properties arise. NFL behaviour can 

alsoo occur near quantum spin-glass [27] or superconducting [28] transitions. 

Likee its finite-temperature counterpart (thermal or classical phase transition), a quantum 

phasee transition is characterized by a diverging correlation length c, and a diverging relaxation 

timee c,T. However, the critical fluctuations that lead to these diverging length and time scales are 

quantumm fluctuations rather than thermal ones. Contrary to the situation for a classical critical 

point,, the dynamic and static behaviour of a QCP are coupled together. A system at a QCP wil l 

bee affected in the same way by either a finite frequency or a finitee temperature. The system is 

characterizedd by the dynamical scaling exponent : that describes the divergence of c,x. The value 

o f ;; affects strongly the static critical behaviour [29]. The dynamical exponent : takes the value 

off  2. 3 and 4 for an antiferromagnet, a clean ferromagnet and a dirty ferromagnet. respectively. A 

cZ-dimensionall  quantum system is related to a classical one with an effective dimension 

f/,„„  = tl+z. 

Whenn studying the effect of non-/ero temperatures on the QCP in itinerant-fermion 

systemss using renormali/.ation-group theory, the diagram of Figure 2.5 applies [12,30]. Different 

regionss close to the QCP must be considered. Region I is the disordered quantum regime where 
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thee FL picture applies, region II is the perturbative classical regime and region III is the classical 

Gaussiann regime. The different regimes are separated by the lines 

r , ~ ( 5 - 5 j ' 22 (2.18a) 

TTnn~(b-bJ'~(b-bJ'{d+{d+ --]]  (2.18b) 

7;; _ (s _8) - " " - - > . (2.18c) 

Figuree 2.5 - Phase diagram of the temperature versus the control parameter 5. Region I is the 
disorderedd quantum regime, region II is the perturbative classical regime and region III 
iss the classical Gaussian regime. The lines ƒ',. Ta and Tm are defined in the text. After 
Ref.. 12. 

Calculationss of the specific heat give the same expressions for regions II and III . while the 

correlationn length c, is the same for regions I and II. For the classical regime, i.e. just above the 

QCP.. and for d = 3 the specific heat and resistivity near an antiferromagnetic (z = 2) QCP have 

thee temperature dependencies 

c(T)/Tc(T)/T = y0-aT1'2 (2.19a) 

p(T)~Tp(T)~T:: ''rr-- . (2.19b) 

whilee for a ferromagnetic (z = 3) QCP. 

c(T)/T~-\n(T/Tc(T)/T~-\n(T/T00)) (2.20a) 

p(T)~Tp(T)~T55 ' . (2.20b) 
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Thee same predictions are obtained within the self-consistent renormalization (SCR) theory 

off  spin fluctuations [311. The SCR theory takes into account the couplings among the different 

modess of spin fluctuations in a self-consistent way. Although initially developed for itinerant d-

electrons.. the theory can be modified to nearly localized /-electron systems [32]. It assumes that 

aroundd the magnetic phase boundary there are weakly and nearly ferro- and antiferromagnetic 

regimess with various anomalous properties, which are predominantly due to exchange-enhanced 

spinn fluctuations. Within this theory, the d=3 predictions for c(T) and p(D are the same as in 

equationss 2.19 and 2.20. The pressure dependence of 7\ or Tc is also the same as in equation 

2.18c.. However, at very low temperatures. c(T) and p(T) should attain temperature dependencies 

ass in the FL theory. 

AA phenomenological description of NFL systems at a QCP [27] gives the following scaling 

relationss of the magnetization and specific heat: 

M=—f—\M=—f—\ (2.21a) 
VV  J 

c(BJ)c(BJ) c(0,T) ( B \ 
- 77 y~ = g -z^\ • (2.21b) 

VV ) 

wheree f(.v) and g(.v) are non-singular functions. These scaling relations can also be applied to a 

field-inducedd QCP by replacing B and c(i)J) by AB = B-Bc and c(Bc,T), respectively [33 J. 

Anotherr type of QCP, that has been considered theoretically, is the quantum Lifshitz point 

[34].. A "classical" Lifshitz point is a critical point that, in addition to the onset of magnetic 

ordering,, is characterized by the disappearance of stiffness in one or several directions, i.e., a 

tricriticall point where a disordered phase, a spatial uniformly ordered phase and a spatially 

modulatedd ordered phase meet [351. In the quantum Lifshitz point model. NFL behaviour occurs 

inn the classical Gaussian region near a quantum Lifshitz point in a three-dimensional itinerant 

antiferromagnet.. The Néel temperature is predicted to follow the pressure dependence 

TTss -ft-Pf' . (2.22) 

Thee specific heat coefficient and resistivity are predicted to vary as 

c(T)/T~Tc(T)/T~TUiUi  (2.23a) 

p(T)~T'p(T)~T'uu . (2.23b) 

Althoughh no NFL system has been found to obey these relations, the concept of loss of 

stiffnesss near a QCP might have its relevance in systems like CeCufi.xAux [36]. 
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Reviewss on quantum critical points are given in Rets. 37-40. 

2.3.4.. Griffiths phase model 

Anotherr model, proposed recently, takes into account the effects of disorder near a 

quantumm critical point. In the Griffiths phase model [ 13|. the presence of disorder is considered 

too lead to the coexistence of a metallic paramagnetic phase and a granular magnetic phase. These 

coexistingg phases are equivalent to the Griffiths phase [41 ] of a dilute magnetic system. 

Thee "classical" problem of a Griffiths phase occurs in a lattice of magnetic atoms diluted 

withh non-magnetic atoms. Long-range order is lost at the percolation threshold when the last 

infinitee cluster of magnetic moments ceases to exist. Above the threshold, the system is 

composedd of finite clusters of magnetic atoms. When a magnetic field is applied to the 

percolationn lattice, there is a non-analytic contribution from rare large clusters to the free energy 

141]. . 

Forr the Griffiths phase model for NFL compounds, a similar picture can be drawn. Two 

electronicc liquids coexist: in one of them, the magnetic moments are quenched by the Kondo 

interaction,, giving rise to a FL. while the other is dominated by the RKKY interaction giving rise 

too ordered regions. This inhomogeneous situation is energetically favoured by disorder, due to 

thee entropy contribution to the free energy. 

Forr a generic magnetic HF compound, which exhibits a QCP upon alloying, a phase 

diagramm can be constructed within this model. For small amounts of doping, the RKKY 

interactionn dominates and the system orders magnetically. With increasing doping, the quantum 

fluctuationsfluctuations grow due to the Kondo effect and the critical temperature decreases until it vanishes 

forr the critical value of doping. At this QCP. the system percolates. For larger values of doping, 

i.e.. in the paramagnetic phase, only finite clusters of magnetic atoms can be found. Among these 

clusters,, there are some rare ones that are large and strongly coupled, in which the spins behave 

coherentlyy as a giant spin or a magnetic grain. In this phase, the thermodynamic functions show 

essentia]]  singularities with strong effects at low temperatures. The specific heat coefficient and 

thee static susceptibility diverge as 

c{T)lT~T-c{T)lT~T-xx~''-~''- (2.24a) 

X(7")~r- ! -xx (2.24b) 
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withh A < 1. Notice that X= I corresponds to the FL expressions. The parameter X also 

characterizess the temperature dependence of the mean square deviation of the susceptibility due 

too the distribution of susceptibilities in the system and of the non-linear static susceptibility, as 

welll  as the frequency dependencies of the local susceptibility and the NMR relaxation rate [13]. 

Inn general terms, within the Griffiths phase model, the NFL behaviour can be observed 

overr an extended region in the paramagnetic phase next to a QCP (Figure 2.6). 
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Figuree 2.6 - Phase diagram for the Griffiths phase model. 5 denotes a control parameter like doping 

concentrationn or pressure. Taken from Ref. 42. 

2.4.2.4. Magnetotransport in nearly antiferromagnetic metals 

AA magnetotransport theory has recently been developed to explain the transport properties 

off  NFL compounds near an antiferromagnetic QCP [42.43]. Under such conditions, the low-

energyy excitations of a HF system below a characteristic temperature 7K (see Figure 2.7a) can be 

assumedd to be due to heavy quasiparticles and their collective excitations. The resistivity near the 

QCPP is then determined by scattering of quasiparticles by spin fluctuations. These scattering 

processess are most important near hot lines, i.e. points on the Fermi surface connected by the 
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magneticc ordering vector Q. In the remaining cold regions, inelastic scattering is weak (Figure 

2.7b). . 
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Figuree 2.7 - (a) Phase diagram for an antiferromagnetic QCP. (b) Fermi surface with hot lines where 
scatteringg is enhanced - Q is the ordering vector of the AF phase. Taken from Ref. 42. 

Thee theory presented in Ref. 42 predicts the behaviour of the resistivity and 

magnetoresistancee of compounds in the paramagnetic phase near an antiferromagnetic QCP. 

Consideringg that spin fluctuations are destroyed at the temperature scale V, where V is typically 

off the order of 7"coh or 7K. the resistivity is universal for / <x and r < 1 in the scaling limit 

t,x,rt,x,r —> 0 and tlx.rlx —> const, where t-TIT measures the temperature, .v = Po/psi = 1/RRR 

measuress the amount of disorder and r <x 8-5c measures the distance to the QCP in the 

paramagneticc phase. Here, p» is the residual resistivity. pN! is a typical high-temperature (f ~ 1) 

resistivityy value. 5 is a control parameter like pressure and 8C is its critical value. 

Threee different regimes are predicted for the resistivity Ap = p - p(J: 

Ap p 

PM M 

rr  <t<  x 

max[ï : ; , l H , , I , ' ' 

t'r t'r 

2r (5^) /4--

r<min[r,x'' V W ) M ] 
<< t < x (2.25) ) 

Forr three dimensions (d = 3), the diagram of Figure 2.8 results with 
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App ~ </.v: ", 

t'r t'r 

regionss I 

regionss II 

reaionn III 

(2.26) ) 

Thee temperature ranges where the different regimes occur depend on the amount of 

disorderr in the system. In the very dirty limit x —» 1. region II is not observed, i.e. no p ~ T 

regimee occurs. Regions I (p ~ T ') and III (p ~ T") extend over large ranges in this limit and 

thereforee are called the disorder-dominated regime and the disorder-dominated FL regime. 

respectively. . 

Thee p ~ 7""'" behaviour predicted by the theories of Milli s [12] and Moriya [32] for the AF 

QCPP (see Section 2.3.3) is only observed in a small region close to the QCP. For very clean 

systems,, this behaviour wil l only be observed at ultra-low temperatures. In the immediate 

vicinityy of the QCP. the scattering process at the hot lines is short-circuited by quasiparticles at 

thee remaining cold regions of the Fermi surface giving way to T~ behaviour. 

Inn region IIB (see Figure 2.8). the thermodynamic functions show FL characteristics, 

althoughh the resistivity rises linearly with temperature. 

non-universall regime 

t=r r 
/ / 

ÏÏB ÏÏB 

t=vxr r 

Figuree 2.8 Resistivity scaling regimes for a compound near an antiferromagnetic (JC'P (rf = 3). / 
measuress the temperature, x the amount of disorder and r the distance from the QCP in 
thee paramagnetic phase. After Ref. 42. 
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Inn the presence of a magnetic field, the resistivity near a QCP is influenced by spin and 

orbitall  effects. The spin contribution typically suppresses the antiferromagnetic order. In the 

paramagneticc phase. AF fluctuations wil l be suppressed. Within the diagram of Figure 2.8. this 

correspondss to an increase of r (the distance to the QCP). The suppression of the fluctuations 

reducess the amount of scattering and the resistivity drops. Therefore, a negative 

magnetoresistancee is expected. Due to the orbital effects, the resistivity increases in field. This 

positivee magnetoresistance originates because B smears out the quasiparticle distribution, 

minimizingg the effect that cold regions short-circuit the hot lines. 

Thee field dependence of the resistance due to the orbital effects is different for the different 

regionss in Figure 2.8. Defining /; = B/Bo. where 5(1 is the typical magnetic field necessary to 

observee Shubnikov-de Haas oscillations at t - 1. the following dependencies have been predicted 

[431: : 

regionn 1 (disorder-dominated regime) 

bb22tt2 2 

PM M 
++ < 

br br 

X" X" 

t't'/2 /2 

X X 

bb < g, i r 

#,_„.. <b<tW2x 

tt x < b < t x 

(2.27a) ) 

withh ,t,'f v.,-- maxl.xr . / .ve J; 

regionn II (clean systems) 

Ap p 

PM M 

txtx ' + 

b, b, 

lr lr 
bb < tx] 

tx tx 
txtx]] ''22 <b<  /?,,. 

h,,h,,  </»<.v-' 4min[/ ' V V 1 ' 4 ] 

(2.27b) ) 

withh h,j- - mini/1 . / /•" ] 

-- region III (disorder-dominated FL regime) 

bb 22tt 4 4 

App r 

PMM >J 

/ / ++ < 
-VV /' 

b<xrb<xr ]] -- (t>x] 'r) 

xrxrv2v2 <b<tx! 2r~l 2 

(2.27c) ) 
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Therefore,, this theory predicts a magnetoresistance with an initial B' behaviour and a crossover 

towardss a linear dependence in B before saturation. In the disorder-dominated FL regime (region 

III) .. Ap ~ B is not observed. Besides this positive orbital contribution to the magnetoresistance. 

spinn effects give a negative magnetoresistance in all regions. 

2.5.2.5. Examples  of  non-Fermi  liquid  compounds 

AA characteristic of most (but not all) HF compounds exhibiting NFL behaviour is the 

presencee o{' a QCP in the phase diagram. For the majority of the known NFL compounds, the 

QCPP is reached by changing the composition. This introduces disorder in the system and its 

effectt on the critical behaviour may be crucial. A distinction can be made between systems where 

thee 4/- or 5/atom is partially substituted and systems where the ligand configuration is changed. 

Inn the first case, a "Kondo hole" introduced by dilution may lead to substantial scattering and loss 

off  coherence, while in the second case the/-atoms may experience different local environments 

andd possibly different local Kondo temperatures. Therefore, even though a QCP is present in the 

phasee diagram, the mechanism responsible for the NFL behaviour might be of the single-ion type 

likee Kondo disorder or a multichannel Kondo effect. 

NFLL properties are also found in a few .stoichiometric compounds. The advantage of 

stoichiometricc compounds is that the role of disorder may not be dominant. Usually, hydrostatic 

pressuree can be applied in weakly magnetic HF compounds in order to reach the QCP. Examples 

off  stoichiometric compounds with NFL properties at ambient pressure are U2Pt2ln [44]. 

CeNi2Ge;; |45] and YbRh:Si; [46], Evidence for NFL has also been found in the normal state of 

CeCuiSi;; |47], which has a complex phase diagram with competition between magnetism and 

superconductivity,, which relates to an intricate metallurgy. 

Onee of the best studied NFL systems is CeCu(, vAux [48). CeCufl is a non-magnetic HF 

compoundd with intersite antiferromagnetic fluctuations, as was shown by inelastic neutron-

scatteringg experiments. The low-temperature properties are characteristic of a FL. Upon alloying 

withh Au. the lattice expands. This leads to a decrease of the hybridization between the 4/orbitals 

andd Cu 3c/-orbitals and. therefore, to a decrease of the exchange interaction J. For x > 0.1. RKKY 
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interactionn between the localized moments leads to antiferromagnetic order. At the critical 

concentration.. xc = 0.1, NFL behaviour is observed (Figure 2.9). Applying pressure has an effect 

oppositee to Au substitution. The antiferromagnetic phase (x>0.1) can be tuned to 7\=0 by 

pressure:: e.g. pc = 0.41 GPa (=4.1 kbar) for x = 0.2 and pc = 0.82 GPa for x = 0.3. At these 

pressuree values NFL behaviour is observed, as demonstrated by the logarithmic divergence of the 

specificc heat shown in Figure 2.9. Above the critical-pressure value, FL behaviour is recovered. 

Inelasticc neutron-scattering studies on CeCu(V\Aux have revealed the presence of quasi 2-

dimensionall  (2D) magnetic critical fluctuations coupled to quasiparticles with 3D dynamics for 

xx = 0.1 [36]. These 2D fluctuations can be viewed as precursors to the 3D ordering for x > 0.1. 

Furtherr support for a 2D character of the critical fluctuations is provided by the fact that the 

temperaturee dependencies of the specific heat and the resistivity of CeCiis yAuu i are in agreement 

withh the predictions for a 2D antiferromagnetic QCP: cIT~ -ln(T/7"n) and p ~ 7' [ 12]. Also the 

dependenciess of 7"\ on the pressure and the Au content are consistent with a 2D AF QCP: 

7NN ~ |o-8,|. 

Recentt inelastic neutron-scattering experiments on single crystals of CeNi^Ge; also provide 

evidencee for anisotropic magnetic correlations with a quasi-2D character [49]. 
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Figuree 2.9 - Specific heat of CeCu,, ,Au, (x = 0.1, 0.2. 0.3) plotted as cIT versus log'/' for different 
pressuree values. The sharp kinks indicate 7\. while the log7 behaviour is characteristic 
off  a NFL. For x = 0.1 and p = 6 GPa. the FL is restored. Taken from Ref. 48. 

Besidess pressure and doping, an external magnetic field can also act as a control parameter. 

Inn many NFL compounds, the specific heat and the resistivity display a tendency towards FL 
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behaviourr under the influence of a magnetic field. In magnetic systems like CeCu5.:Ago.s. where 

7\\ = 0.7 K. a magnetic field decreases the Néel temperature and NFL properties are observed at a 

criticall  field value of 2.3 T where TN—>0 [33]. 

AA very interesting aspect of the tuning of 7\ by pressure is that superconductivity might 

occurr near pc. Strong evidence for magnetically mediated superconductivity has been found in 

systemss like CePd2Si: and Celn3 with an unconventional normal state of the NFL type. CePd;Si2 

iss an antiferromagnet with 7\ = 10.5 K. Upon applying pressure. 7\ drops to below 1.6 K around 

2.55 GPa (Figure 2.10). 7N extrapolates to zero at pc = 2.7 GPa (= 27 kbar) if the linear T\(p) 

dependencee is assumed to continue. Around this critical pressure, superconductivity appears with 

aa maximum transition temperature. 77 = 0.6 K. for p=pc- The superconducting phase extends 

almostt symmetrically to  0.5 GPa around pc [50]. The normal state, above the superconducting 

phase,, exhibits NFL behaviour. The superconductivity observed at the edge of magnetic order in 

NFLL compounds like CePd^Sii is restricted to high-quality samples. A possible explanation for 

thiss is that the attractive magnetic interactions are strong enough to overcome competing 

interactionss and create Cooper pairs. In other words, the superconducting state appears to be 

magneticallyy mediated, with the charge carriers held together in pairs by a "magnetic glue" [50]. 

Tracess of superconductivity have also been found in high-purity single crystals of CeNiiGe; at 

ambientt pressure [45]. 
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Recently,, much attention has been devoted to Yb compounds. The physics of Yb and Ce 

systemss are comparable due to an electron-hole analogy: the missing 4/-electron in the 4/'n 

configurationn of Yb,+ can be interpreted as the presence of a 4/-hole, in analogy to the 4/'1 

electronn in Ce +. Accordingly. Yb systems respond to doping and pressure in reverse with respect 

too Ce systems. For instance, pressure may drive Yb compounds towards the magnetic regime, 

crossingg the QCP from the non-magnetic side, while in Ce compounds the opposite effect is 

observed.. Another important property is the valence of the Yb ion: divalent Yb (4/14 

configuration)) is non-magnetic, while trivalent Yb (4/n) is magnetic. Proper substitutions of the 

ligandd atoms in an Yb system may induce a crossover from the divalent to the trivalent state, 

hencee inducing a crossover from a non-magnetic to a magnetic compound. This occurs e.g. in the 

systemm YbCu.s-xAlv where a gradual change of the valence of Yb is observed with increasing Al 

contentt x: non-magnetic Yb(4/'14) for x=() and magnetic Yb(4/'') for x = 2. A quantum critical 

pointt occurs for x = 1.5. where NFL properties are observed [51], 

Manyy attempts have been made to group all NFL heavy-fermion compounds in one 

universall  class. However, there does not seem to be a single and uniform picture of the 

mechanismm responsible for NFL behaviour. One striking example of this diversity is the system 

Ui.xMxPd2Ahh with M = Th or Y. UPd2Ab is a well known HF compound with coexistence of 

antiferromagnetismm and superconductivity. Upon Th doping (x < 0.2), Ts decreases only slightly 

andd 7;.—»0 at x~0.1. This small decrease suggests that U is tetravalent. just like Th. in 

U].,Th^Pd2Al33 for 0 < x < 0.2 [52]. As the Th content increases further, a crossover region 

(0.22 < x < 0.4) occurs where neither antiferromagnetism nor superconductivity has been 

observed.. For x > 0.6. NFL behaviour is observed. The NFL characteristics of p. c and % scale 

withh x and 7"K, indicating that a single-ion mechanism could be responsible for the NFL. No QCP 

seemss to be present in the T-x diagram. On the other hand, the T-x diagram of the U|_xYxPd:AU 

systemm is remarkably different. Upon Y doping. 7\ decreases rapidly and 7>0 for x ~ 0.03. NFL 

behaviourr occurs around the QCP at xL = 0.7. where Ts vanishes. The characteristics of p. c and 

XX are consistent with cooperative phenomena arising from fluctuations related to magnetic order 

abovee the QCP [52]. Therefore, substitutions with Y3+ or Th4+ lead to NFL regimes associated 

withh different mechanisms: single-ion for Th and cooperative for Y. 

NFLL properties have been observed in many other systems. A list of some representative 

HFF compounds exhibiting NFL behaviour is given in Table 2.1. Recent reviews are given in 

Refs.. 8.47. 48 and 51. 
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Tabicc 2.1 - List of some HF compounds exhibiting NFL properties. References to most recent and 
generall  papers are given (lor the original works see references therein). 

compoundd / conditions notes Ret', 
swemm for NFL. 

YbRh;Si:: - 46 

CeNbGe;; - traces of superconductivity 45 

L':Pt;Inn - 44 

Ce-Ni-,, /'=().4 GPa intrinsic cr\stallographic disorder 53 

CePd:Si;; p=2.1 GPa superconductivity 50 

CeRu;Ge:: />=6.7 GPa 54 

YbCu,.vAI,, x=1.5 51 

CeCuh.,Auvv x=(). I 2D antiferromagnetic fluctuations 36.48 

Ce(Ru,, ,Rhv);Si; x=0.5 AF phase for \>0.6. SD\Y phase for \<0.4 55.56 

U:Cu,-.vAFF x=5 57 

LL 'Cu? vPd, \=l.x=].5 Kondo disorder 26 

Ce,, ,La^Ru:Si: \=0.075 58 

L'II  JhvRu:.Si: \=0.93 59 

L',, JhxCu:Si: x=0.9 ferromagnetic QCP 60 

U lvThxBe,;; x=0.l QKE 61 

L'ii  xTh,Pd:AF x=0.6 52 

I' ,, ,Y,Pd;AF x=0.8 52 

L.',,Y,Pd-.. x=().8 spin-glass order for x<().8 62.63 
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V ^^  • Experimental 

AA variety of experimental techniques was used to investigate the thermal, magnetic and 

transportt properties of U:Pt2In and related compounds. Since most of the techniques and 

experimentall  set-ups have been described in detail by others, only a short presentation is given 

here.. General overviews of cryogenic techniques and low-temperature thermometry are given by 

Pobelll  [1], White [2| and Betts [3], Descriptions of the particular 3He system and ^He^He 

dilutionn refrigerator used in this work are given in Refs. 4 and 5 and Refs. 6 and 7. respectively. 

Thee pressure cell used for the magnetotransport experiments is described in Section 3.3.1. 

Sectionn 3.6 is devoted to the u.SR technique, which is described in more detail. 

3.1.3.1. Sample  preparation 

Thee preparation methods of the single crystals studied in this work wil l be described in 

Chapterss 4 (LNPtTn) and 7 (other compounds), where the corresponding experimental results are 

presentedd and discussed. Regarding U:Pt;In, it should be mentioned that it is a difficult material 

too prepare under normal arc-melting conditions due to In evaporation. Indium evaporation leads 

too the formation of a secondary phase, namely UPt. In fact, small single crystals of L'Pt have been 

grownn recently out of polycrystalline ISPtJn by inducing complete In evaporation through 

annealingg [8]. 
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Tracess of superconductivity at about 0.7 K have been detected in the resistivity of certain 

polycrystallinee samples of UjPtTn. A.c.-susceptibility measurements showed however that 

superconductivityy is not a bulk property. Electron probe microanalysis (EPMA) on these samples 

indicatee the presence of a network of UPt as an impurity phase. Upon annealing, the network is 

partiallyy destroyed and the superconducting transition is suppressed. Other batches of 

polycrystallinee L';Pt;In. containing UPtln as an impurity phase, show a full superconducting 

resistivee transition at 0.85 K. The superconducting phase has a critical field of about 1.4 T. 

Neitherr UPt nor UPtln present a sign of superconductivity at low temperatures. The 

superconductingg phase might be an In-rich phase precipitated at the U^Pbln grain boundaries. 

Thee single-crystalline batches of U:Pt:In. from which the specimens used in this work were 

taken,, are, as far as it has been reported, the only ones prepared so far. 

Forr general references on crystal growth of U and Ce intermetallic compounds, see e.g. 

Refs.. 9 and 10. 

Thee structural properties of most of the samples used were checked by means of X-ray and 

neutronn diffraction, optical microscopy and secondary electron microscopy. The quality of the 

singlee crystals of U:Pt2In was also checked by means of EPMA at the FOM-ALMOS facility. 

Thee single crystals were oriented by means of the X-ray back-reflection Laue method. 

Next,, they were cut by spark-erosion. For the thermal-expansion measurements, the relevant 

surfacess of the samples were shaped plane-parallel within 5 fim by means of spark-erosion. 

3.2.3.2. Magnetization 

Magnetizationn measurements were performed by means of a commercial Quantum Design 

SQUIDD magnetometer (2 K < T< 400 K. -5.5 T < B < 5.5 T) at the University of Lisbon. 

High-fieldd magnetization measurements up to 35 T were performed at the High-Field 

Facilityy of the University of Amsterdam [ 1 11. Field pulses of 7. 14. 21 and 35 T were used with 

thee magnetization measured during a 7-step field decay. After each pulse, the empty pick-up coil 

wass measured. The magnetization of the sample plus teflon holder is then given by 
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MM = M,jnipiL.-m -Afsumi-k-mit- The contribution of the teflon sample holder was measured in the same 

wav.. in order to correct the data tor the diamagnetic signal of teflon. 

3.3.3.3. Resistivity  and magnetoresistance 

Resistivityy measurements were performed using a standard a.c. 4-probe method with a 

Linearr Research resistance bridge (model LR-400 or LR-700). Since most of the materials used 

inn this work are very brittle, the voltage and current leads (copper wires with thickness of 50 |im) 

weree attached to the bar-shaped samples with silver paste. Excitation currents of 300 jiA or lower 

weree applied in order to prevent Joule heating. 

High-fieldd magnetoresistance measurements were carried out using the step-wise field 

decayy of 7. 14 and 21 T pulses. In addition, free (exponential-like) decays of 5. 20 and 38 T 

pulsess were used. 

3.3.1.. Resistivity under pressure 

Resistivityy measurements were performed under hydrostatic pressures up to 2 GPa 

(=20kbar)) in a He system. An overview of pressure techniques and pressure cells is given in 

Ref.. 12. 

AA schematic view of the pressure cell used in this work is given in Figure 3.1 (after T. 

Nakaa - National Research Institute for Metals in Tsukuba. Japan). Besides a standard 4.7 kQ 

RuO:: thermometer, a cernox thermometer was mounted in order to monitor the cell and sample 

temperaturee in the temperature range 10-300 K. 

Thee pressure cell, which can sustain pressures up to at least 2 GPa. is made primarily of 

CuBe.. The outer and inner diameters amount to 25 and 6 mm. respectively. A short tungsten 

carbidee piston is used to transfer the pressure to the teflon holder containing the sample. The 

samplee is mounted on a specially designed plug and put inside the teflon holder together with the 

pressure-transmittingg medium. 
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Figuree 3.1 - Pressure cell for resistivity measurements. 

Material: : 

CuBe e 

WC C 

Brass s 

Thee cell is placed in a press, in order to apply a load. The load necessary to obtain a 

pressuree p is simply given by (n^flA)p. where *ceii is the inner diameter of the cell 

(4>ce]ii  = 6 mm). For/? = 2 GPa. the load is 5.8x103 kgf. After the load is applied, the screw head is 

adjustedd in order to clamp the piston. In this way. the pressure is maintained when the cell is 

removedd from the press. To change the applied pressure after the experiment, the cell has to be 

warmedd up to room temperature. A load equivalent to the previous pressure is applied, such that 

thee cell can be undamped, after which a new load is applied. 

Thee pressure medium used is liquid 3M Fluorinert. Fluorinert remains hydrostatic in the 

appliedd pressure range due to its low viscosity. Moreover, it has a low compressibility and good 

thermall  conductivity. During solidification, hydrostaticity is conserved. In fact, the pressure 

mediumm used is a 1:1 mixture of two Fluorinerts, FC-70 and FC-77. which have glass 

solidificationss at 248 and 163 K. respectively. This difference in solidification temperatures 

ensuress that there are no sudden changes on the thermodynamic properties during the 

solidificationn of the pressure medium. The Fluorinerts used are chemically inactive and do not 

reactt with the components of the cell, nor with the samples, the wires or the silver paste used for 

placingg the electrical contacts on the samples. Additionally, they have extremely small 

solubilitiess (less than V'k ) for H20. oil. ethanol, methanol, etc. 
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Duee to the different thermal-expansion coefficients of the pressure medium and the cell 

components,, the pressure reduces during cooling. The pressure values presented in this work 

weree corrected for an empirical low-temperature efficiency value of 807r obtained by T. Naka on 

thee same cell. 

3.4.3.4. Specific  heat 

Specific-heatt measurements were performed using a relaxation method at low temperatures 

(dilutionn refrigerator and 'He system) and a semi-adiabatic method at high temperatures (4He 

bathh cryostat). 

Inn the relaxation method, sample and addenda are connected by a weak thermal link to a 

heatt reservoir at constant temperature T(). A constant power Q is applied to a heater on the 

samplee holder (sapphire plate) until thermal equilibrium is achieved at a temperature T+&T. 

Whenn the power is switched off. the sample and addenda will have an exponential relaxation 

towardss the reservoir temperature 7(): T(t) = T() + ATc"x. The relaxation time x is related to the 

heatt capacity C by C = xk- xQIAT where k is the thermal conductivity. 

Forr heavy-fermion compounds, which present large specific heats, the addenda 

contributionn at low temperatures to the total heat capacity is small and can be neglected. Special 

caree was taken to stabilize the temperature of the sample since bad thermali/ation induces errors 

inn the measured values of AT and the calculated values of T. The power supplied by the heater is 

calculatedd after measuring the voltage V̂ ., across a reference resistance RTCt. in series with the 

heater,, and the voltage drop over the heater: Q = Vhoa,ei. /heaIl.r = VhL.tllcr VKl/RKi. 

Inn the semi-adiabatic method, there is no deliberate thermal link between the sample and 

thee heat reservoir. A heat pulse of energy AQ gives a sample temperature rise AT and the heat 

capacityy is simply given by C = AQIAT. The high-temperature specific-heat data presented in this 

workk have been corrected for the contribution of the addenda. 

AA description of the used experimental set-ups is given in Refs. 6 and 13. 
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3.5.3.5. Thermal  expansion 

Thermal-expansionn measurements were carried out with a parallel-plate capacitance 

method.. The capacitance of a parallel-plate capacitor is C = £A/d where e is the dielectric 

constantt of the medium between the plates. A the area of the plates and d the distance between 

thee plates. Typical gap distances used are d - 100 p.m. The length change of the sample as 

functionn of temperature is proportional to the change in capacitance. The uncertainty in the 

determinationn of the effective area of the capacitor plates. £.A = 9.73x10" ' Fm. gives an accuracy 

limi tt of about 3% on the absolute value of the experimental data. The capacitance was measured 

usingg a sensitive three-terminal technique with an Andeen-Hagerling capacitance bridge. The 

maximumm sensitivity of the set-up used is about 0.01 A for a sample of 5 mm. A schematic-

drawingg of the capacitance cell is given in Ref. 14. 

Thee coefficient of linear thermal expansion is given by a= \/L(dL/dT) where L is the 

lengthh of the sample. A heating in steps of A7" is used. The linear thermal expansion of the 

samplee is calculated from 

L\AT L\AT 
++ ar„ . (3.1) 

Here,, the first term corresponds to the change in gap distance with the sample mounted in the 

cell,, the second term is the corresponding change with a oxygen-free high-conductivity (OFHC) 

copperr sample mounted in the cell (cell effect) and the third term is the correction for the linear 

thermall  expansion of the OFHC copper of the cell. The cell effect is small at low temperatures 

(Ad/AT(Ad/AT = -2.5 A/K at 7"=4.2K). However, a progressive increase is observed when the 

temperaturee is further decreased (Ad/AT = -9.0 A/K at 7" = 0.3 K). 

Thee volume expansion coefficient o.\. where V - abc is the volume, is given by 

11 dV 1 (óa . Ób , dc ^ ,_ . 
a.. = = — b c + a — c + ab— = a + ah + a. • (3.2) 

VV ÓT ubc\óT ÓT d'7', 

Forr general references on thermal-expansion measurements see Refs. 15-17. 
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3.6.3.6. Muon  Spin  Relaxation  and Rotation 

|iSRR is an acronym for Muon Spin Relaxation. Rotation. Resonance or even Research. (iSR 

iss a technique increasingly used in solid state physics, chemistry and materials science because of 

itss sensitivity to static and dynamic microscopic magnetic fields, which enables a study of 

relevantt aspects of structural, magnetic and electronic phenomena in magnets, superconductors, 

semiconductorss and insulators. In the fiSR technique, the positive muon. j j +. is used as a probe. 

Intensee |i+ beams with a high spin polarization can be produced. Some properties of |i+ are given 

inn Table 3.1. A general description of the U.SR technique can be found in Refs. 18-20. while 

experimentall  results on some exemplary materials are given in Refs. 21-23. The U.SR 

experimentss presented in this work were carried out at the Paul Scherrer Institute (PSI) in 

Villigenn (Switzerland), in the General Purpose Spectrometer (GPS), equipped with a gas flow 

Hee cryostat for 1.5 K < T< 300 K, and in the Low Temperature Facility (LTF). equipped with a 

top-loadingg dilution refrigerator with a base temperature of about 0.025 K. 

Tablee 3.1 - Some properties of the u~ panicle. 

mass s 

charge e 

spin n 

magneticc moment 

gyromagneticgyromagnetic ratio 

averagee lifetime 

m^^ = 206.76826( 11) m. 

+e e 

1/2 2 

Hpp = 8.8905981(13) Us 

Y M /2JC== 135.5387911) MH/./T 

TMM = 2.19703(4) us 

Becausee of its positive charge, the muon localizes at an interstitial site, where it probes the 

locall  magnetic environment. Since the muon has no quadrupolar electric moment (Su = 1/2) it 

doess not couple to electric-field gradients. The muons produced by the decay of pions have a 

kineticc energy of 4.119 MeV. At this energy, muons rapidly thermalize within a sample without 

loosingg their polarization. 

Oncee the muon is implanted in a sample, the local magnetic environment dictates the 

subsequentt evolution of its spin vector. If the muon experiences a unique off-axis magnetic field 

B^B  ̂ (i.e. a magnetic field not in the direction of the muon spin), the spin precesses around the 

magneticc field at the Larmor frequency: cou = yM B  ̂ . However, any spatial or temporal, site to 
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site,, variation of the magnetic field results in a dephasing or depolarization of the muon spin. 

Thiss motion of precession and/or spin depolarization can be monitored due to the spatial 

anisotropyy of the direction of positron emission when the muon decays. The decay positrons are 

distributedd around the muon spin direction according to the probability function 

W(Q)W(Q) = l + ,4cos9 . (3.3) 

wheree 8 is the angle between the muon spin and the direction of positron emission. The factor ,4. 

calledd the asymmetry factor, increases monotonically with the positron energy up to a value of 

AA = 1 for the maximum energy of 52.83 MeV. A value of 1/3 is obtained if all emitted positrons 

aree detected with the same efficiency, irrespective of their energy. The variation of the angular 

probabilityy function IV(9) is shown in Figure 3.2 for a number of decay positron energies. The 

experimentallyy observed maximum asymmetry depends on the appropriate integration over the 

energy-dependentt probabilities of positron emission and detection, the energy-dependent 

asymmetryy and the solid angle of the detector. A typical experimental value for the asymmetry 

factorr in an actual U.SR experiment is about 0.25. 

Figuree 3.2 - Angular decay positron distribution for various positron energies. Alter Ret'. 19. 

Thee decay positrons. e+. are monitored by means of a detector array consisting of counters 

placedd perpendicularly to the positive and negative coordinate axes centered on the sample. The 

timee histogram of the collected events in each counter has the form 

N,.(t)=NN,.(t)=N((,e,e ' : [\  + AP(t)] + bt, . (3.4) 
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wheree Mj is a normalization constant. exp(-r/xu) accounts for the muon decay. A is the 

asymmetry.. Pit) is the muon depolarization function which describes the time dependence of the 

polarizationn (with P(0) = 1) and bt) is the background contribution. The depolarization function 

Pit)Pit) reflects the spatial and temporal distribution of the magnetic fields at the muon sites. In the 

casee of a static magnetic field B„  at the |i+ site. Pit) is given by 

p(t)p(t) = J / ( Bu ) [ c o s2 e + sin:9cos(cüu/)]dBL t . (3.5) 

wheref(B„ )) is the magnetic-field distribution function and 6 the angle between B  ̂ and the initial 

muonn polarization PjjtO). 

Forr a particular crystal structure, the possible presence of different muon stopping sites, 

withh different magnetic environments, wil l be reflected in a u.SR signal with different 

components,, i.e. with different depolarization functions. Moreover, since the muons are 

uniformlyy implanted in a sample, the coexistence of different domains, characterized by different 

typess of ground states, can also be detected by the presence of different components with 

distinctivee functions P(r), even if only one stopping site is present. 

Differentt experimental geometries can be used with respect to the direction of an external 

magneticc field Bexl. In fact, each geometry corresponds to a different meaning of the acronym 

jiSR:: muon spin relaxation for zero or longitudinal field (Z?cxl || P^(0)) and muon spin rotation for 

transversee field (B  ̂ JL P^iO)). 

Thee muon beam at the PS I is of the continuous type (compared to beams of the pulsed 

type).. Because each event is treated separately, the continuous beam has a good time resolution 

butbut a large background bu which limits the time window to about 10 (is. Recently, a new facility, 

calledd MORE (Muons On REquest), has been installed at the PSI. which reduces drastically the 

background,, increasing the time window to 16 (as. In this arrangement, a "kicker" sends a muon 

too the instrument only when it is required, deflecting all the other muons away from the 

experimentall  set-up. A disadvantage of MORE is however the initial dead-time (about 0.15 (is) 

inn the histograms, which limits its usefulness to the case where there is no fast depolarization 

rate. . 
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3.6.1.. Zero-field JUSR 

Thee jaSR technique yields the possibility to probe magnetic signals in zero external field. 

Itss large magnetic moment makes the muon sensitive to internal fields as small as 10° T (which 

correspondss to the magnitude of fields originating from nuclear dipoles). 

Thee zero-field (ZF) |iSR technique can be used to measure the spontaneous \x+ Larmor 

frequenciess in magnetically ordered phases and provides information about the magnetic 

structuree and the value of the static moment. In the simplest case of a magnetic structure 

producingg a field of well defined magnitude and direction at the \i+ sites, _/ïöu) is represented by 

aa 5 function and the muon-depolarization function is 

P(/)) = cos:8 + sin;ecos((oa t) . (3.6) 

Forr a polycrystalline sample, averaging over the angular dependence results in 

F(/)) = {  + tCOS(coL1r) . (3.7) 

AA static distribution of internal fields, as the one arising from static nuclear or electronic 

dipoiee fields, wil l produce a depolarization. Assuming that the internal fields are Gaussian 

distributedd in their values and randomly oriented, the field distribution has zero average and no 

spontaneouss precession frequency is observed. Pit) assumes the form of a Kubo-Toyabe function 

[24] ] 

/>KG(f)) = i + { ( l - A : r ) e v ' : : . (3.8a) 

wheree A7yu~ = <B~> is the second moment of the field distribution. If the field distribution is 

Lorentziann then 

M O - TT + tO-AOe /; • (3.8b) 

wheree Xh{n represents the half width at half maximum of the distributions. For early times 

( / « A "" or !«A ). these functions approach a Gaussian and an exponential function, 

respectively: : 

PPKG(')KG(') = pc,in = e ' : : (3.9a) 

/>KI.(/)) =/>,.(/) = e ''• . (3.9b) 

Inn the case of a time-dependent Gaussian distribution of the internal fields, the Kubo-

Toyabee function is modified to a dynamical Kubo-Toyabe function which cannot be expressed 
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analytically.. except in the limiting case of slow and fast fluctuations. If v is the fluctuation rate of 

thee magnetic moments, the dynamical Kubo-Toyabe function becomes 

P(r)) = }e-2v"3 + f( l-A 2r)e xrl2 (3.10) 

forr slow fluctuations (v « A). For fast fluctuations. P(t) ~ PH(r) = e '"' with A = 2A:/v. In the 

latterr case, the depolarization rate X describes the spin-relaxation rate and involves spin-flip 

transitionss induced by the fluctuating magnetic field with a component perpendicular to the 

initiall  muon-polarization direction. The dynamical Kubo-Toyabe function is plotted in Figure 3.3 

forr several fluctuation rates (notice that the static Kubo-Toyabe function corresponds to the case 

v=0). . 

1.0 0 

00 8 

0.6 6 

a. . 
0.4 4 

0.2 2 

0.0 0 
0 1 2 3 4 5 6 7 8 8 

tt (A ' ) 

Figuree 3.3 - Dynamical Kubo-Toyabe function for several fluctuation rales v. 

3.6.2.. Longitudinal-field |aSR 

Inn the longitudinal-field (LF) configuration, an external field is applied in the direction of 

thee initial muon polarization. In the case of a random distribution of static internal fields, the 

' \\ ^ ^ " \ . 

-- \ \ 

11 \ 

\\\ / 

1 , 1 , , 

11 ' 1 ' 1 ' 1 ' 

" " ~ ~ ~ ~ \ vv = 30 A 
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^^sT~~~----~-VV = 3 A 
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effectt of Bex! is to gradually remove the time dependence of the polarization. Eventually, by 

choosingg Scu to be stronger than the internal fields (yufiL.M » A), the muon's "up" and "down" 

statess are eigenstates of the Zeeman Hamiltonian and any inhomogeneous static distribution of 

thee internal fields wil l not affect the time evolution of the muon polarization, which will 

thereforee remain constant. This behaviour reflects the decoupling of the muon spin from the 

staticc internal fields. This situation is depicted in Figure 3.4 for a random distribution of static-

moments,, where a strong longitudinal field results in local fields parallel to the muon spin, which 

maintainss its initial polarization in the field direction. 

/ / 

(a) ) 

Bext t 

[b b 

Figuree 3.4 - Effect of a longitudinal external field on a random distribution of local fields, a) Sext=0; 
b)) when BeM is significantly larger than the local field at Bext=0. die resulting field is 
almostt parallel toP„(0). After Ref. 25. 

Thee polarization function for a Gaussian distribution as function of applied field is shown 

inn Figure 3.5. It assumes the analytical form [26] 

2A; ; 

PrrU.B. PrrU.B. 
fXfX a a 

[ l - e v '' :COS(YI AM') ] 

2A--
—— dv e • cos 

1)11 al o 

Y A A 
( 3 . 1 1 ) ) 
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B=10A/y y 

SS = 5 A/y 

BB = 2 M-i 

SS = 0 

ff  (A 1) 

Figuree 3.5 - Kubo-Toyabe depolarization function for a decoupling of the muon spin from a 
Gaussiann distribution of static fields due to a longitudinal external field. 

However,, for fast fluctuations of the internal fields, the spin-lattice relaxation regime is 

recoveredd and induced spin-flip transitions wil l lead to a depolarization in longitudinal fields 

similarr to the one observed in zero field. 

Duee to these differences, longitudinal-field |aSR provides a powerful tool to distinguish 

staticc from dynamic distributions of internal fields (if there are no spontaneous Larmor 

frequenciess in the static case, zero-field |iSR cannot distinguish the two situations). In the static 

case,, there is no depolarization in an external field, while in the dynamic case the depolarization 

functionn wil l have the same form as in the zero-field case, with a slightly reduced depolarization 

rate e 

X--X--
'A""  v 

II  + (YU-B„ , yJ 
(3.12) ) 
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3.6.3.. Transverse-field u.SR 

Inn the transverse-field (TF) configuration, the external magnetic field Bt.M is applied 

perpendicularr to the initial muon polarization /*„(()) . The local magnetic field at the interstitial 

sitee where the muon is implanted can be determined from the Larmor precession frequency. The 

measuredd frequency or frequencies are expressed in the form of a Knight shift: 

|fl,M|| to,, 

wheree tOo= y^B^. Here, we consider only metals in the paramagnetic state that are exposed to a 

magneticc field. The local magnetic field Bu at the interstitial site where the muon comes to rest 

cann he written as 

BB = fi  v| + flJip + B „ + A^„xB  ̂ + Bd]ii  . (3.14) 

Bjipp represents the dipolar fields of the localized lattice spins. The third and the fourth term are 

calledd the direct and indirect hyperfine contact field, respectively, and are connected with the 

presencee of the muon itself. The direct hyperfine contact field. BL,„i- results from the spin density 

att the muon site, which is induced by the polarization of the conduction electrons. In the 

paramagneticc state, this polarization is induced by an external field. Bc,,n is proportional to the 

Paulii  susceptibility of the conduction electrons and is usually assumed to be temperature 

independentt and isotropic, in contrast to the other contributions. The indirect contact field is due 

too the RKKY interaction between localized moments and the muon. The effective contact 

couplingg constant. A >̂n. is temperature independent, so that the indirect contact field is 

proportionall  to the susceptibility tensor jj and the applied magnetic field. The last contribution. 

Bjj a.. is due to the diamagnetic response of the electron-cloud screening of the muon charge. The 

diamagneticc screening produces only a very small contribution to the local magnetic field. For 

materialss with an enhanced effective electron mass /?/*. the small diamagnetic contribution is 

reducedd by a factor mjm*. becoming negligible for heavy-fermion compounds. 

Inn order to separate the different contributions to the local magnetic field, the experimental 

Knightt shift in heavy-fermion compounds is usually compared to the calculated tine. If the 

principall  axes o\~ the crystalline structure are chosen as the coordinate frame, the dipolar field 

contributionn can be written as 
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Thee dipolar tensor AA is given by 

**p=I ^ ^ 
M A ,, A 

r' r' 
(3.16) ) 

wheree the sum is over all /-moments at positions r, and r = r, - /•„. 

Inn order to calculate this finite sum, one can define a "Lorentz sphere" with radius r\_. and 

separatee the sum into a part inside the sphere and a part outside the sphere. If one chooses the 

radiuss large enough, the summation over the outer region can be approximated with an integral. 

Thee magnetic field resulting from this integral yields the Lorentz field B\ = u_oM/3 and the 

demagnetizingg field B\> = -N [ioM. where M is the magnetization and N the demagnetization 

tensorr related to the shape of the sample (notice that for a sphere N = 1/3 and HL+B^ - 0). 

Afterr correcting for the demagnetizing and Lorentz fields, the Knight shift is related to the 

diagonall susceptibility tensor according to 

wheree b = /?L.vl/|/?ex,| is the unit vector parallel to the applied magnetic field. Kmn the Knight shift 

duee to the direct contact field and A,,,, = Aih + Anil the total hyperfine coupling tensor. In 

contrastt to Kmn and XiJ;wii. the contribution from the localized /-moments will exhibit a strong 

temperaturee dependence. K«m can therefore be determined from the experimental data: 

KconKcon = A^x ->0)- The elements of At„x can be determined experimentally from the Knight shift 

anisotropyy for the principal axes. The Knight shift is simply given by 

K,K, =A"x,  (3.18) 

Withh the knowledge of Xi- the tensor elements A" can be determined from the observed 

Knightt shift K,. Because Alol is the sum of a traceless dipolar tensor and a scalar contact part. Atol 

cann be decomposed using Acori = Tr( Alii( )/3. By comparison of the experimentally determined 

AAdivdiv with the calculated values, it is often possible to determine the actual muon stopping site. If 

aa sample orders magnetically and the muon stopping site is known, then it is easy to calculate 

fromm the local field in the ordered state (measured by zero-field p:SR) the size of the ordered 

moment. . 
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4 4 Non-Ferm ii  liqui d behaviou r in 

U2Pt2ln n 

4.1.4.1. The U2T2X family  of  compounds 

Thee family of LVTnX (where T is a transition metal and X is In or Sn) intermetallic 

compoundss has attracted much interest in the past years [1-4], because it may serve as an 

exemplaryy system to study hybridization phenomena in 5/-electron compounds. The 

hybridizationn strength can be tuned by varying the T and X elements and as a result various 

magneticc ground states are observed, notably Pauli paramagnetism, spin-fluctuation phenomena 

andd untiferromagnetism. The shortest U-U distance in these tetragonal 2:2:1 compounds is close 

too the Hill limit (~ 3.5 A) and is found either along the c-axis or within the ab-plane. depending 

onn the T and X elements. Therefore, this family of compounds may be used to study the 

influencee of the direct ƒƒ coupling on the magnetic /-moment direction. On the other hand, it is 

thee strength of the 5/- c/-ligand hybridization that controls the evolution of magnetism across the 

2:2:11 series. 
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4.1.1.. Crystallographic structure and overview 

Inn order to carry out a systematic study of the structural and physical properties of the 

A112T2XX series (where An is an actinide). single crystals of several uranium 2:2:1 compounds 

weree grown by L.C.J. Pereira at the Institute for Transuranium Elements (Karlsruhe. Germany) 

[41. . 

Thee compounds were prepared in a polycrystalline form by arc melting together the 

stoichiometricc amounts of the elements <U with a purity better than 99.9% and T and X with a 

purityy 99.9999?-) in a water-cooled copper crucible under a purified argon atmosphere. Small 

excesss amounts of the X element were added in order to compensate for evaporation losses. The 

masss losses after arc melting were less than 0.59? of the total mass. The single-phase character of 

thee ingots was checked by means of X-ray analysis, optical microscopy and secondary electron 

microscopyy tSEM). 

Thee polycrystalline batches (mass about 20 g) were then encapsulated in tungsten crucibles 

andd sealed by electron-beam welding under vacuum. Single crystals were grown by a modified 

mineralizationn technique [4] using radiofrequency heating with an in situ temperature reading in 

orderr to control the melting temperature plateau. The in situ temperature reading made it possible 

too reduce the mineralization time significantly, from typically 1 week to 5 hours only. The single-

phasee character of the grown materials was checked by means of X-ray diffraction, optical 

microscopyy and SEM. The single-crystallinity was checked by the X-ray back-reflection Laue 

methodd (or by neutron diffraction in the case of some of the compounds). 

Onn several pieces of the single-crystalline materials, a complete structural analysis was 

carriedd out on a four-circle diffractometer. The U2T2X compounds crystallize in the ordered 

tetragonall  U3Si:-type of structure (space group PAImbm) [1], except for IM^Sn. U2Pt2Sn and 

U2Pt2ln,, which crystallize in the ZnAL-type of structure (space group PAJmnm) [5,6]. The 

Zr3Al2-typee of structure is a superstructure (doubling of the c-axis) of the LhSii-type. The U.iSi -̂

typee of structure was also reported for the Np 11,4], Pu and Am [7] 2:2:1 compounds and for the 

rare-earthh based ones [8,9]. 

Inn the LUSi^-type of structure (Figure 4.1), the U atoms occupy the 4h (xi_-.xi.-i-1/2,1/2) 

positions,, while the T and X atoms occupy the 4g (yr-Vr+1/2,0) and 2a (0.0.0) positions, 

respectively,, where xi =0.17 and yT = 0.37. The point symmetries of the 4h. 4g and 2a positions 

aree mlm. mlm and Aim. respectively. On the other hand, the U atoms in the ZnAli-type of 

http://xi_-.xi.-i
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structuree (Figure 4.2) occupy two different crystallographic positions: 4f (xi,xi,0) and 4g 

(x:.-x2.0).. The X atoms are on the 4d (0.1/2.1/4) positions and the T atoms on the 8j (xT,xT,zT) 

positionss (x, =0.31. x; = 0.16. \\• = 0.13 and zT = 0.28). The point symmetries of the 4f. 4g, 8j 

andd 4d positions are mini. m2m, m and -4, respectively. 

OO v r\ ( 

r\r\  ( X(2a a 

Figuree 4.1 - Unit cell of the UsSirlype of structure. Each unit cell contains 2 formula units. 

oo c n 

(Nil l YY <4rTl V - / V . X(4d) ) 

Figuree 4.2 - Unit cell of the Zr-.AI;-type of structure. Each unit cell contains 4 formula units. 



56 6 ChapterChapter 4 

Inn the Zr.;Al;-type of structure, the U atoms do not form linear chains as is the case for the 

lhSi2-typee of structure, but form /ig-zag chains along the c-axis. This leads to a reduction of the 

shortestt U-U spacing within the basal plane. Close scrutiny of Figure 4.1 and Figure 4.2 reveals 

thatt a transition between the two structures involves only minor shifts in the positions of the 

atoms. . 

Fromm the structural point of view. L'2Pt2In is a special case within the 2:2:1 family of 

compounds,, as poly- and single-crystalline materials form in different structures [1()|. The X-ray 

powderr diffraction data taken on polycrystalline U2Pt2In confirm the U3Si2-type of structure with 

latticee parameters a = 7.654 A and c = 3.725 A. However, U2Pt2In single crystals form in the 

superstructuree of the ZnAl2-type with lattice parameters a = 7.695 A and c = 7.368 A. 

Thiss polymorphism of U2Pt2In shows that the stability of the crystallographic structure 

dependss on the experimental conditions, like pressure and temperature, during the sample 

preparationn process. While preparing the arc-melted polycrystalline sample, the temperatures 

attainedd are well above the melting point of U2Pt2In and the cooling process is rather fast. This 

leadss to the formation oi' the U;,Si2-type of structure. During the single crystal growth, i.e. the 

mineralizationn process, the temperature range is much reduced (up to 2()°C above the melting 

point)) and the cooling takes place very slowly. Under these conditions, which are closer to 

equilibrium,, the preferred structure is the tetragonal ZnAl2-type of structure. 

Thee interatomic distances and near-neighbour (<r/<4.2A) positions, calculated for the 

U2Pt2Inn single- and polycrystals. are listed in Table 4.1. The number of nearest neighbours for 

eachh atom is the same in both structures (since the main effect is the doubling of the c-axis). The 

averagee interatomic distances do not change significantly. For the U atoms, the in-plane 

U(4f)-U(4f)) distance decreases, while the in-plane U(4g)-U(4g) increases when moving from 

polycrystalss to single crystals. 

Ass mentioned before, several magnetic ground states are found in the 2:2:1 family of 

compounds.. A review of the properties of the U2T2X compounds has been given in Ref. 1 1 and 

somee of the results are summarized in Table 4.2. Among these compounds. U2Pt2In and U2Pd2In 

presentt heavy-fermion behaviour, as can be concluded from the large value of the linear 

coefficientt of the low-temperature specific heat, which is indicative of an enhanced effective 

mass. . 
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Tablee 4.1 - Interatomic distances and near-neighbours numbers (N\) in polv- and sinsle-crystalline 
U2Pt;In. . 

U,Si i 

nd d 

-U U 

-u u 
-U U 

Pt t 

Pt t 

X X 

-typee ( 

NN N 

-> > 
1 1 

4 4 

2 2 

4 4 

4 4 

P° ° ycrystal) ) 

d(X) d(X) 

3.725 5 

3.738 8 

4.006 6 

2.835 5 

2.990 0 

3.390 0 

L'; ; 

u u 
U U 

u u 

ZnAP-type e 

bond d 

-U;; | L';-U; 

L'[-U2 2 

U r U ; ; 

U|-U2 2 

-Ptt | U:-Pt 

-Ptt | L":-Pt 

-XX | LN-X 

(sing g 

NN N 

1 1 
i i 

-> -> 

i i 

-> -> 
4 4 

4 4 

lee crystal 1 

dik) dik) 

3.5833 | 3.925 

3.687 7 

3.913 3 

4.144 4 

2.8288 | 2.838 

3.0133 [2.975 

3.4144 |3.372 

U,=U(4f).. U2=L'(4g) 

Thee electronic structure and related properties of the U2T2X compounds mainly originate 

fromm the band fillin g of the transition-metal ^-states and from the 5/:moments of the U atoms. A 

decreasee of the f-d hybridization strength occurs when the J-band is gradually filled, as evidenced 

byy theoretical calculations based on the local density approximation (LDA) [12,13]. Also the 

evolutionn of magnetism across the 2:2:1 series (for In and Sn compounds) is shown to be related 

too the strength of the 5/-c/-ligand hybridization [14]. As shown in Table 4.2, in the U2T2In 

series.. l^Pdiln and U2Ni2In order antiferromagnetically with Néel temperatures of 37 and 14 K, 

respectively,, while in the U2T2Sn series, the compounds with Pd, Rh, Ni and Pt have 

antiferromagneticc transitions at 77N = 41, 28, 26 and 15 K, respectively. 

Inn all other U 2:2:1 compounds, no anomalies have been found in the temperature 

dependencee of the magnetic susceptibility, resistivity and specific heat down to 1.2 K, suggesting 

paramagneticc ground states. The strong hybridization effects are reflected in reduced effective-

momentt values with respect to the U1+ and U4+ free-ion values, as calculated from the Curie-

Weisss behaviour of the magnetic susceptibility. 

Thee transition elements in the U2T2X compounds do not carry magnetic moments, except 

forr the cases T = Co and Fe. Detailed LDA band-structure calculations on U2T2Sn (T = Fe. Co. 

Ni)) compounds [ 15] show an hybridization-induced magnetic polarization on the transition-metal 

atomss in both U2Fe2Sn and U2Co2Sn (with a magnitude that is almost twice as large for the 

former).. This is considered as indicative of a strong covalent interaction between Fe and U and, 

too a lesser extent, between Co and U. The polarization of Ni in U2Ni2Sn is found to be very 

small.. A negligible polarization characterizes the Sn atoms. 
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Tablee 4.2 - Magneticc grou 

U2Fe2Sn n 

L'2Co2Sn n 

U:Ni ;Sn n 

U;Ru:Sn n 

U:Rh:Sn n 

U2Pd2Sn n 

tJ2Ir2Sn n 

U2Pt2Sn n 

U;Co:In n 

U:Ni :In n 

U;RU;Ill l 

U;Rh;In n 

U2Pd2In n 

U2Ir2In n 

L',Pt,In n 

idd states in the U2T2X famih 

groundd state 

PP P 

SF F 

AF F 

PP P 

AA F 

AF F 

SF F 

AF F 

PP P 

AF F 

PP P 

SF F 

AF F 

PP P 

NFL L 

7\<K) ) 

--
--

26 6 

--
28 8 

41 1 

--
15 5 

--
15 5 

--
--

37 7 

--
--

off  compounds 

ML L •j(Hn/L') ) 

--
--

1.05 5 

--
0.53 3 

1.89 9 

--
n.d. . 

--
0.92 2 

--
--

F40 0 

--

Y(mJ/mol|_K~) ) 

n.d. . 

130 0 

85 5 

10 0 

65 5 

100 0 

65 5 

185 5 

30 0 

1055 ; 

n.d.. | 

140 0 

205 5 

n.d. . 

4 1 0* * 

AF=antiferromagnet.. PP=Pauli paramagnet. SF=spin fluctuator, NFL=non-Fermi liquid 
n.d.=nott determined. * value of c/T n\ T - 1 K 

Tablee 4.3 - Lattice parameters of the LNT ;X family of compounds. 

U,Si:-type e 

U;Fe2Sn n 

U2Co2Sn n 

U2Ni2Sn n 

U2Ru2Sn n 

U2Rh2Sn n 

L'2Pd2Sn n 

U2Co2ln n 

U:Ni :In n 

U2Ru2ln n 

U:Rh:ln n 

U2Pd2ln n 

i: :Ir :In n 

ü2Pt2In n 

Zr:,Al2-type e 

Lf2Ir2Sn n 

U2Pt2Sn n 

U2Pt2ln n 

aa (A) 

7.296 6 

7.208 8 

7.263 3 

7.482 2 

7.534 4 

7.603 3 

7.361 1 

7.374 4 

7.505 5 

7.553 3 

7.637 7 

7.596 6 

7.654 4 

aa (A) 

7.557 7 

7.668 8 

7.695 5 

c(A) ) 

3.446 6 

3.606 6 

3.691 1 

3.558 8 

3.625 5 

3.785 5 

3.431 1 

3.572 2 

3.545 5 

3.605 5 

3.752 2 

3.582 2 

3.725 5 

cc (A) 

7.195 5 

7.389 9 

7.368 8 

c/a a 

0.472 2 

0.500 0 

0.508 8 

0.476 6 

0.481 1 

0.498 8 

0.466 6 

0.484 4 

0.472 2 

0.477 7 

0.491 1 

0.472 2 

0.487 7 

c/a a 

0.952 2 

0.964 4 

0.958 8 

VV (A3) 

183.436 6 

187.351 1 

194.705 5 

199.178 8 

205.759 9 

218.794 4 

185.906 6 

194.231 1 

199.672 2 

205.657 7 

218.831 1 

206.679 9 

218.224 4 

V(A 3) ) 

410.894 4 

434.460 0 

436.282 2 

Whenn comparing the magnetic properties of the 2:2:1 compounds (Table 4.2) with their 

latticee parameters (Table 4.3). the following trends are noticeable: i) the ordering temperature 

increasess within each T series (from Fe to Ni. Ru to Pd and Ir to Pt). together with the volume 
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andd the c/a ratio: ii) the In compounds have less tendency to magnetic order than the Sn 

compounds,, which may be related to the corresponding decrease of the c/a ratio since the volume 

remainss the same in both series. 

High-fieldd magnetization studies have been carried out on several polycrystalline samples 

[16|| in order to study the evolution of the magnetocrystalline anisotropy in the U2T2X series. In 

alll  cases, the magnetization at 4.2 K does not saturate, not even at the highest fields (quasi-static 

fieldss up to 38 T [17] and/or pulse fields up to 57 T 118]). which makes it difficult to determine 

thee type of magnetic anisotropy by comparing values of the saturation magnetization for free- and 

fixed-powderr samples. This lack of saturation and the large high-field magnetization values 

observedd in the paramagnetic U2T:X compounds may be an indication of field-induced moments 

onn the U or transition-metal sites. At relatively high magnetic fields, the antiferromagnetically 

orderedd compounds undergo metamagnetic transitions. However, the magnetization steps 

correspondingg to these transitions are small and therefore other metamagnetic transitions at even 

higherr fields can not be excluded (e.g. L^NiiSn has 3 metamagnetic transitions at 30. 39 and 

511 T). 

4.1.2.. Doniach diagram 

AA quantitative estimate of the importance of /-ligand hybridization in complicated 

structuress can be obtained by means of a tight-binding approximation. The tight-binding 

approximationn has been frequently used to calculate e.g. structural properties, structural stability 

andd the electronic structure of ionic, covalent and metallic systems. 

AA generalized method based on a muffin-tin orbital model with transition metal 

pseudopotentiall  model can be applied to calculate the coupling between atomic orbitals of 5, p, d 

orr ƒ symmetry, mediated by the free-electron states [19,20]. The parameters are the atomic radii 

off  the respective atoms r;. the interatomic distance d. the angular momentum / (1 - 0, 1,2 and 3 

forr s, p. d and ƒ orbitals. respectively) and the symmetry of the bond m (m = 0, 1.2 and 3 for G. K. 

55 and cp bonds, respectively). The general hybridization-matrix element Vum is written as [21J 

wheree the coefficients r\Um [22] are given by the expression (see Table 4.4) 
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%,„„  = 
(- l) r"- l (// + /,)!(2/)!(20! 

6JI2W ' / ! / 1 1 

(2// + l)(2/' + l) 

{l{l  + m)\{l-m)\{ï + m)\{l'-m)\ 
(4.2! ! 

Tablee 4.4 - Bond coefficients r\ in„  defined in Equation 4.2. 

m m 
G G 

Jt t 

5 5 

9 9 

//" " 
P.f P.f 

-15V'77I/7r r 

if if 
75V-W71 1 

-75V35/2/TI I 

ff ff 
2()(525/2JI) ) 

-15(525/2IC) ) 

6(525/2TI) ) 

-- (525/271) 

Thee covalent energy of the coupling between the / and /' states is related to the trace of the 

hybridizationn matrices [23] 

V„. V„. 
N, N, 

2121 + 
ŝ  ^ 2l2l + \ 

fe+2V^fe+2V^ + 2V„\+2^J (4.3; ; 

wheree Ntr is the number of nearest neighbours between the atoms with angular momenta / and /'. 

Ann estimate of the total conduction electron hybridization on the /-atom. V(/. is then given 

by y 

vvt1t1 =k»+v>+viY2 (4.4) ) 

Inn Table 4.5, average interatomic distances are given for several compounds of the U2T2X 

family.. The averages were calculated by considering the number of nearest neighbours for each 

bondd (each U atom has 4 X, 6 T and 7 U nearest neighbours). In the case of the compounds with 

thee Zr3Al:-type of structure, the mean value was taken as the average distances to the U(4f) and 

U(4g)) atoms. In order to calculate the hybridization for each compound of the 2:2:1 family, a 

consistentt set of atomic radii was taken from bandwidth calculations in an atomic-surface 

methodd [24], based on free-atom wave functions evaluated at the Wigner-Seitz atomic-sphere 

radiuss (Table 4.6). 
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Tablee 4.5 - Average distances (d.y). hybridization traces (V-) and total hybridization d'..) tor the 
L*;T :XX (X=In or Sn) famih of compounds. 

U :Fe;Sn n 

L' :Co;Sn n 

L' :Ni :Sn n 

U;RU;Sll l 

U :Rh;Sn n 

U :Pd:Sn n 

U : l r :Snn * 

U :Pt;Snn * 

U;Co: I n n 

U ;Ni;l n n 

L';Rh:In n 

L' :Pd: l n n 

UdrTn n 

U;Pl;In n 

L' ;Pt:Inn * 

(A) ) 

3.211 1 

3.220 0 

3.256 6 

3.303 3 

3.320 0 

3.383 3 

3.323 3 

3.391 1 

3.228 8 

3.361 1 

3.331 1 

3.388 8 

3.390 0 

3.393 3 

(A) ) 

2.764 4 

2.782 2 

2.838 8 

2.842 2 

2.880 0 

2.949 9 

2.816 6 

2.894 4 

2.773 3 

2.822 2 

2.876 6 

2.945 5 

2.881 1 

2.938 8 

2.940 0 

d„ d„ 

<A> > 

3.674 4 

3.689 9 

3.734 4 

3.775 5 

3.813 3 

3.887 7 

3.818 8 

3.887 7 

3.694 4 

3.740 0 

3.815 5 

3.889 9 

3.887 7 

3.892 2 

(eV) ) 

0.178 8 

0.176 6 

0.166 6 

0.155 5 

0.151 1 

0.137 7 

0.150 0 

0.136 6 

0.180 0 

(1.147 7 

0.154 4 

0.141 1 

0.141 1 

0.140 0 

feV) ) 

0.657 7 

0.572 2 

0.460 0 

0.977 7 

0.825 5 

0.703 3 

1.036 6 

0.860 0 

0.583 3 

0.476 6 

0.832 2 

0.709 9 

0.903 3 

0.785 5 

0.781 1 

(eV) ) 

0.235 5 

0.228 8 

0.210 0 

0.194 4 

0.181 1 

0.158 8 

0.180 0 

0.159 9 

0.226 6 

0.207 7 

0.181 1 

0.158 8 

0.158 8 

0.157 7 

v.. v.. 
(eV'i i 

0.720 0 

0.640 0 

0.532 2 

1.008 8 

0.858 8 

0.733 3 

1.062 2 

0.885 5 

0.651 1 

0.539 9 

0.865 5 

0.740 0 

0.813 3 

0.809 9 

**  ZnAF-type structure 

Tablee 4.6 - Atomic radii r (in A) of the various constituting elements of the compounds in Table 
4.5.. Taken after Ref. 24. 

Fee 0.744 Ru 1.083 Ir 1.085 In 1.930 U 0.590 
Coo 0.696 Rh 1.020 Pt 1.069 Sn 1.800 
Nii  0.652 Pd 1.008 

Thee Doniach phase diagram (see Section 2.1) can be constructed by comparing the binding 

energyy of a Kondo singlet 

k B 7 " K o c — L _ e ~ ' ww (4.5a) 
BB k /V(0) 

withh that of a RKKY antiferromagnetic state 

k A K K Y ^ M O )) , (4.5b) 

wheree /V(0) is the conduction-electron density of states at the Fermi level and J the exchange-

couplingg constant. One can estimate a conduction-electron - /-electron exchange-interaction 

parameterr J(1 by assuming a hybridization-mediated mechanism, as treated in the Schrieffer-

Wolfff  [25] and Coqblin-Schrieffer [26| models, according to the proportionality 

v-v-
J,,J,, x - (4.6) 
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wheree Vcj is the hybridization-matrix element for conduction-electron -/-electron hybridization 

andd the denominator gives the position of the /-level energy Ef relative to the Fermi energy £F. 

Withinn a transition-metal series, the distance £F - Et can be taken constant since the /"-level is 

stablee with respect to the Fermi energy [201. The evolution of JCf can then be traced by 

calculationn of the conduction-electron - /-electron hybridization of the compounds. Using the 

hybridizationn values calculated for the U2T2In and U2T2Sn series (Table 4.5). the Doniach-type 

phasee diagram depicted in Figure 4.3 emerges by plotting Ts versus V,f. 

Itt should be noted that a comparison between the dy distances in polycrystalline U2Pt2In 

(LhSii-typee of structure) and single-crystalline U2Pt2In (ZnAl2-type of structure) clearly shows 

thatt there is no significant difference between the hybridization effects in the two structures 

(Tablee 4.5). Therefore the compounds forming in the Zr3Al 2-type of structure can be included in 

thee overall Doniach diacram. 

VjVj  (eV2) 

Figuree 4.3 - Doniach-type of diagram for the U2T2X (X = In. Sn) family of compounds. The dotted 
liness are guides to the eye. 

Thee compounds with Fe and Co do not fit in the general trend of the diagram (not shown in 

Figuree 4.3). However, as discussed in the previous section, these compounds may present 

hybridization-inducedd magnetic polarization of the transition-metal atoms, and therefore should 
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bee treated separately from the other U:T:X compounds when discussing the evolution of 

magnetismm within a Doniach-type of diagram. 

Ann important point to extract from this diagram, is the location of LNPt̂ In at the border line 

betweenn magnetic and non-magnetic compounds. This strongly suggests that U:Pt2ln is close to a 

magneticc instability and explains its heavy-fermion behaviour. 

4.2.4.2. U2Pt2ln 

U:PbInn has a number of unrivalled properties. The heavy-electron properties of LNPt^In 

weree first reported by Havela et al. [2]. Specific-heat experiments carried out on a polycrystalline 

samplee [2.3] in the temperature range 1.3-40 K revealed the presence of a pronounced upturn of 

thee electronic specific heat divided by temperature (c/T) below about 8 K, insensitive to an 

appliedd field of 5 T. The c(T) data could be fitted with a 7°ln7 term below 5 K, providing 

evidencee for spin-fluctuation phenomena. The resulting linear coefficient of the electronic 

specificc heat yir—>0K) amounted to 415 mJ/molLK~. which classifies LNPtnIn as a heavy-

electronn compound. In line with this, the electrical resistivity, p(7~), of U^Pt^In was found to show 

aa weak maximum around 80 K and coherence effects at low temperatures [3]. which could be 

attributedd to the Kondo-lattice effect. The magnetic susceptibility, XiT). shows deviations from 

thee Curie-Weiss behaviour below about 150 K |2]. In the limit T—H.2 K, % is enhanced and 

continuess to rise. No sign of magnetic ordering has been observed. 

Moree recently, data taken on a polycrystalline sample |27| showed that p(T) = p„  + aT in 

thee temperature range 1.4-6 K. This led to the suggestion that LNPt̂ In might be a good candidate 

too study non-Fermi liquid (NFL) phenomena. 

Inn order to probe and investigate the NFL behaviour in LNPhln. it is of interest to study the 

thermal,, transport and magnetic properties of single crystals at lower temperatures (T< 1.2 Kj . 

Ass discussed in Section 2.5. only a few stoichiometric compounds (like e.g. CeNi:Ge2) show 

NFLL properties at ambient pressure. L^PtjIn is the first U compound exhibiting NFL behaviour 

withoutt chemical substitution, pressure or magnetic field as a control parameter. In this section, 

resultss of magnetization (2 K < 7"< 350 K. B < 35 T). resistivity (0.3 K < T< 300 K). 
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magnetoresistancee (B < 38 T). specific-heat (0.1 K < T< 180 K). specific-heat in field [B < 8 T) 

andd thermal-expansion (0.35 K < T< 200 K) experiments carried out on U^Pbln single crystals 

aree presented (for details on the preparation and characterization of the single crystals see Section 

4.1.11 andRef. 10). 

4.2.1.. Magnetizatio n 

Magnetizationn measurements were performed on several single crystals (with a mass of 

10-500 mg) using a SQUID magnetometer (Quantum Design) in the temperature range 2-350 K 

andd in applied fields up to 5.5 T. In addition, magnetization measurements were carried out in 

highh magnetic fields up to 35 T at 4.2 K in the Amsterdam High-Field Facility. 

Thee magnetizations MJB) and MjB) at some selected temperatures are shown in Figure 

4.4a.. where a and c refer to the crystallographic direction along which the magnetic field is 

applied.. In both cases, the magnetization is linear in fields up to 5.5 T. The slope dM/d5 is 

alwayss higher for B j| c than for B || a. though the anisotropy is not substantial. W(7=2K) 

reachess the value of 0.25 (0.21) |iB/f-u. in a field of 5.5 T applied along the c- (a-) axis. No 

hysteresiss in Md and ML was observed. Magnetization measurements for B || c at 4.2 K were 

carriedd out up to 35 T (Figure 4.4b). No significant deviation from a linear behaviour was 

observed.. In the maximum field. Mc (35 T) = 1.48 jUR/f.u. These results are similar to the ones 

obtainedd on polycrystalline samples up to 35 T [ 17] and 57 T 118]. In the polycrystalline data, a 

weakk non-linearity was observed, which was not found in the single-crystal data. This non-

linearityy is due to the saturation of magnetic impurities in the polycrystalline sample (about 2r/c 

off  ferromagnetic UPt was present as a second phase [3]). The data taken on free and fixed 

powderr are identical, which is another indication that the magnetic anisotropy is rather weak in 

thiss compound. 

Thee temperature variation of the d.c. susceptibility {MIH), Xa(T') and %AT). is presented in 

Figuree 4.5 for B - 0.1 T, The susceptibility is anisotropic, with the c-axis as the easy axis of the 

magnetization.. This anisotropy persists in the whole temperature range (up to 350 K). 

Att low temperatures, a clear difference between Xa an(-l Xc 's observed. Xa continues to 

increasee as the temperature is lowered down to 2 K. while '  ̂ displays a broad maximum (Figure 

4.5).. Tracing the derivatives. dyJdT. shows that the maximum occurs at 7"nm = 7.9(3) K. The 
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relativee height and width of the maximum do not change significantly with the applied field 

strengthh (from 0.005 to 5.5 T). This type of behaviour is frequently observed in systems which 

exhibitt exchange-enhanced Pauli paramagnetism. The maximum in Xc 's indicative of the 

stabilizationn of short-range antiferromagnetic correlations along the c-axis [28.29]. 

Abovee 10 K. the susceptibility follows a modified Curie-Weiss law. X = X<> + C/IT-Q). For 

BB |! c. the parameters obtained are Xo = 1 -1x10s mVmolu, 8 = -62 K and \left = 2.6 u y C while 

forr « || a, Xo= 1-lxl0"8 m3/molu, 0 =-63 K and u.eff = 2.2 u,B/U. The fitted Curie-Weiss 

behaviourr is represented by the lines in Figure 4.5. The near-equality of the paramagnetic Pauli 

temperaturess 0 reflects the weak magnetic anisotropy in this system. The (Xeff values are 

considerablyy reduced with respect to the free-ion values for U,+ and U4+ of 3.62 p.B and 3.58 \iB. 

respectively,, which points to a strong Vcf hybridization. 

Thee magnetization data do not show any sign of long-range magnetic order down to 2 K. In 

orderr to investigate the presence of possible spin-glass effects, magnetization measurements were 

performedd after zero-field cooling and field cooling to 2 K. However, no difference was observed 

forr 0.01 T < B < 5.5 T. indicating the absence of a spin-glass ground state. 

00 1 2 3 4 5 0 5 10 15 20 25 30 35 40 

BIJ)BIJ) B (T) 
(a)) (b) 

Figure4.4-- a) Field dependence of the magnetizations MA and Mc of U2Pt;In for several 
temperaturess and b) high-field magnetization at 4.2 K for B\\c (different symbols 
representt different field pulses). The lines are linear fits through the data points. 
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Figuree 4.5 - Temperature dependenee of the d.c. susceptibility of L':Pt;In in a magnetic field of 0.1 T 
appliedd along the a- or c-axis. The dotted lines represent modified Curie-Weiss fits. 

4.2.2.. Resistivity 

Resistivityy measurements were carried out on bar-shaped crystals with typical dimensions 

3x1x11 mm', for electrical currents along the a- and c-axis. in the temperature range 0.3-300 K 

usingg a 'He system. A standard a.c. four-point method was used with an excitation current of the 

orderr of 300 pA. The excitation current was varied in order to check for Joule-heating effects. 

Thee resistance curves for / || a and / || c are shown in Figure 4.6a for temperatures below 

100 K and in Figure 4.6b for temperatures below 300 K. The R(T) values are normalized to the 

roomm temperature values RliT. For both I || a and / || c. the resistivity pi< r amounts to 

2200  20 |lQcm. The experimental error in pi<[ is mainly due to the uncertainly in the 

determinationn of the distance between the voltage contacts. Upon cooling. pa.L(7') starts to rise 

andd a weak broad maximum is observed at about 80 K followed by a relatively sharp decrease at 
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lowerr temperatures, typical of coherence effects in heavy-fermion compounds. As shown in 

Figuree 4.6. the resistivity is anisotropic: pc > p., for T < 150 K. 

12 2 

1.0 0 

0.88 -

Ü6 6 

00 4 

00 2 

0.0 0 

--

' ' 

'1 1 

--

--

c c 

a a 

 i . i . 

00 1 2 3 4 5 6 7 99 0 50 100 150 200 250 300 

(a) ) r(K) ) !b) ) 
7"(K ) ) 

Figuree 4.6 - Resistivity (normalized to the room temperature values) of U2Pt2In for / || a and / || c for 
// < 10K(a)andr<300K(b). 

Clearly,, the resistivity curves do not obey the Fermi-liquid expression p ~ T~ at low 

temperatures.. Instead, as shown below, p ~ T" with a. < 2. 

Iff  the resistivity below a certain temperature 7'can be expressed by 

pp = P „ + f l r ' , (4.7) 

thenn the exponent a can be calculated by 

„ d l n ( p - p 0 ) ) 

dlnr r 
(4.8a) ) 

However,, using Equation 4.8a may result in significant errors in a. due to the uncertainty in 

evaluatingg the residual resistivity pn. especially when a is small. Alternatively, the following 

expressionn can be used: 

dp p 
din n 

aa = 1 + - 6T_ 6T_ 
dlnr r 

(4.8b) ) 
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Onee can define an effective temperature-dependent exponent oc -̂nT) by applying equation 

4.8bb at all temperatures. The effective exponent can be identified with a if a.M{T) = constant in a 

certainn temperature range. 

Figuree 4.7 shows a^iT) computed from the derivative of the smoothed low-temperature 

resistivityy curves. For / || a. one obtains ex., = 1.25(5) below about 1 K. For I || c. aen<7") does not 

attainn a constant value and thus pc docs not follow a clear T" law down to 0.3 K. Assuming that 

aac(c(fJT)fJT) levels off below 0.3 K in a way similar to aMjT). the rough estimate ac ~ ().9( 1) can be 

made. . 

2.0 0 

1.5 5 

»== 1.0 
CD D 

Ö Ö 

00 5 

0.0 0 
00 1 2 3 4 

T(K) T(K) 

Figuree 4.7 - Effective exponent o.L.„  of the resisih itv of U;Pt;ln for / || a and / || c. 

Withh these a-values the following residual resistivities result: p(1., = 0.53 PRT and 

p0cc = ().95 PRT. i.e. p() = 1 15 jlQcm for/ || a and p0 = 210 ,uQcm for ƒ j| c. The residual resistivity 

valuess are large, which is normally taken as evidence that some disorder is present in the crystals. 

However,, this has not been confirmed by single-crystal X-ray [10] and neutron-diffraction [30] 

experiments.. The structure refinement confirms the high crystalline quality. The possibility of 

sitee inversion (e.g. Pt and In inversion) is also excluded by the neutron-diffraction refinement. 

Moreover,, because the residual resistivity depends strongly on the direction of the applied 
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current,, it is clear that besides impurities other scattering mechanisms contribute to p(). It should 

bee noted that the lov\-temperature resistivity data were taken on several single crystals, all 

showingg the same behaviour. 

4.2.2.1.4.2.2.1. Magnetoresistance 

Transportt properties in a magnetic field provide an important tool to investigate the non-

Fermii  liquid state. In general, a magnetic field is expected to restore the Fermi liquid state, as for 

thee case of a proximity to a quantum critical point. If a compound is driven away from the 

magneticc instability, the suppression of magnetic correlations should be observable in the 

resistivity. . 

Inn Figure 4.8. the temperature dependence of the resistivity is shown in a field of 8 T 

appliedd along the different crystallographic directions. Below 4.2 K the magnetoresistance (MR) 

forr / 1| c is negative for both B || c (longitudinal configuration) and B\\SL (transverse 

configuration).. At the lowest temperatures, the p(7~) curves show a tendency to level off. For 

111|1| a. the curves obtained in the two transverse configurations (B j| b and B \\ c) are essentially the 

same.. i.e. a negative MR at high temperatures and a positive MR below 0.8 K. At the lowest 

temperatures,, an approximate p ~ T~ behaviour is observed in 8 T. In the longitudinal 

configuration,, the magnetoresistance is always positive and shows no tendency to level off at low 

temperatures. . 

Assumingg that the p(7~) curves follow power laws of the type p - 7"". the exponent a can be 

estimatedd using equation 4.8b. The effective exponent obtained for different magnetic fields is 

plottedd in Figure 4.9 for the transverse configurations (since for I \\ a the data for B || b and B || c 

aree almost identical, only B\\c is shown). The low-temperature value of a increases with 

increasingg magnetic-field strength, reaching values close to 2 for 8 T. as expected for a Fermi 

liquid.. The field evolution of the exponent a is shown in Figure 4.l(). which clearly illustrates 

thatt there is a tendency towards a Fermi-liquid p ~ T~ law near 8 T. 
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Figuree 4.8 - Temperature dependence of ihe resistivity of U2Pt;In in a field of X T applied along the 
mainn crystallographic directions. 

0.00 0.5 1.0 1.5 2.0 

r(K ) ) 

Figuree 4.9 - Effective exponent a of the resistivity of U2Pt2In in magnetic fields in the transverse 
configurationn [B LI). 
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Figuree 4.10 Field dependence of the resistivity exponent a in the transverse configuration. The lines 
aree «uides to the eve. 

Inn Figure 4.1 I and Figure 4.12. the magnetoresistance in the longitudinal and transverse 

configurationss is shown at 0.48. 1.3. 4.2 and 10 K.. The magnetoresistance curves show several 

unusuall  features. 

Inn the longitudinal configuration, a negative MR is obtained when current and field are 

appliedd along the c-axis. A weak upward curvature is observed at the lowest temperatures at high 

fields.. On the other hand, when current and field are applied along the a-axis the 

magnetoresistancee is positive and approximately follows a Ap/p ~ B ~ law. 

Inn the transverse configuration, the MR obtained for ƒ || c is also negative with Ap/p values 

higherr (in absolute value) than for B || / || c. No tendency to upward curvature is visible at the 

lowestt temperatures. In the B J_ ƒ || a case, the MR values are negative at low fields, pass through 

aa minimum and then become positive. The position of the minimum increases with temperature: 

BBmnmn~~ 3.5. 5 and 14 T at 7=0 .48. 1.3 and 4.2 K. respectively (see Figure 4.13 for the high-field 

MRR at 4.2 K). 

file:///J2Pt2ln
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Figuree 4.11 - Magnetoresistance of U2Pt2In in the longitudinal configuration (B \\ I) at temperatures as 
indicated. . 

CCC -8 

< < 

-10--

-12 2 

-14 4 

11 1 ' 

'y^TWjjj*'/'' ' 

ii , i 

 i  i  i ' i 

-... v 

ii | , | , 

/1|| c, B||a " 

'' 4.2 K " 

\ \ 

\ \ 
V \\ 1.3K. 

0.488 K 
.. i . i . i , 

/ | | a ,, 0 | |b 
0.488 K 

'1.3K K 

4.22 K 

JJ i I i L 

00 1 2 3 4 5 6 7 

(a)) B(T) 

JJ i I , I i L_ 

3D D 

0 1 2 3 4 5 6 7 8 9 9 

(b)) em 

Figuree 4.12 - Magnetoresistance of U2Pt2In in the transverse configuration (B 11) at temperatures as 
indicated. . 
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Figuree 4.13 - High-field magnetoresistance of U2Pt2In at 4.2 K for / [| a and B || c. The line is a 
polynomiall  fit through the data points. Note: the oscillations observed are an artefact of 
thee averaging procedure. 

Accordingg to Ref. 31, the magnetoresistance of weakly- or non-disordered metals in the 

NFLL regime close to an antiferromagnetic quantum critical point (see Section 2.3) can be 

separatedd into spin and orbital effects. For the spin effects, small magnetic fields will suppress 

thee antiferromagnetic fluctuations as the compound is driven away from the QCP. This 

suppressionn of the fluctuations wil l reduce the amount of scattering and the MR will be negative. 

Forr localized-moment paramagnets. applying a magnetic field results in a net polarization of the 

disorderedd magnetic moments and thus to a reduction of their scattering contribution to the 

resistivity.. The magnetoresistance is related to the correlation function (s,s\ between the ion 

spinss and therefore to the low-field magnetization M [32]: 

Ap p M M 
(4.9) ) 

wheree Ap/p = [p(ö.7")-p(0.7")]/p(().7"). a>0 and Msa, is the saturation magnetization obtained at 

extremelyy high fields. Since the magnetization of L';Pt:In is proportional to the field, it follows 

thatt Ap/p ~ -B2. 

file:///J2Pt2ln
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Onn the other hand, for the orbital effects a positive MR is expected, which varies initially 

ass B'. then crosses over to a linear behaviour in B and finally saturates at high fields [31 |. 

Inn addition, if the Lorentz force would be responsible for the B~ behaviour observed, then 

onee would expect a weak positive B' contribution to the transverse MR and. to a lesser extent, to 

thee longitudinal magnetoresistance. A comparison of the MR values obtained for the different 

configurationss (Figure 4.14) shows that this contribution is very weak and not significant. In fact, 

thee opposite effect is observed: for / j| c, Ap/p is less negative for B \\ I than for B LI. while for 

ƒƒ || a the positive contribution is clearly stronger in the longitudinal configuration than in the 

transversee one. 
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Figuree 4.14 - Magnetoresistance of I ;Pt In al T= 0.48 K for/? j| / and B LI 

3D D 

Whenn summarizing the magnetoresistance data, a competition of a positive and a negative 

contributionn is clearly found. At low fields, the negative contribution is always dominant, except 

whenn B \\ I |j a. As the field increases, the positive contribution becomes dominant. The high field 

experimentss show that the MR has a tendency to saturate at extremely high fields (about 100 T). 

Thiss is also predicted by the theory of magnetotransport in nearly antiferromagnetic metals [31]. 
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AA proper analysis of the relative weight of the different contributions is difficult due to 

theirr competition, although it is evident that the negative contribution, associated with a 

polarizationn of the moments, is stronger when the current is applied along the c-axis. 

AA closer inspection of the zero-field resistivity curves for / || c reveals the presence of a 

shoulderr in p(T) centered at about 7 K. The shoulder becomes more clear in a p versus iogT plot 

(Figuree 4.15). This anomaly is not observed for ƒ || a. It should be noted that B || c is the direction 

forr which a maximum at Tmax = 7.9 K is observed in the magnetic susceptibility. This suggests 

thatt the resistivity shoulder may be related to short-range antiferromagnetic correlations along the 

c-axis.. The field effect (B || I. B < 5 T) on the shoulder is shown in Figure 4.15. The shoulder is 

suppressedd under the influence of the magnetic field and becomes very faint at 5 T. As 

antiferromagneticc fluctuations tend to be suppressed by a magnetic field, also the shoulder should 

bee gradually suppressed with field. However, suppression of the magnetic fluctuations was not 

observedd in the susceptibility in fields up to 5.5 T. Since the shoulder in p(7") is very faint, it may 

possiblyy be more sensitive to this effect than the maximum in %(T). 

Anotherr important point is that po varies significantly with the applied magnetic field, 

whichh clearly shows that the residual resistivity is not uniquely due to impurity or defect 

scattering. . 
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Figuree 4.15 - Temperature dependence (7 < 15 K) of the resistivity of l[2Pt;ln for B || / || c. 
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4.2.3.. Specific heat 

Thee specific heat of U;Pt;In was measured on several single-crystalline samples, using a 

semi-adiabaticc technique in a bath cryostat above 1.5 K. while data below 5 K were taken in a 

'Hee system ( 0 . 3 K < 7 < 5 K) and a dilution refrigerator (0.1 K. < 7< 0.7 K) employing the 

relaxationn method. The results are shown in Figure 4.16 in a plot of c/T versus log7". Below 10 K. 

c/Tc/T shows an upturn and instead of attaining a constant value in the limit T—>() K. as expected for 

aa Fermi liquid. c/T diverges logarithmically, which is one of the hallmarks of a non-Fermi-liquid 

groundd state. 

V(K) ) 

Figuree 4.16 - Low-temperature specific heat of l' ;P(;ln divided b> temperature as a function of log'/'. 
Thee line is a c/T~ 4n(777"0) fit. 

Thee data below 6 K are well described by 

-8ln n -- = Y i -8 ln 
// j - \ 

r r 
(4.10) ) 

withh Y, = 406.8(5) mJ/moluK2 and 8 = 89.9(5) mJ/moluK2. Here. 7 ,= 1K and 

7",,, = exp(yi/8) - 92( 1) K. In this case. Yi 's the value of c/T at 1 K and not the enhanced-

Sommerfeldd coefficient, as usually observed for heavy-fermion compounds. 
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Off  main importance is that L^Ptiln is one of the few stoichiometric systems exhibiting 

non-Fermii  liquid behaviour with a strong logarithmic divergency of the specific heat. Moreover, 

thiss logarithmic divergency has been found in the data over almost 2 decades of temperature. 

Att higher temperatures, the dominant contribution to the specific heat is the lattice 

contribution.. Since no samples of the non-magnetic compound Th^Pt̂ In were available, the 

phononn contribution to the specific heat could not be estimated. However, an approximation can 

bee given by the Debye function 

eL11 T 

JJ  e * _ [ e " 1 " - ! 
3R R 

30DD T 
(4. . 

Thiss expression is valid for the specific heat at constant volume (cy) but, experimentally, the 

specificc heat at constant pressure (cp) is obtained. The difference between cy and cp can usually 

bee neglected as it will be shown in Section 4.2.4. 

Thee Debye function has been tabulated in Refs. 33 and 34 and can therefore easily be 

comparedd to the experimental data. The high-temperature slope of the specific heat of U^Ptiln 

cann be approximated by a linear electronic term cc\ = yT with y= 88 mJ/molfK". Using this 

value,, cPh = c - rei is in good agreement with the Debye function calculated with 0D = 175 K (see 

thee line in Figure 4.17a). However, the subtracted linear term has an unusually large coefficient, 

aboutt 10 times higher than expected, which possibly indicates that the Debye function 

underestimatess the lattice contribution to the specific heat of UiPtiln. 

Thee electronic contribution obtained after subtracting the Debye function from the total 

specificc heat is plotted in Figure 4.17b. In this contribution, the logarithmic divergency is 

observedd up to about 35 K. However, the high-temperature linear term above 50 K is extremely 

large.. The entropy associated with it is also too large to account for a possible crystalline electric-

fieldd effect. 

Assumingg that the low-temperature phonon contribution to the specific heat is cph = J37"3, 

withh (3 obtained from 9D = 175 K, the low-temperature entropy associated with the electronic 

specificc heat can be determined by the integral of (c-cph)/T, 

5L.,(7")-5d(77 = 0.1K)= | ^ — W . (4.12) 
0.11 K 

Thee entropy is shown in Figure 4.18. In the S=V2 two-channel Kondo effect, the entropy is 

predictedd to saturate at Vi Rln2 (= 2.88 J/moKK) before continuing to increase at higher 
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temperaturess (see Section 2.3). For UiPbln. there is no clear evidence for this effect. 

1.00 0.1 

(b) ) T(K) ) 

Figuree 4.17 - (a) Lattice specific heat (per mole formula unit) of LNPbln. The dashed line is the Debye 
functionn with 0D = 17.Ï K. fb) Lattice (cDebye/7) and electronic icJT) contributions to the 
totall  specific heat cIT. Notice the logarithmic T scale. The full line is a guide to the eye. 

1—'—r r 

100 12 14 

7(K) ) 
Figuree 4.18 - Entropy (per mole U) derived from the electronic specific heat of ILPtoIn. 
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4.2.3.1.4.2.3.1. Specific heat in field 

Inn order to investigate the robustness of the non-Fermi-liquid state in U;Pt;In in an external 

magneticc field, specific-heat measurements were performed in the temperature range O.l-l K 

withh B jj c up to field values of 8 T. In Figure 4.19, the results obtained in the dilution refrigerator 

(7<() .7K)) are shown. The straight line represents the zero-field c/T- -8ln(T/70) behaviour 

takenn from Figure 4.16. 

2.00 m ^07 

700 -

T(K) T(K) 

Figuree 4.19 - Specific heal divided by temperature versus log/' for U;Pt;In under magnetic fields 
appliedd along the c-axis. Insert: nuclear specific heat cN = c - c|B=0 versus T'2 for 
'/'<< 0.25 K: the lines are functions <\ = D:T ' (see text below). 

AA strong enhancement of the specific heat is observed at low temperatures as the field 

strengthh increases. As wil l be shown below, this enhancement is predominantly due to the 

specificc heat of the In nuclei. 

AA nuclear contribution to the specific heat arises when an interaction lift s the degeneracy of 

thee states, which are characterized by different orientations of the nuclear moments. This 

interactionn may be provided by an external magnetic field, an effective hyperfine field or an 

electricc field gradient. The energy levels. e,„. of a nucleus with spin quantum number I in a 

magneticc field and in an electrical field gradient with axial symmetry are given by [35,36] 
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-tun-tun + P Kll  + 1) 
3 3 

(mm = -I.-I+l I) 

with h 

/ _ ^ t t 
k,J k,J 

PP = 
-V:<y0 0 

(magnetic-interactionn parameter) 

(quadrupole-couplingg constant) 

(4.13) ) 

(4.14a) ) 

(4.14b) ) 
4kB I (2 I - l ) ) 

wheree \i = g\Iu.N is the magnetic moment of the nucleus (|UN is the nuclear magneton and g\ the 

nuclearr g-factor) and B  ̂ is the effective field at the nucleus arising from the hyperfine field BM 

and/orr an external field B. cq is the component of the electric-field gradient tensor along the 

high-symmetryy axis and Q is the nuclear quadrupole moment. One has Q-0 for 1= 1/2. while 

qq = 0 for nuclei in a cubic environment. 

Thee exact expression for the nuclear specific heat (of the Schottky-anomaly type) is 

l i f e e : .> > eM,e(1texp p 
e„,, +ef 

o^' XX Sexp 
kZr kZr 

(4.15] ] 

Fromm this expression it follows that at low temperatures c\ ~ exp(-l/77). while at high 

temperaturess r\ ~ T'. A maximum occurs at 7"max = (e„,+|-e,„)/kBl and the entropy associated with 

cNN equals Rln(2I+l). 

Sincee the measurements are usually made at temperatures well above 7,1K1V of CN (for most 

metalss the maximum is found at T« 0.1 K). one can use a high-temperature expansion of c\ in 

aa power series of \/T: 

c\=^Dc\=^DllT~'T~' . (4.16) 
i>2 i>2 

Thee coefficients D, are determined by the various moments of the energy levels. If the magnetic-

fieldd is parallel to the symmetry axis of an axially symmetric electric-field gradient, the first two 

coefficientss are given by [371 

R R 
(4.17a) ) {I( II  + l)fj' - + 4,1(1 + 1)(2I-1)(2I + 3)P-

-J7I ( ll  + l)(21-l)(2I + 3)^ ': JP-^_I (21-3) (2 I - l ) (2I + 2)(2I + 3)(21 + 5) P' 

(4.17b) ) 
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Iff  the quadrupole interaction is zero (ƒ*=()). all odd coefficients in Equation 4.16 vanish. In most 

cases,, the first term is sufficient for fitting the experimental data: t\ = D2T
 2. 

Inn Table 4.7. the nuclear spin quantum number, magnetic moment and quadrupole moment 

off  the isotopes that may contribute to the nuclear specific heat of U2Pt:In (i.e. the isotopes with 

II  *(J) are shown. Considering the abundancies and the nuclear moments of these isotopes, one 

cann assume that the origin of the nuclear specific heat shown in Figure 4.19 is mainly due to the 

nucleii  of In ( 'In and ' În have a nuclear magnetic moment that is one order of magnitude 

higherr than 'M>Pt and :3:,U). The In nuclei have a spin of 9/2 and the average (taking into account 

thee relative abundancies) magnetic and quadrupole moments are equal to \i - 5.5403 ji \ and 

00 = 0.81x10"' cm", respectively. 

Tablee 4.7 - Some nuclear data for the isotopes with I * 0 present in l ' :Pt: In. Source: WebElements 

[http://www.shefac.uk/cheniistry/web-elements]. . 

isotope e 
,,:ïn n 
,1?In n 
"*Pt t 
235U U 

abunduncyy (( i ) 

4.29 9 
95.71 1 
33.83 3 
0.72 2 

I I 

9/2 2 
9/2 2 
1/2 2 
7/2 2 

U<MN> > 

5.5289 9 
5.5408 8 

0.60950 0 
-0.35 5 

Qi Qi K)"244 cm:) 

0.799 9 
0.81 1 

0 0 
4.936 6 

Thee insert in Figure 4.19 shows the field effect on the specific heat, obtained by subtracting 

thee zero-field function. Ac = c - cw=l, = c - (y, - 5ln7~). This figure shows that Ac varies 

approximatelyy linearly with T'~. Extracting values of D2 from the B - 6 T and 8 T curves (for the 

lowerr fields the scatter is rather large after subtracting the zero-field curve), one obtains 

BMBM = 51.5 mT and a quadrupole-coupling constant P ~ 0.9 mK. With these parameters, values of 

DzDz can then be calculated for 5 = 2 and 4 T (insert of Figure 4.19). 

Althoughh above 0.3 K the nuclear contribution to cIT is small, the data in Figure 4.19 show 

cITcIT values a few percent higher than for the zero-field data in this temperature range. There are 

twoo possible explanations for this behaviour: i) it can be attributed to small errors in the 

calibrationn of the thermometer on the sapphire plate in field. In fact, data taken above 0.4 Kina 

Hee system with another calibrated thermometer did not show this effect. Notice that a small 

calibrationn error does not affect significantly the overall c(T) curve: ii) the nuclear contribution 

mightt overshadow a decrease of the electronic term at low temperatures. As under influence of a 

magneticc field, a compound is pushed away from a magnetic instability, the low-temperature cIT 

willl  level off in order to recover the Fermi liquid behaviour. A decrease of c/T at low 

http://www.shefac.uk/cheniistry/web-elements
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temperaturess has to be accompanied by an increase at higher temperatures because of the 

conservationn of entropy [38]. 

Inn zero field, the calculated value of D2 amounts to 4.303x10° JK/molin. which indicates 

thatt the nuclear contribution can be neglected with respect to the U electronic specific heat 

(T>(T> 0.1 K). This value of Di is about 40 times larger than the one calculated for pure In in its 

tetragonall  structure [39]. This is possibly explained by a substantial enhancement of the 

hyperfinee interactions, which is not an unusual phenomenon in intermetallic compounds [40]. 

Thiss large nuclear contribution hampers the study of the field effect on the non-Fermi 

liquidd contribution. As a result, the proposed scaling properties of the specific heat (see Section 

2.3)) cannot be investigated. Magnetoresistance measurements showed a recovery of the Fermi 

liquidd behaviour at the lowest temperatures. This seems, however, not to be confirmed by the 

specific-heatt data. 

4.2.4.. Thermal expansion 

Thermal-expansionn measurements were performed on a single crystal of UiPtiln in the 

temperaturee intervals 0.3-10 K (using a He system) and 1.7-200 K (using a 4He bath cryostat). 

Dataa were taken along the a-axis (L- 4.478 mm) and the c-axis (L - 1.570 mm). The linear 

thermal-expansionn coefficients. oca and ac, obtained along the a- and c-axis. respectively, are 

shownn in Figure 4.20. together with the temperature dependence of the volume expansion 

coefficientt o.\ = 2aa + ac (tetragonal structure). 

Thee coefficients aa and ac are both positive and show a rapid increase with increasing 

temperaturee below 3 K. aa varies approximately linearly with temperature for 3 K< 7<60 K 

andd levels off at higher temperatures. ac is much larger than aa below 12 K. but ac = aa above 

thiss temperature. The observed anisotropy in the thermal-expansion coefficients shows that when 

loweringg the temperature below the coherence temperature, the c-axis shrinks more rapidly than 

thee a-axis. The coefficient of the volume expansion shows, besides the heavy-fermion 

contribution,, an unusual quasi-linear temperature dependence between 12 K and 60 K. 
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T(K) T(K) 

Figuree 4.20 - Low-temperature (7"< 15 K) linear thermal-expansion coefficient of U:Pt:In along the a-
andd c-axis. The line corresponds to 1/3 of the derived coefficient of the volume 
expansion.. Insert: ay/3 (T< 200 K). 

44 TJ-

Figuree 4.21 - Difference between the specilic heats of L';Pt;ln at constant pressure and volume. 

Thee thermal-expansion data can be used to estimate the specific heat at constant volume. 

Thee difference between cy and cp can be expressed as 
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9a.-\',T 9a.-\',T 

K K 
(4.18) ) 

Usingg the compressibility value of K = 0.68 Mbar (see Section 6.1). the difference c,,-C\ shown 

inn Figure 4.21 is obtained. The relative value icr-c\ )/cr is limited to Y/c up to 200 K. Therefore, 

thee specific-heat data presented in the previous section do not need to be corrected for the 

differencee between cp and c\. 

Thee thermal expansion can be related to the specific heat by means o\' a Griineisen 

parameter.. A physically meaningful Griineisen parameter emerges when part of the entropy can 

bee written as 5,(777 )̂ where Tt is a (volume dependent) characteristic temperature of the entropy 

term.. The Griineisen parameter is defined as [411 

V V 

r,, = 

(( rlS', 

'dV 'dV 

rlS', , 

d\nT\V) d\nT\V) 

ainv v 
(4.19) ) 

Takingg into account the relations 

vv V ( dT ) , , { dV 

and d 

c\-c\- =T 

wheree K is the isothermal compressibility 

KK  = 
V V 

(dy_ (dy_ 
dp dp 

onee obtains 

a vv V 

KC, , 

Itt is useful to define an effective temperature-dependent Griineisen parameter 

« v ( 7 X , , 
r, :: (T) = 

KC(T) KC(T) 

(4.20a) ) 

(4.20b) ) 

(4.20c) ) 

(4.21) ) 

(4.22) ) 

wheree r,„  is the molar volume (V'm = 6.568x10s m 7molkl for U:Pt:In). The temperature 

dependenciess of Vm and K are usually small and can be neglected. 
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Inn general, if the effective Grüneisen parameter is constant in a certain temperature interval, 

onee can identify rcn with the Grüneisen parameter for the particular mechanism that governs the 

thermall  properties in that temperature range [41.42]. 

Thee temperature dependence of the effective Grüneisen parameter of U:Pt;In is shown in 

Figuree 4.22. At high temperatures, the Grüneisen parameter amounts to 1 ph = 3.1. This value can 

bee compared to the value of 2 normally found for the phonon contribution in metals. rcM 

increasess smoothly as the temperature is decreased down to about 40 K. below which a fast 

increasee occurs, reflecting the heavy-fermion character of UiPt:^. At the lowest temperature of 

0.355 K. ren = 56. Similar values have been observed in other heavy-fermion compounds [43]. 

Thee small anomaly near 0.5 K is not significant, as it is an artefact of the experiment. The 

continuouss increase of reff(7) at low temperatures hampers the extraction of the bare NFL form 

fromm the thermal-expansion data. 
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Figuree 4.22 - Low-temperature (7*< 15 K) dependence of the effective Grüneisen parameter of 
U2Pt4n.. Insert: refl at temperatures up to 180 K. 
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4.3.4.3. Discussion 

4.3.1.. Hybridization phenomena and evidence for NFL behaviour 

Thee inter-uranium distances in U^Pbln. shown in Table 4.1. are slightly above the Hil l 

limi tt (~ 3.5 A) for uranium [44|. From this, one may conjecture that UjPtTn would order 

magnetically,, as it is located on the magnetic side in the Hil l plot. However, in the past decade it 

hass become clear that the electronic structure in many U compounds is governed by the 

5f-5f- t/-ligand overlap and that the Hill-limi t picture is too simple. 

It'' the magnetic ordering temperatures of the In and Sn 2:2:1 compounds are plotted versus 

thee square of the calculated hybridization matrix elements, a Doniach-like phase diagram results 

(Sectionn 4.1.2 and Ref. [45]). Interestingly. U:Pt:In is close to the border line between magnetic 

andd non-magnetic compounds. 

Thee participation of 5/-electrons in the bonding in light-actinide intermetallics. leads to a 

compressionn of the 5/'charge densities towards the bonding directions, which are given primarily 

byy the shortest inter-actinide directions [46J. In the UTX (1:1:1) family, it was found as an 

empiricall  rule that the magnetic moment is always directed perpendicular to the shortest U-U 

direction.. However, exceptions for this rule have been found in the 2:2:1 family. In UnRf^Sn 

147]]  the shortest U-U distance is located along the c-axis and yet the U moments are aligned 

alongg the c-axis. In the case of ^P tTn. the shortest U-U distance is located in the tetragonal 

plane.. The susceptibility data show that antiferromagnetic correlations (of the Ising type) are 

foundd along the c-axis. This complies with the shortest U-U distance rule, as reported for the 

1:1:11 compounds. 

Thee analysis of the resistivity leads to a description with a low-temperature term 

T"T" (7~—»() K). with a - 1.2 and 0.9 for the a- and c-axis. respectively. The absence of the usual 

Fermi-liquidd T' term gives strong support for non-Fermi liquid behaviour in U:Pt;In. The 

specific-heatt measurements on a single crystal down to 0.1 K show a clear logarithmic 

divergencyy of c/T below 6 K. i.e. oxer almost two decades of temperature. This puts the NFL 

behaviourr in U-PtTn on firm footing. 
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Neutron-diffractionn studies carried out on single-crystalline ILPbln [30] confirmed that the 

crystallographicc structure is of the ZnAl;-tvpe. The structure refinement showed a perfect 

stoichiometryy in the sense that no significant improvements in the final refinement factor could 

bee achieved by allowing the occupational parameters to vary (including possibilities of atomic 

disorderr like. e.g.. Pt-In site inversion). At 1.5 K. exhaustive scans along different reciprocal 

latticee lines revealed no evidence of any long- or short-range magnetic ordering. 

Polarizedd neutron-diffraction experiments carried out on the same U;PtTn single crystal 

[30]]  probed the local susceptibility at the two U sites: U(4f) and U(4g). The observed 

magnetizationn density in the unit cell, constructed using the maximum entropy method, is 

reproducedd in Figure 4.23 for T = 10 K and B = 4.6 T applied along the [ 101 ] direction. The site 

susceptibilityy of the U atoms at the 4f positions is almost twice that of U(4g). 

Figuree 4.23 - Magnetization density ((001) projection) induced at 10 K by a field of 4.6 'I' in the [ 101 | 
directionn of L':Pt;ln. Contour levels are from -0.01 (dashed) to 0.41 in steps of 
0.022 uB/A\ Taken from Ref. 30. 

Consideringg the average (room temperature) interatomic distances for the two U sites 

(Tablee 4.1). the hybridization on the U(4f) and U(4g) atoms can be calculated separately in the 

samee way as described in Section 4.1.2. The p-, d- and/- hybridizations at the two sites and the 

totall  conduction-electron -/-electron hybridization are shown in Table 4.8. As can be seen, the 

. . 
Atoms s 

•• U(4g) 
•• U(4f) 

' ' 
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hybridizationn is smaller for the U(4f) atoms than for the U(4g). Within the Doniach phase 

diagramm (7"\ versus Vtf) presented before, one may conjecture that the hybridization on the 4f 

sitess "pushes" L!
:PtTn towards magnetic order in a stronger way than the hybridization at the 4g 

sites.. Therefore, a stronger site susceptibility may be found at the 4f sites. 

Tablee 4.S - />-. d-.j- and total hybridization at the two I' sites in I 'P t ln. 

L'(4f) ) 

L'(4g) ) 

^^  h, L ( C V | 

0.136 6 

0.144 4 

Vf>,,, <eV> 

0.764 4 

0.781 1 

\\\\ .[• ( e V ) 

0.164 4 

0.151 1 

V,V, i < e V ) 

0.793 3 

0.825 5 

Thee ratio of the orbital and spin magnetic moments was also estimated and found to be 

approximatelyy the same for the two sites. |uL/(i s| = 1.8. This value corresponds to values 

frequentlyy found for U ions in intermetallic compounds [48] and indicates an appreciable 

quenchingg of the orbital moment, when compared to the free-ion lK+ and U4+ configurations, due 

too hybridization processes. 

Thee total moment measured at 10 K in a field of 4.6 T applied along the [101 ] direction 

wass 0.139(9) juB/f.u.. This moment is about 2Ac/c lower than that found in the magnetization 

measurementss (Section 4.2.1). Although the magnetization was not measured for fields applied 

alongg the [101] direction, a value of 0.182 |iH/f-u. at 4.6 T can be estimated by considering 

A/din]]  - Mccos"d) + Af,sin~<|). where <t> is the angle between the 1101] and the c direction. The 

neutronn experiments are only sensitive to the magnetization associated with the localized 5f-

states.. which is normally larger than that obtained by bulk measurements. The difference is 

attributedd to a negative conduction-electron polarization [49]. Thus, the positive discrepancy in 

thee case of UnPbln is unusual and at least two possibilities exist for this additional conduction-

electronn polarization: it can arise from either the Pt _V/-electrons or a fraction of the U 5/:states 

thatt is delocalized [30]. A positive conduction-electron polarization has also been found in the 

heavy-fermionn superconductor UPd^Ah [50|. 

4.3.2.. Single-ion scaling and the two-channel Kondo model 

Irrespectivee of the microscopic mechanism responsible for the NFL behaviour in LNPtTn. it 

iss of interest to investigate single-ion Kondo scaling of the NFL properties. Within the two-
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channell  Kondo effect (TCKE - see Section 2.3). the specific heat can be expressed as 

c/T=B'-(A'/Tc/T=B'-(A'/TKK)\n(T/bT)\n(T/bTKK)) [51]. Using the values A" = 0.251 R and /> = 0.41 from the TCKE. one 

obtainss TK = 23.2 K and B'- 204.3 mJ/moIi K2. This value of 7~K is close to the Kondo 

temperaturee 1 6 < 7K < 21 K. which can be deduced from the susceptibility data, assuming that 

thee paramagnetic Curie temperature 6 is 3-4 times larger than 7~K [52|. The value of B' is however 

extremelyy high, since it should account for a temperature independent electronic or crystal-field 

backgroundd in c/T. 

Thiss value of TK in U:Pt:ln is also consistent with the one extracted from thermoelectric-

powerr data taken on a single crystal [53]. In the temperature range 5-150 K. the thermopower is 

negativee with a minimum at 7*nim - 25 K. Similar minima were reported for several other heavy-

fermionn compounds exhibiting spin-fluctuation phenomena, with Tmin ~ TK [54]. 

Withh the value of 7K. the coefficient a of the power law in the resistivity. 

p/po== 1 +a (T/TK)". can be calculated: <vy = 2.89 and t/L=0.71 for cta = 1.2 and aL = 0.9, 

respectively. . 

Thee unusual low-temperature susceptibility data yield further support for NFL behaviour. 

Thee theoretical expressions for the magnetic susceptibility of a NFL compound are x - -ln(777"()) 

orr x~ \-l?T& ((3< 1). depending on the type of system (see Section 2.3). In U2Pt2ln, xAT) is 

dominatedd by anti ferromagnetic correlations below 10 K. therefore, no low-temperature analysis 

cann be done confidently. However. X-^T) continues to rise, at least down to 2 K. Analysing Xa 

( r < l ( ) K )) with a term x*  ~ • - V{TIT*)*  one finds (3 = 0.7 and / /=0 .25 . but the limited 

temperaturee range where this behaviour occurs does not allow for a reliable estimate of the 

exponentt p\ 

Thee results of the scaling analysis within single-ion Kondo models are summarized in 

Tablee 4.9. The reduced values of the parameters should be considered as rough estimates since 

thee data were not corrected for the phononic contributions. The high value of B' indicates that the 

specificc heat can not be fully described by the TCKE expression. Furthermore, single-ion models 

aree normally applied in diluted systems where small amounts of an /element are used to partially 

replacee a non-magnetic rare earth or actinide element (e.g. systems like Y|_xUxPd^ and 

Th!.vL\Pd2Ahh [51.55]). while L;
:Pt;In should be considered as a Kondo-lattice system. A clear 

indicationn that the TCKE does not apply to U:Pt:In is that the entropy does not saturate at the 

valuee Vi Rln2 as expected for this model. Nevertheless, the observed scaling of the low 

temperaturee properties shows that the Kondo temperature, being a characteristic temperature of 
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thee heavy-fermion character of LT:Pt;In. can also be taken as a characteristic temperature of its 

non-Fermii  liquid behaviour. 

Tablee 4.9 - Parameters from single-ion scaling ol some low-temperature properties ol U :Pt: In. 

a-axiss e-a\is 

/rr = o.:oj/nioi, K : 

« = 1 .22 « = 0.9 

p,,== I15u i i . cm p(h= 2l()u£2.cm 

r// = 2.S9 </ = 0.71 

[55 = 0.7 

X*0)) = 14x10" m'/mol, 

/>"=().25 5 

4.3.3.. Kondo disorder 

Ann alternative mechanism which can lead to NFL behaviour is the Kondo disorder model 

156].. where the Kondo effect on each /-electron atom sets a different temperature scale, resulting 

inn a broad range of effective Kondo temperatures. One should note that the residual resistivity 

valuess of the U^Ptiln single-crystals are large, po.a and p( u equal 110 and 200 u.Qcm. 

respectively,, which indicates that disorder is present in the crystals. The origin of this disorder 

remainss unclear. The single-crystal X-ray and neutron-diffraction structure refinement with final 

agreementt factors of 439c and 2.69r respectively, are considered to indicate a high crystalline 

quality.. A small percentage of site inversion (Pt and In inversion) seems also to be excluded by 

thee neutron-diffraction structure refinement. It is also possible that the disorder is somehow 

relatedd to the polymorphism of LT:Pt:In and the presence of two U sites w ith different magnetic 

susceptibilities. . 

Specific-heatt measurements performed on a polycrystalline sample in the temperature 

rangee 0.3 K < T < 5 K yield the same logarithmic divergency as measured on the single crystals. 

Thiss shows that the NFL behaviour is found for the U.iSi2-type of structure (polycrystals) as well 

ass for the ZnAL-type of structure (single crystals). Therefore, the NFL behaviour in Ly2Pt:In is 

notnot related to the presence of two different crystallographic U sites and the difference in U site 

susceptibilityy is not a main ingredient in the origin of the NFL behaviour. 

enen"=-<.<r/"/"=-<.<r/"/KK)in(/'//>)in(/'//> rk> + B 

pp = p „ | l +«(777K>"I 

ZZ = Z( 7=0)|1 W M 7 7 7 K ) 1 
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Onn the other hand, it is clear that the p() values found do not reflect bare residual 

resistivities.. This may be concluded from the following: i) there is a strong current-orientation 

dependencee of the values of p(). with p(Ul = ().56p(U at zero field, which cannot simply be 

attributedd to impurity or defect scattering; ii) both po,a and p{)x vary in field, which indicates that 

att least part of p() is caused by scattering mechanisms other than scattering at crystallographic 

defects. . 

4.3.4.. Magnetic critical point 

Ann appealing scenario for the origin of the non-Fermi liquid behaviour in U:Pt;In is the 

proximityy to a quantum critical point |f»7|. This is reflected in the location of U;Pt;In at the 

borderr line between magnetic and non-magnetic compounds in a Doniach-type of diagram for the 

U2T2XX series (X = In. Sn). Tuning the quantum critical point with an external parameter, e.g. a 

magneticc field or (chemical) pressure, should elucidate the applicability of this scenario. 

Magnetoresistancee measurements show a tendency towards a p ~ T2 law as the field strength 

increases,, suggesting that the magnetic field shifts U^Pt^In away from the quantum critical point 

towardss a Fermi-liquid regime. Specific-heat measurements in field were inconclusive in this 

respectt due to the presence of an important contribution from the In nuclear moments. 

Thee proximity of UjPt:^ to a quantum critical point is best probed with pressure 

experimentss and chemical substitutions. Usually, compounds located at a magnetic instability are 

tunedd towards the Fermi-liquid regime by applying pressure since a reduction of the interatomic 

distancess results in an increase of the hybridization. On the other hand, chemical substitution of 

UU by a larger non-magnetic element like Th should have the opposite effect. Resistivity 

measurementss under pressure were carried out on LNPbln up to p - 1.8 GPa and wil l be 

presentedd in Section 6.1, while some preliminary results of studies on Th-doped UjPtiln wil l be 

presentedd in Section 6.2. 

Thee absence of static magnetism in lJ2Pt2ln has been confirmed by detailed muon spin 

relaxationn and rotation (pSR) experiments, which wil l be presented in Chapter 5. As discussed in 

Chapterr 3. the p.SR technique is a very powerful probe as it enables the detection of tiny ordered 

momentss (which might be overlooked by other techniques). The jiSR technique may also be used 

too investigate whether Kondo disorder is the origin of non-Fermi liquid behaviour. 
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5 5 
V ^^  • Muon spin relaxation and rotation 

inn U2Pt2ln 

Thee main purpose of using the (iSR technique in the study of non-Fermi liquid compounds 

iss to demonstrate the absence of static magnetism with tiny ordered moments. This weak 

magnetismm is commonly observed in heavy-fermion compounds, and might be overlooked by 

macroscopicc magnetic, thermal and transport techniques. Also, because the muon is an extremely 

sensitivee magnetic probe, important information about magnetic fluctuations can easily be 

extractedd from the data. In this chapter, results of zero-, longitudinal- and transverse-field U.SR 

experimentss carried out on single-crystalline U^PtTn are presented. The experiments were 

performedd at the GPS and LTF spectrometers of the Paul Scherrer Institute (Switzerland). For a 

brieff  description of the p:SR technique and the relevant theoretical aspects see Section 3.6. 

5.1.5.1. Zero field 

Zero-fieldd (ZF) |iSR experiments were performed in the temperature range 0.05-200 K. 

Thee spectra obtained give no evidence of magnetic order down to the lowest temperatures. Best 

fitss to the muon relaxation curves, as measured in the GPS. were obtained using a two-

componentt function, consisting of an exponential and a Gaussian term (Figure 5.1): 
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P(t)P(t) = ABPE(t) + AGPa(t) = AEexp(-XEt)+AGexp{-(A0t)
2/2) . (5.1) 

Inn this nomenclature. A\ is the amplitude of the component i with the normalization AE+AG = 1. 

Noticee that in this case the sample was mounted with mylar foil on a fork-like holder, such that 

thee contribution from the sample holder can be neglected. For the measurements in the LTF. the 

samplee was mounted on a silver plate. Since the dimensions of the sample are smaller than the 

muon-beamm window, an extra nuclear contribution of the Kubo-Toyabe type arises from the 

silverr plate. This Kubo-Toyabe term has a temperature-independent amplitude AKG = 0.76 (with 

AE+AG+AKGG = 1) and a depolarization rate AKG ~ 0.01 p:s" . 

0.00 ' ' ' ' '  ' L — — ' — - - ' - - - - —I 
00 2 4 6 8 10 

((US) ) 

Figuree 5.1 - Depolarization spectrum of U:Pt2In at 5 K. The solid line is the total depolarization 
functionn and the dashed and dotted lines represent the exponential and Gaussian 
components,, respectively. 

Inn Figure 5.2. the depolarization rate of the exponential component is shown. XE is almost 

constantt above 7.5 K, while it increases strongly below this temperature. Notice that the 

susceptibilityy of UiPtiln goes through a maximum at Tmux = 8 K. which indicates the presence of 

short-rangee antiferromagnetic correlations. Therefore, the strong increase of XE may very well be 

relatedd to the stabilization of antiferromagnetic correlations. For the Gaussian component, on the 

otherr hand. AG ~ 0.34 \is]. independent of temperature. This temperature-independent behaviour 

suggestss that the Gaussian component is associated with a random distribution of nuclear 
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moments.. The dominant nuclear contribution comes from the In nuclei, with spin 9/2 and 

magneticc moment 5.5 u.N. The contribution of the Pt nuclei (I = 1/2. u ~ 0.6 |iN. 34% abundancy) 

iss much smaller. 

AE(T)/[AAE(T)/[AEE(T)+A(T)+AGG(T)](T)]  has approximately the same form as XE(T) with values ranging from 

0.22 at high temperatures to about 0.8 at 0.05 K. If each of the two components is associated with 

aa different muon-stopping site ((J.-S.S.), the amplitude ratio should be temperature independent as 

itt depends only on the crystallographic multiplicity of the |i-s.s.. The observed temperature 

dependencee of the amplitude ratio indicates that the two components represent two magnetic 

contributionss to the ZF-U.SR signal, originating from one or more stopping sites. 

3.0 0 

2.5 5 

2.0 0 

Vc/33 1.5 

LU U 

1.0 0 

0.55 -

00 0 

T]T] 1 | 

. • • 

0.1 1 11 10 

7(K) ) 
100 0 

Figuree 5.2 - Temperature dependence of the depolarization rate of the exponential contribution to the 
ZF-U.SRR signal in U2Pt2In. Notice the logarithmic Tscale. The line is a guide to the eve. 

Thee observed value of A c can be compared with the calculated one for a random 

distributionn of In nuclear moments. A distribution of randomly oriented nuclear moments wil l 

producee a depolarization rate (Kubo-Toyabe depolarization rate) given by [ l ] 
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wheree (in is the vacuum permeability and yN the gyromagnetic ratio of the nuclei with spin I. r, is 

thee vector connecting the muon site and the nucleus /. while 9, is the angle defined by r, and the 

initiall  muon polarization PLl(0). 

Sincee the (i-s.s. are not known, AKT is calculated for different possible sites. In ITPtTn 

severall  interstitial positions with high symmetry are unoccupied. These are the best candidates 

forr stopping sites. The crystallographic sites and their coordinates for the PA^Imnm space group 

aree listed in Table 5.1. The sites with the highest symmetries are shown in Figure 5.3. 

Tablee 5.1 - Crystallographic positions and coordinates for the PAilmnm space group (ILPtiln). 

2a a 

(0.0.0 ) ) 

2b b 

(0,0.'/2 ) ) 

4cc  4 d 

(0.'/2.0 ))  (0,'/2,'/4 ) 

I n n 

4c c 

(O.O.z ) ) 

4f f 

(x.x.0 ) ) 

U U 

x=0.33 5 5 

4gg 8 h 

(X.-X.O ))  (0.'/2.Z ) 

U U 

x=0.18 0 0 

8ii  8 j 

(x.y.0 ))  (x,x,z ) 

Pt t 

x=0.13 0 0 

z=0.23 4 4 

16k k 

(x,y,z ) ) 

Ü2 2 
-- • 

Figuree 5.3 - Crystal structure of l':Pt;In with some interstitial sites with high symmetry indicated. 
Note:: U, = U(4f), U2 = U(4g). 

Thee Kubo-Toyabe depolarization rate can be calculated by taking into the account the 

gyromagneticc ratio of the In nuclei (Ito =9/2, Uh = 5.5408 uN): Yin/271 = ju/hl = 9.3855 MHz/T. 
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Usually.. AKT is calculated by performing the sum in equation 5.2 inside a Lorentz sphere and 

approximatingg the sum outside the sphere by an integral [2|. Considering the symmetry of the In 

positions.. ART can also be calculated by evaluating the sum inside a parallelepiped of dimensions 

/Vaa x /Va x Nc centered at the possible muon stopping site. Since the sum is over rf(\ N does not 

needd to be very large. In fact, the values of ART do not change more than IxlO"4 fis ' when going 

fromm A' = 20 to N = 500. Values of AKT for some of the possible |_t-s.s. calculated with N = 50 and 

/* u(0)) || c are given in Table 5.2 

Tablee 5.2 - Calculated Kubo-Toyabe depolarization rates at different intersiitial positions due to a 
randomm distribution of In nuclear moments in U;Pt:In. 

sit e e 

(0.0.0 ) ) 

(O.O.'i ) ) 

(0.'2.0 ) ) 

(O.O.z ) ) 

(x.x.0 ) ) 

(x.-x.O ) ) 

(0.'/2,Z ) ) 

A K T O J S1 ) ) 

0.0940 8 8 

0.0940 8 8 

0.3538 2 2 

O.0940 88 (/-»() ) 

0.1307 22 (z='/4 ) 

''  0.0940 8 (z->'/2 ) 

11 0.0940 8 (x->0 ) 

0.16806(x=0.17 ) ) 

||  0.1643 5 (x=0.34 ) 

0.0940 88 (x-» 12) 

0.3538 22 (z^0 ) 

0.5875 44 (/=().04 ) 

Consideringg the symmetry of the In positions. A* r(z4i,) = A T̂(/2-z4c) and only the 

positionss with z4,, < VA need to be calculated. Due to the positioning of the In and U atoms, the 

followingg conditions can be imposed for the possible muon sites: zSh < VA-nJc. 

x4,, < xr,4ir/v/(a\2) and x4̂  > xt l4gl-A /ta\2) . where r\„  and ry are the radii of the In and U atom, 

respectively.. For /-ln = 1.55 A and r{ = 1.75 A |3], it follows zxh < 0.04. x4( < 0.17 and x4? > 0.34. 

Thee variation of ART wi t h the x andd /. values of these positions is shown in Figure 5.4. 

Thee value of the depolarization rate observed for the Gaussian component. AG = 0.34 (is '. 

indicatess that the muon might stop at the 4c sites. However, the temperature dependence of 

AAi:i: /(Ai+A(,)/(Ai+A(,) indicates that the Gaussian component is not attributed to one stopping site but rather 

too an effective magnetic contribution to several (i-s.s.. This means that, besides at the 4c sites, the 

muonss might also come to rest at a site with a lower AKT- For two (i-s.s.. the depolarization 

functionn can be written as the sum of e.g. two damped Gaussians: 

P(t)P(t) = A>P(i(& lt)exp(-X]t)+A:P(i(A2t)exp(-X2t) . (5.3) 

== 2b 
== 2n 

== 2b 
s 4c c 
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wheree Pc,(A,t) = exp(-(Aj/):/2). A| and A; account for ihe In nuclear contribution from sites 1 and 

2.. respectively, while the amplitudes reflect the crystallographic multiplicity of the sites. At low 

temperatures,, the two components are damped by magnetic fluctuations characterized by the 

ratess Xt and A.2. Approximating Equation 5.3 by Equation 5.1 implies that the extracted values of 

AGG and A-E represent effective depolarization rates. This means that at least one (i-s.s. is a site 

withh a high nuclear depolarization rate (AKT ~ 0.35 fjs ') but other sites with a lower AKT might 

alsoo be u-s.s.. 
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Figuree 5.4 - Kubo-Toyabe depolarization rale calculated for Ihe 4e (0.0./). 4f (x.x.0), 4g (x,-x,0) and 
Xhh (0.1/2,z) positions due lo a random distribution of In nuclear moments in UiPt:In. 

5.2.5.2. Longitudinal field 

Inn order to check the nature of the observed ZF signals, longitudinal-field (LF) experiments 

weree carried out. In this configuration, an external field BLXI is applied along the initial muon-

polarizationn direction. If a signal has a static origin, there wil l be a decoupling of the muon spin 

-- 8h(0,1/2,z) 

nn ' r 

4ff (x.x.0) 4gg (x,-x,0) 

4ee (0,0,z) 

JJ i I i I i L. 
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fromm the static magnetic moments and the muon wil l be weakly depolarized. On the other hand, a 

signall  with a dynamic origin wil l not be significantly changed as long as v » yuöC\i- where v is 

thee fluctuation rate of the magnetic moments. 

Thee field dependence of the depolarization rates of the observed exponential and Gaussian 

componentss is shown in Figure 5.5 for 7"= 0.06 K and Sex t<0.01 T. XE maintains an almost 

constantt value, while Ac; drops drastically with increasing field. This indicates thai the 

exponentiall  signal has a dynamic origin and that the Gaussian component is static. This is in 

agreementt with the conclusions reached in the previous section, namely that the exponential 

componentt is related to the magnetic fluctuations on the U sites, while the Gaussian component 

iss related to the In nuclear moments. 
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Figuree 5.5 - Longitudinal-field dependence of the depolarization rales of the exponential (XE) and 
Gaussiann (o"<;) components observed in ZF of U2Pt2In at T= 0.06 K. Notice the vertical 
logarithmicc scale. The lines are «uides to the eve. 
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5.3.5.3. Transverse  field 

Transverse-fieldd (TF) experiments are useful for the determination of the |a-s.s.. Different 

stoppingg sites will have different local magnetic fields and therefore different muon-precession 

frequenciess wil l be observed. Also the ratio of the amplitudes of the signals corresponds to the 

ratioo of the multiplicity of the sites. 

Inn a tetragonal system, the dipolar tensor is simply 

A,... = oo A - <: 
00 () Kj 

(5.4) ) 

Sincee Tr(/A(j]|,) = 0. ,4^ = - 1 , 4 ^. Therefore, only measurements with ZJ,.V, || c and ficu || a are 

requiredd in order to determine the components of the tensor. The Knight shifts are given by 

,, - (5.5) 

i.e.. by plotting the Knight shifts versus the bulk susceptibilities. A (̂Xc) and K^fa), the dipolar 

tensorss at the u-s.s. can be evaluated and compared with the ones calculated for the different 

interstitiall  crystallographic sites. 

TF-jiSRR spectra were taken in a field of B,st = 0.6 T applied along the a- and c-axis in the 

temperaturee range 2-300 K. Typical fast Fourier transforms of the signals are shown in Figure 

5.6.. The asymmetric shape of the peak at low temperatures indicates that at least two frequencies 

aree present. As the temperature increases the frequencies tend to "collapse". 

Bestt fits to the data were obtained by using a two component depolari/.ation function: 

P{t)P{t) = A] cos(to,/ + 0)e '"'+ A: cos{co:/ + ty)e"~-' . (5.6) 

wheree the phase 0 is the angle between /*M(0) and the direction perpendicular to the detector. The 

bestt fits are obtained for A[-A2. which means that the two stopping sites have the same 

multiplicity.. The observed frequency shifts and line widths are shown in Figure 5.7a and Figure 

5.8a.. respectively. The Knight shift is calculated by 

co,, -co() / >4TTA/ 

KK  =— ^ - ( i - A ^ J -
co (1 1 B B 

(5.7) ) 
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wheree the magnetization 4KM has the same units as BeM and co,, = Yufi,-u- The sample has an 

irregularr shape which hampers an accurate estimate of the demagnetizing factors /Vac. In Figure 

5.7b.. the Knight shift is shown in a plot of A".1L versus Xa.c (Clogston-Jaccarino plot) where the 

approximatee values ;Va ~ 0.3 and A', ~ 0.6 were used. Due to the small frequency shifts observed, 

smalll  differences in A/a.c change significantly the slopes of K-JxJ a n" Kc(xc). The large error bars 

inn Figure 5.7b result from an assumed uncertainty 8N = 0.1. Since the dipolar tensor elements 

followw from the relation 

vv  A^  A j / 
itt is obvious that they cannot be extracted reliably from the experimental data. Hence the muon 

stoppingg sites cannot be determined in this way. 

Al Al (5.8) ) 

r== io K os 

t t 

:: \ 

nr^-^a^rr*-.!--:*nr^-^a^rr*-.!--:* >ü? _ - ^ ^ ^ ; i J J J 

.•• " iaga&g 

2 nn Co ( M H z ) 

«22 83 

Figuree 5.6 - Fast Fourier transforms of the TF-|iSR signals at T= 2. 10 and 20 K with «„, = 0.6 T 
andd BcM || c in U;Pt;In. The full lines are the sum of the two components represented h_\ 
thee dashed lines. 



104 4 ChapterChapter 5 

0.3 3 

0.2 2 

0.1 1 

0.0 0 

-0.1 1 

-0.2 2 

0.3 3 

_ _ 

_ _ 

otf * * 

--

'4 '4 

* * 

' ' 

ii . 

1 1 

i i 

ii  ' i ' 

 co. (BM 

 '"2 < S « 

co,, (BM 

00 co, (BM 

1 . 1 . . 

lie)) -

lie) ) 

III a) -

III a) 

--

g g 
--

--

--

50 0 IOC: : 

(as s 

1500 200 

7(K) ) 

2500 300 

•• K. (BM||C) 

''  *  (B e„ l ! C > 

KK (SJia) 
 ^ (BeJla> 

.» • • 
H.»-c«-u—— e j 

(b) ) 

55 10 15 20 25 

^ ( I t f r r f / m o l J J 
3: : 

0.003 3 

0.002 2 

0.001 1 

0.000 0 

-0.001 1 

-0.002 2 

35 5 

Figuree 5.7 - TF (Bex, = 0.6 T) frequency shift (a) and Knight shift (b) of U:Pt2In. The error bars in K 
includee the uncertainly in the demagnetizing field corrections. The lines are guides to the 
eye. . 

--

'-if' '-if' 
* * » * * 

 /.. 

•• \ 
'.. '.. 

00 \ 
1 1 

1 1 

\ < < 

00 c» 

<B«lle) ) 
(SeJ|c) ) 

(SMl|a) ) 
(9,11a) ) 

11 , 1 

"1 1 
^ ^ 

' ' 

. . 

--

--

0.003 3 

-- 0.002 

0.001 1 

0.000 0 

-0.001 1 

-- -0.002 

1000 0.0 0.2 

(b) ) 

0.4 4 0.66 0.E 

XX (us"1 

1.00 1.2 1.4 

Figuree 5.8 - Temperature (a) and Knight shift (hi dependence of the TF (Bex, = 0.6 Ti line width in 
UiPtiln.. The error bars in K include Ihe uncertainty in the demagnetizing field 
corrections.. The lines are guides to the eve. 



MuonMuon spin relaxation and rotation in UiPtjIn 105 5 

Inn Refs. 4 and 5, the p.SR technique has been used to investigate the possibility of Kondo 

disorderr as the main route for non-Fermi liquid behaviour in the system UCu? xPdv Due to the 

inhomogeneouss distribution of Kondo temperatures arising from disorder, there is a broad 

distributionn of the heavy-fermion spin polarization, which is reflected in the U.SR line width. 

Inn the case of U^Ptiln. the (i-s.s. are not known and the Knight shifts cannot be determined 

accurately.. Therefore, these data cannot be used to test the Kondo disorder model. However, 

becausee the Knight shift is proportional to the local susceptibility and the line width is related to 

thee spread of the local susceptibilities, an inhomogeneous line broadening is expected if Kondo 

disorderr is present in the system. This means that the line width wil l have a stronger dependence 

onn x than the Knight shift and X(K) wil l deviate from a straight line. In Figure 5.8b. K(k) is 

plottedd for U2Pt2In. Considering the error bars, there is no evidence of an inhomogeneous line 

broadeningg due to Kondo disorder. 

Thee ZF-U.SR data suggests that one of the p-s.s. is the 4c site. Since ,4, = A2 in the TF-U.SR, 

thee other signal should originate from a site with the same multiplicity as 4c. However, 

consideringg the large value of 1,. it is possible that signal 1 corresponds in fact to a sum of two 

signalss originating from two u.-s.s. with lower multiplicity, which cannot be resolved in the fits 

duee to the small frequency shifts. The only possible sites are 2a and 2b. This means that the total 

TF-U.SRR spectra could be fitted with the function 

nr)nr) = ̂ [PG((a^Xj)+P^2Mz^)]+^PA^J^,j) - (5.9) 

withh PG(wt.Xt) = cos(cof+(t)) e". Due to the different low-temperature susceptibilities at the sites 

2aa and 2b, a sum over the two signals would be reflected by a large value of X\. while CO] 

correspondss to an average frequency for the two sites. The different susceptibilities at the 2a and 

2bb sites are well justified by considering their distances to the nearest U neighbours (Table 5.3). 

Thee 2a site is relatively close to U(4g) and the 2b site is close to U(4f). As mentioned in Section 

4.3.. polarized-neutron experiments show that the field-induced susceptibility of the U atoms is 

strongerr at the 4f site than at the 4g site. Therefore, the susceptibility at the 2b site is expected to 

bee higher than at the 2a site. 
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Tablee 5.3 - Distances between different interstitial sites and the U sites in U;Pt;In. 

sitee L-site </<A) site U-site </<A) site L'-site (/(A) 

~7aa 4f 3.647 2h 47 1.790 4^ 4? 2.873 

4iii  I.%1 4u 3.476 4g 2.822 

5.4.5.4. Summary 

Thee most important conclusion that can he drawn from the ZF-. LF- and TF-uSR 

experimentss on LNPtTn is the absence of weak static magnetic order. 

Bestt tits to the ZF muon relaxation curves are obtained by using a two-component 

function,, consisting of a Gaussian and an exponential term. LF uSR spectra clearly show that the 

exponentiall  component is of dynamic origin, while the Gaussian component is static. The 

Gaussiann term is attributed to a random distribution of In nuclear moments. The amplitude and 

thee line width of the exponential term increase strongly below 7.5 K. Since /AT) goes through a 

maximumm at about the same temperature, this term is most likely associated with the stabilization 

off  antiferromagnetic fluctuations. 

Thee depolarization rate of the Gaussian component strongly suggests that one of the muon 

stoppingg sites is the 4c site. The irregular shape of the sample and the small frequency shifts 

observedd hamper a proper analysis of the TF data. The data are however consistent with an 

occupancyy of the 2a. 2b and 4c sites by the muons. No evidence for Kondo disorder was found 

fromm the TF line widths. 
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V yy  • Probing U2Pt2ln in the Doniach 

phasee diagram 

Inn order to probe the (Doniach) phase diagram of U2Pt2ln. resistivity experiments under 

pressuree and Th-doping studies were carried out. The main role of replacing small amounts of U 

byy Th is an expansion of the unit cell, while applying hydrostatic pressure gives the opportunity 

too study the effects of unit-cell volume reduction. This in turn changes the conduction-electron -

/^electronn hybridization and therefore the exchange interaction J. Assuming that U2Pt2ln is close 

too a quantum critical point, it is of interest to study the eventual emergence of magnetic order 

withh Th doping or the recovery of the Fermi-liquid state under pressure. 

Experimentss under pressure were also performed on U2Pd2In in order to study the 

suppressionn o\' the antiferromagnetic ground state. As mentioned in Section 4.1. U;Pd:In is an 

antiferromagneticc heavy-fermion material. On the magnetic side of the Doniach diagram (see 

Figuree 6.17a in Section 6.5). it is the compound closest to U2Pt2In. 

Thee magnetic ground states of some of the 2:2:1 compounds, prepared in single-crystalline 

form,, were investigated, which confirmed their location in the Doniach diagram (Section 4.1.2). 

Thee results are presented in Section 6.4. 
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6.1.6.1. Pressure effects on the resistivity of U2Pt2ln 

Resistivityy measurements under pressures up to 1.8 GPa and in magnetic fields up to 8 T. 

weree carried out in the temperature range 0.3-300 K. The data were taken on bar-shaned single-

crystalss of U:Pt2ln by using a standard four-probe method. Experiments under pressure were 

carriedd out by using the CuBe piston cylinder-type clamp cell described in Section 2.3.1. The 

pressuree values presented in this chapter were corrected for an empirically established efficiency 

off  80%. For each pressure, the resistance curves were normalized to 1 at room temperature. In 

thiss way. possible changes in the geometrical factor (mainly in the distance between the voltage 

contacts)) are taken into account. 

Ass shown in Section 4.2.2. the zero-pressure resistivity curve of UiPtzIn for / || c follows a 

powerr law of the type p ~ T" with a ~ 0.9 at the lowest temperatures. Upon increasing the 

pressure,, a gradually increases for p< 1.0 GPa (Figure 6.1). However, as the pressure is 

increasedd above 1.0 GPa, a minimum in the resistivity develops, which becomes more 

pronouncedd at the highest pressures. 
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Figuree 6.1 - Low-temperature dependence of the resistivity of U2Pt2In for / || c at different pressures. 

/ l i e e 

O O 

* * 

00 o 

. a a 

• • 

o o 

* * 
• • 

QQ 0 o o < 

..-a-- * 
-B--

p=0 0 
0.22 GPa 

0.66 GPa 
1.00 GPa 
1.44 GPa 

1.88 GPa 

. . 
& & 

" " 
--

--



110 0 ChapterChapter 6 

Inn order to investigate whether the observed minimum has a magnetic origin, 

measurementss of p(7") in magnetic fields (B \\ I) were performed at p= 1.8 GPa (Figure 6.2a). 

7~minn decreases smoothly with the strength of the applied magnetic field: Tm-m ~ 4.8 K for 0 = 0 

andd 7"mjn ~ 2.2 K for 8 T. Also, the minimum becomes less pronounced with increasing field. Due 

too the limited range of temperatures and fields available and the relative uncertainty in determine 

TTmmii nn,, it is not possible to clearly trace the evolution of rm;n with B. Figure 6.2b shows that the 

dataa can be fitted with a linear dependence. B = Bu(\ - Tlmn/Tt)) with So = 14.2(7) T and 

7"oo = 4.7(1) K. A typical antiferromagnetic-like field dependence of the ordering temperature. 

BB = B0{1 - (TmJT0)
2f with (3 = 0.8. B0 = 9.2(8) T and T0 = 4.4(2) K, cannot be excluded. 

However,, the latter produces a poorer fit. The field effect on the resistivity curves suggests that 

TTmminin has a magnetic origin. Whether T,mn is associated with magnetic ordering remains 

unresolved. . 
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Figuree 6.2 - (a) Temperature dependence of the resistivity of UiPtiln for / || c and /> = 1.8 GPa at 
differentt longitudinal fields, (b) Field dependence of /',„,„. 

Itt is of interest to note, however, that the structure in p(7") at /; = 1.8 GPa resembles, to a 

certainn extent, the one of an antiferromagnetic phase transition of the spin-density wave type, as 

observedd e.g. in the heavy-fermion antiferromagnets UR^Si: (7\ = 14 K) 111 and UfPto^Pdoosh 

(7"NN = 5.8 K) |2|. In these compounds. p(7~) increases below T\ because of the opening of an 
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energyy gap. At about 0.97\-, p(7") develops a local maximum, below which the resistivity drops 

becausee of the ordered structure. The data in Figure 6.1 for U:Pt2ln under pressure, show no local 

maximumm at temperatures T> 0.157™,,,. If 7"mm is indeed associated with magnetic ordering, the 

absencee of a local maximum is possibly due to the large value of the residual resistance of the 

samples. . 

Thee emergence of a magnetic component to p(7") upon applying pressure is quite 

surprising.. Applying pressure on a compound at the magnetic instability normally leads to an 

increasee of the control parameter J and brings the compound in the non-ordering Fermi-liquid 

regime.. A possible explanation for this unusual behaviour might be offered by assuming that the 

controll  parameter J is not governed by the volume, but by the c/a ratio of the tetragonal unit cell. 

Thiss is suggested by the comparison of the unit-cell volumes and c/a ratios of U:Pt2ln and the 

antiferromagnetss U2Pd2In (7\ = 37K) and U:Pt:Sn (7"N=15K) [3]. Whereas the unit-cell 

volumee of UnPtTn is smaller than that of LNPd2ln and larger than that of INPt^Sn, the c/a ratio is 

alwayss smaller (for simplicity the doubling of the crystal structure along the c-axis in single-

crystallinee ILPbln has not been taken into account) |4]. Thus the appearance of magnetic 

orderingg under pressure could be the result of an increase of the c/a ratio. This in turn requires 

thee compressibility to be anisotropic. 

Inn order to determine the compressibility of U2Pt2ln. X-ray diffraction experiments were 

performedd under pressure at RT by T. Naka (NRIM-Tsukuba. Japan). The resulting lattice 

parameterss under pressure are presented in Figure 6.3. Both the c and a parameters decrease 

almostt linearly with pressure. The compressibility values are almost identical for both axes: 

K;11 = 0.220 Mbar and Kc = 0.242 Mbar . while the volume compressibility amounts to 

KK = 0.682 Mbar . This means that between /?=() and 1.8 GPa. the c/a ratio does not change 

significantlyy (it actually decreases 0.047c). This invalidates the hypothesis that the c/a ratio is the 

controll  parameter for lJ2Pt2ln in the Doniach diagram. 

Resistivityy experiments under pressure were also carried out for the current along the a-axis 

(Figuree 6.4). Interestingly, the results differ very much from the results for I \\ c. In Section 4.2.2 

itt was shown that the zero-pressure resistivity curve for / || a follows a power law p ~ T'" with 

aa = 1.25 at the lowest temperatures. Upon increasing the pressure, a gradually increases and no 

minimumm in p( 7") is observed up to p - 1.8 GPa. 
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Figuree 6.3 - Pressure dependence of the lattice parameters of U:Pt2In. 
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Figuree 6.4 - Low-temperature dependence of the resistivity of U2Pt2In for / || a at different pressures. 

Thee pressure dependence of the exponent a is shown in Figure 6.5a. The Fermi-liquid 

valuee of a = 2 is reached at p ~ 1.0 GPa. Upon further pressure increase, there is an increase of 
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thee temperature 7>L below which a p ~ T~ behaviour is observed. The pressure dependence of 

7FLL is shown in Figure 6.6b. According to the theory of Rosch [5] for the resistivity of heavy-

fermionn materials close to an antiferromagnetic quantum critical point (see Section 2.4). the 

temperaturee below which a p ~7 behaviour is observed should vary initially as 7Vi. = «i (p-pc) 

andd at higher pressures as TFL = am ip-po) , where pc is the pressure at which the QCF occurs. 

Thee region where the linear behaviour is observed depends on the amount of disorder x in the 

systemm (,v=l/RRR). The Tmip) behaviour in L^Pbln for / || a is consistent with a linear 

dependencee with pc = 0. A p ~ T region is predicted to occur for x < TIV < xU2 (x < 1). where T 

definess the temperature scale where the spin fluctuations are destroyed (F ~ 7R or 7"a)h). Defining 

aa region where p ~ T for the different pressure values (see Figure 6.6a for p= 1.8 GPa). the 

diagramm of Figure 6.6b can be constructed, from which it follows that x = 0.34 and T = 8.l K. 

Thee fact that x < 1/RRR indicates that the residual resistivity observed in UiPtiln for / || a is not 

uniquelyy due to impurity or defect scattering. The distance to the QCP is given by r=  L,p with 

CC = 0.11 GPa'. 
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Figuree 6.5 - Pressure dependence of the resistivity exponent a lor / || a. 
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Figuree 6.6 - (a) Temperature dependence of pa - pn.a for UiPtiln under p = 1.8 GPa. (b) Pressure 
dependencee of the temperature below which p ~ T' and the temperature interval where 
pp ~ T. The lines are defined in the text. 

Therefore,, the resistivity data under pressure for I |j a are consistent with the location of 

UiPt :^^ at or close to a QCP. Pressure increases the exchange parameter J. shifting the 

compoundd towards the non-ordering Fermi-liquid regime. These results for I || a indicate that the 

minimumm in pc(7) is most probably not related to magnetic order. 

Att high temperatures, the resistivity curves also have different characteristics for the two 

crystallographicc directions. The anisotropy in the transport properties increases with pressure in 

thee whole temperature range studied, as shown in Figure 6.7. As the pressure is increased. pa 

tendss to decrease, while pc increases, thus the difference pc - pa increases (Figure 6.7b). 

Assumingg that the difference pc(7") - pa(7) is due to an extra resistivity component only present 

forr 11| c. the effect of pressure is to enhance this component, without significantly changing its 

temperaturee dependence. This implies that the minimum in pc(7) is probably a consequence of 

thee enhancement of a resistivity component for ƒ || c. 
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Figuree 6.7 - (a) Temperature dependence of the resistivity of U2Pt2In for / || a and / || c at different 
pressures;; (b) Difference pc(7")-pa(7"). Notice the log'/'scale. 

Thee temperature Tm at which a maximum in the resistivity occurs increases strongly for 

ƒƒ || a. but decreases slightly for I || c. According to the theory of Yoshimori-Kasai for the dense 

Kondoo system [6], the temperature Tm is approximately proportional to the Kondo temperature 

7K.. The volume dependence of 7K is given by a Griineisen parameter defined as 

d\uTd\uTv v 

r. . ainv v 

wheree VQ = V(p=0). Since Tm <x 7K. it follows that [7] 

'v-vA' 'v-vA' 

(6.1) ) 

v: : 
in n 

TJP) TJP) 
TJO) TJO) 

(6.2) ) 

Thee volume change is AV/V0 = -Kp. The values of ln[7,„(/;)/7m(/;=0)] are plotted versus 

AV/Vnn in Figure 6.8. The slope of the straight lines through the data points yields the value of TK. 

Nott considering the point for 11| a at p = 1.8 GPa. where the maximum is not well defined, a 

valuee of rK.a = 1 can be estimated for I \\ a. This value is close to the values of 59 and 65 

reportedd for the heavy-fermion compounds CelnCui and CeCufl . respectively [7]. This indicates 

thatt the strong pressure dependence of Tm observed in l^Pt^In (/ || a) is not unusual. The increase 

off  7"K reflects the increase of the conduction electron -/-electron hybridization and. therefore, the 
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increasee of the exchange parameter J. This is in agreement with the appearance of a FL p ~ T~ 

behaviourr at low temperatures. 

Thee slight decrease of Tm for 11| c. on the other hand, is unexpected. A similar analysis of 

thee pressure dependence of Tm as performed for / 1| a. yields a Griineisen parameter 

r K cc = -6.8(7). Since 77K should not depend on the current direction, this value of FK.C indicates 

thatt the maximum observed in pc(T) is not due uniquely to the Kondo effect. The enhancement of 

ann extra anisotropic resistivity component under pressure (mainly present for 11| c) occurs even at 

highh temperatures (Figure 6.7b). Therefore Tm cannot be taken to be proportional to TK for this 

currentt direction. 
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Figuree 6.8 - Values of \n[Tm(p)/Tm(p=0)]  as a function of volume change [V(p=0)-V(p)\/V(p=0) for 
U2Pt2In. . 

Resistivityy measurements under pressure were also performed on other single-crystals of 

U2Pt2ln.. Although all the crystals were cut from the same batch, there is a slight sample 

dependencee of some of the features. The data under pressure presented so far were all measured 

onn one single crystal (sample #1). It had a platelet shape such that the current could be applied 

alongg the a- and c-axis. Measurements on a second crystal (sample #2) with I || c and on a third 

crystall  (sample #3) with / || a. confirm the overall behaviour of the resistivity curves under 
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pressure:: an increase of the transport anisotropy. the development of a minimum in pjT) at low 

temperaturess and the recovery of a T~ term in p.^T). 

However,, the values of 7~mm are different for samples #1 and #2. For sample #2. the 

minimumm shows up for p> 1.2 GPa and attains values of 7mm ~ 1.2 K at p = 1.5 GPa and 

TTminmin -2 .1 K at p = 1.8 GPa 18J. The field dependence of 7mm at p - 1.8 GPa has the same form as 

shownn in Figure 6.2b for sample #1. Also, at high temperatures, the absolute values of the 

maximumm Tm are slightly different, but the pressure dependence of 7"m remains the same. The 

Griineisenn parameters obtained are rK.;, ~ 45 (sample #3) and rK., - -2 (sample #2). These values 

doo not differ significantly from the values obtained for sample #1. 

6.2.6.2. Studies  of  Th doping  in  U2Pt2ln 

Resistivityy studies on polycrystalline {U|.xThx)2Pt;In samples ( 0 < x< 1) reported in the 

literaturee [9.10], indicate that the low-temperature behaviour of p(7) gradually changes, from 

linearr in T as observed for undoped U:Pt2ln towards a quadratic behaviour as the Th content 

increases.. The resistivity of the sample with x = 0.1 shows a knee at about 19 K. which suggests 

magneticc ordering. However, it should be noted that a small amount of UPt impurity phase, 

possiblyy present in the sample, could also give rise to a similar anomaly, as UPt has two 

ferromagneticc transitions at 19 K and 27 K [ 1 1). 

Inn this section, results are presented on polycrystalline samples of (U|_v,ThO:Pt:In with 

x = 0.. 0.03. 0.08 and 0.1. The samples were prepared by L.CJ. Pereira (Technological and 

Nuclearr Institute. Portugal) by arc-melting the constituents under a purified Ar atmosphere. The 

crystallographicc structure and the lattice parameters were determined by X-ray diffraction [12]. It 

wass found that all polycrystalline samples crystallize in the simple U;,Si:-type of structure. The 

latticee parameters and unit-cell volume are given as a function of x in Figure 6.9. The unit-cell 

expansionn is almost isotropic. The volume increases linearly with x. However, the prepared 

materialss were not single phase. All samples have small amounts of UPt and/or UPtln as 

impurityy phases. UPtln is an antiferromagnet with 7\•= 15 K [ 13|. Due to the non-single phase 
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characterr of the Th-doped samples, the results presented here should be considered as 

preliminary. . 
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Figuree 6.9 Lattice parameters and unit-cell volume of polycrystalline (Ui.xThx)2Pt2In. Data taken 
fromm Ref. 12. 

Ass mentioned in Section 4.3.3, specific-heat measurements on polycrystalline UiPfdn 

showw the same logarithmic divergence of cIT as observed on single crystals. However, in the 

polycrystalss small amounts of UPtln and UPt impurity phases were detected by X-ray diffraction 

andd magnetization measurements. These small amounts of impurity phases (less than 5 w.%) 

weree not detected in the specific heat. Due to the high electronic specific heat of ILPtiln, the 

low-temperaturee contribution from the impurity phases is unobservable. 

Magnetizationn measurements were performed on (Uo.95Th0.o5)2Pt2ln in the temperature 

rangee 2-300 K and in fields up to 5 T. Both the temperature and field dependence of the 

magnetizationn M reveal the presence of a ferromagnetic component with Tc ~ 25 K. consistent 

withh an UPt impurity phase. The M{B) curves are shown in Figure 6.10a. Below 30 K. the 

saturationn of the ferromagnetic contribution of the UPt impurity phase in low fields is clearly 

visible.. At higher fields M(B) is almost linear. Assuming that the high-field linear behaviour 

(B>(B> 1 T) is only due to the main phase, the susceptibility %DC of (Uo.ysThn.ojbPt:̂ can be 

extractedd by taking the slopes of the M(B) curves at high fields. The low temperature values of 
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thee magnetization obtained by extrapolating the linear high-field behaviour to B=0 are consistent 

withh the presence of about 3 w.% of UPt. in agreement with the value estimated from the X-ray 

structuree refinement. The results of J(dc = und/V//dB are shown in Figure 6.10b. A maximum in 

XdcCOXdcCO appears at low temperatures. The maximum possibly indicates antiferromagnetic ordering 

att TS _ g(2̂  K. However, it is also nossible that the maximum is related to the presence of short-

rangee antiferromagnetic correlations, as in the case of U;PtTn with B || c. The high-temperature 

(T>25K)) XöAT) curve follows a modified Curie-Weiss law with %0 = 1-4(1 )xl0"8 m3/molu, 

(J.efff  = 1.8(4) u:B/U and 8 = -29(2) K. However, it should be stressed that due to the presence of 

impurityy phases, the Xdc(7") curve should be considered as indicative and its analysis should be 

takenn with care. 

1.4--  - - - 14 

(UU "m ) Pt In / T=2K. f, 

1.2-- / - -' " 12 

(a)) Sm (b) 7-C0 

Figuree 6.10-(a) Field dependence of the magnetization of (Ui,9?Th„ (ls):Pt;In. (b) Temperature 
dependencee of Ihe high-field slope of the M(B) curves. The line represents a modified 
Curie-Weisss law. 

Zero-- and transverse-field (iSR experiments were carried out on the same 

(Uo.95Tho.o5hPt2lnn sample in the temperature range 2-200 K. Reasonable fits to the zero- and 

0.011 T transverse-field spectra can be obtained with a Gaussian or exponentially damped 

depolarizationn function. An important feature of the data is that part of the asymmetry is missing. 

Inn the TF-ttSR spectra with B - 0.01 T. the full asymmetry A ~ 0.24 is observed above 15 K. 
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Thiss value of the asymmetry is determined by the experimental geometry and sample size. Below 

aboutt 15 K the asymmetry drops to a value of A -0.15. which implies that an additional fast 

componentt to the pSR signal appears, which has not been accounted for in the fits. A fast 

component,, i.e.. a component with a high depolarization rate, must have its origin in a 

magneticallyy ordered phase. The drop in the asymmetry near 15 K (M ~ 0.09). is too high to be 

attributedd to the presence of- 3 w.?c of UPt impurity phase. 

Althoughh no reliable fits to the spectra at low temperature were obtained, a common 

featuree appeared in all fit attempts: as the temperature is decreased below 25 K, the zero-field 

depolarizationn rate increases and has a tendency to diverge at about 10 K. below which it regains 

aa low value. A divergency of the depolarization rate is often associated with an antiferromagnetic 

transitionn [14], which is in agreement with the antiferromagnetic-like XDC(T) curve. 

Transversee field pSR experiments in 0.01 T were carried out on (U<).t,7Tho.o3)2Pt2ln for 

2.55 < T< 100 K. In contrast to the results obtained on the x = 0.05 sample, no significant loss of 

asymmetryy was found at low temperatures. Best fits to the spectra were obtained using a damped-

Gaussiann depolarization function: P(t) = PG(t) exp(- K̂0 with PG(t) = exp(-AG
2r/2)cos(coO- Here, 

thee temperature-independent Gaussian relaxation rate was found to be AG = 0.17ps'. which 

possiblyy accounts for the In nuclear contribution. This value is much reduced with respect to the 

onee observed on U2Pt2In (AG = 0.34 u.s_1). It should be noted that the crystallographic structures 

aree different and therefore different muon stopping sites might be involved, leading to a different 

valuee of AG from the distribution of In nuclear moments. The damping of the Gaussian term is 

observedd below 10 K with XE increasing below this temperature. Whether this increase is 

associatedd with a dynamic or a static magnetic component cannot be determined from the 

availablee data set. 

Recently,, polycrystalline (U|.xTh,)2Pt2ln samples with x = 0.03. 0.05, 0.08 and 0.1 were 

preparedd with lower amounts of impurity phases [12]. Specific-heat measurements carried out by 

G.. Bonfait (Technological and Nuclear Institute. Portugal) on these samples do not confirm 

magneticc order above 2 K. It would be of interest to carry out U.SR experiments on these samples 

ass well, in order to look for weak magnetism. Clearly, single-phase samples are highly desirable 

too reliably determine the presence of magnetic order. 
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6.3.6.3. U2Pd2ln - resistivity under pressure 

Ass mentioned in Section 4.1. U;Pd;In is an antiferromagnet with 'f\ = 37 K 115.16]. The U 

magneticc moments are confined to the basal plane and form a non-collinear magnetic structure. 

Att lOK.Ui = 1.6 ,uB [15]. 

Resistivityy measurements under pressure were performed on a single crystal of LNPdiln in 

thee temperature range 0.3-300 K at pressures up to 1.8 GPa. The shape of the sample restricted 

thee current to be applied along the [101] direction. The p(7") curves are shown in Figure 6.1 la for 

pp = 0.2, 1.0 and 1.8 GPa. The shape of the curves does not change significantly with pressure. 

Thee value of 7\ decreases only slightly from 37.4(5) K at p = 0.2 GPa to 35.2(5) K at 

pp = 1.8 GPa (Figure 6. l ib) . 
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Figuree 6.11 - (a) Temperature dependence of the resistivity of U2Pd2In for different pressure values, 
(b)) Pressure dependence of 7\. The line is a guide to the eye. 

Thee small decrease of 7\, under pressure is consistent with the location of U;PdTn at the 

maximumm in the Doniach phase diagram for the U2T2ln family of compounds (Section 4.1.2 - see 

alsoo Figure 6.17). Upon pressure, the hybridization increases and thus also the exchange 
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interactionn J. For p < 1.8 GPa. the increase of the hybridization strength only shifts the position 

off  the compound in the Doniach phase diagram around the relatively broad maximum of T\(J). 

6.4.6.4. Magnetization  studies  of  several  U2T2X compounds 

Inn order to partially confirm the general Doniach phase diagram for the U:T;>X family of 

compoundss presented in Section 4.1.2. the magnetization MA and Mc. where a and c denote the 

directionn of the applied field, of several U:T:X single-crystals was measured for 7">2K and 

BB < 5.5 T. The measurements were performed after zero-field cooling (ZFC) and. in some cases, 

afterr field cooling (FC). using a SQUID magnetometer at the University of Lisbon. 

6.4.1.. U2Co2Sn 

Abovee 25 K the magnetizations Ma and A/L of U2Co2Sn (Figure 6.l2a) are linear functions 

off  #. which is typical of a paramagnetic state. At lower temperatures. M^B). and to a lesser 

extentt MjB). depart significantly from linear behaviour. Over the entire temperature range and 

forr B < 5.5 T. ML > MA which shows an important easy-axis anisotropy. 

Thee M(T) curves do not show any sign o\' magnetic ordering (see Figure 6.12b for B \\ c at 

22 T). Above 20 K. the d.c. susceptibility curve. yjT) = M(T)IH. follows a Curie-Weiss law with 

66 =-24.5 K and a reduced effective moment \xM - 1.65 |aVU. indicating the presence of 

hybridizationn effects. For all field directions, the low-temperature ( 7 < 2 0 K) MIH values are 

higherr than those given by the Curie-Weiss law extrapolated from the high-temperature range, as 

shownn in Figure 6.12b for the c direction. The observed difference could indicate the presence of 

ferromagneticc spin fluctuations. However, the negative paramagnetic Curie-Weiss temperature 9 

suggestss antiferromagnetic correlations. The two contributions indicate the possibility of 

differentt magnetic interactions on the U and Co sublattices. It should be noted however, that the 

MiB)MiB) curves are not linear below 25 K. This means that the comparison of the MIH values with 

thee Curie-Weiss behaviour should be taken with care. 
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Figuree 6.12 - Magnetization of U:Co;Sn (solid symbols: B || c: open symbols: B||a). a) Field 
dependencee at T= 2 and 25 K. b) Temperature dependence measured in a field of 2 T 
appliedd along the c-axis. The line represents a high temperature Curie-Weiss behaviour. 

Inn order to determine if the Co atoms carry a magnetic moment, the magnetization density 

distributionn in the unit cell was measured at 2 K by means of polarized-neutron scattering 

experimentss under a magnetic field of 5.5 T applied along the c-axis 117|. It was found that the 

majorr contribution to the magnetic susceptibility is located on the U atoms. u( =0.1 18(3) LtB. but 

aa small response from the Co atoms was also present. |i(„  = 0.013(2) |iB. At 2 K and 5.5 T. the 

inducedd magnetization along the c-axis is 0.220 uB/f.u. to be compared with a value of 

0.262(7)) jiB/f.u. determined by neutron scattering. The difference is likely due to a negative 

conduction-electronn polarization. 

6.4.2.. U2Ru2Sn 

Experimentss carried out on polycrystalline samples have shown that U:Ru2Sn is a weak 

itinerantt paramagnet [18]. This is confirmed by magnetization measurements on single crystals. 

AA linear behaviour of the magnetization is observed as a function of applied fields up to 5.5 T 

(Figuree 6.13a). MIT) shows a weak temperature dependence (Figure 6.13b) and the 
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magnetizationn curves show no difference when measured after ZFC and FC. At room 

temperature,, the susceptibility along the a-axis reaches a value of 2.51x10" mVmol only. This 

valuee is further gradually reduced below 200 K to 1.98x10s m7mol at T=5 K. 

0.005 5 

0.015 5 

0.010 0 

0.005 5 

ii ' i 

B||| a 

 7 = 5 K 

I = 5 0 K K 

** I= IOOK 
• • 

--

;

-- ; ' 

B"" I . I i 

(a) ) 

3 3 

B(T) ) 

0.004 4 

0.003 3 

0.0022 c 

0.001 1 

*->*-> 0.000 
300 0 

Figuree 6.13 - Magnetization of U2Ru2Sn for fields applied along the a-axis. (a) Field dependence at 
temperaturess as indicated, (b) Temperature dependence at li  = 1 T. 

Recently,, resistivity data taken on polycrystalline samples were reported [19]. which 

possiblyy reveal Kondo insulating behaviour. A sharp rise in the resistivity was observed at low-

temperaturess (T< 30 K). which could be an indication of semiconducting behaviour due to gap 

formationn in the electronic density of states with an energy gap of the order of 1 K. So far, this 

hass not been confirmed by the single-crystal magnetization data. 

6.4.3.. U2Rh2Sn 

Thee ZFC magnetizations. Ma(T) and MQ{T), of U2Rh:Sn are shown in Figure 6.14a for 

BB = 0.05 T. For both field directions a well defined peak in the susceptibility is observed, which 

signalss an antiferromagnetic transition with a Néel temperature Ts = 28(2) K. 
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Overr the whole temperature range studied Ma < Mc. This shows that the unique tetragonal 

axiss is the easy axis for magnetization. The pronounced peak observed in MC(T) indicates that the 

magneticc moments are aligned along the c-axis. In a simple ideal antiferromagnet. the 

susceptibilityy measured for the field direction perpendicular to the magnetic moments should be 

almostt constant below 7*N. The small peak at 7\ observed in Afa(7) is possibly due to a small 

misalignmentt of the crystal with respect to the magnetic field direction. In fact, if one considers a 

misalignmentt of only 5° between the field direction and the a-axis. the magnetization becomes 

almostt constant for temperatures up to 7N and the peak is much reduced (Figure 6.14a). 

Thee M(B) curves (Figure 6.14b) show a linear behaviour for fields up to 5.5 T in both 

directionss (B || c and B || a). No hysteresis was observed for either field direction over the whole 

temperaturee range studied. 
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Figuree 6.14 - Magnetization of U:Rh:Sn. a) Temperature dependence for B = 0.05 T (the dotted line 
representss the corrected magnetization curve for B || a assuming a misalignment of 5° -
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Thee susceptibility curves show that there is an important magnetic anisotropy even in the 

paramagneticc region. For B || c. a Curie-Weiss behaviour is detected for temperatures above 7\ 

withh 6 = -105(2) K and an effective moment per U atom |icn = 2.80 \XHI\J. For B || a. x~l(T) shows 

aa positive curvature for the higher temperatures in the paramagnetic region, well described by a 

file:///XhI/J
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modifiedd Curie-Weiss law with 0 = -60(2) K. uc!t - 1.34 uB/U and /u = 1.9xl()"s m7moltL1. This 

modifiedd Curie-Weiss behaviour could be due to a small misalignment of the crystal with respect 

too the direction of the field, which leads to an additional contribution from the c-axis to the total 

magnetizationn measured. Therefore, the smaller value of |iL.ty that was found for B \\ a should be 

treatedd with caution. Accurate determinations of p.cn along both axes require a perfectly aligned 

crystall  and an extension of the measurements to higher temperatures. It is likely that 

hybridizationn effects between the ^electrons and the ligands. as found in the UTX family of 

compoundss |2()]. contribute significantly to this strong anisotropy in the paramagnetic region. 

Antiferromagneticc order of the U moments was confirmed by neutron-scattering 

experimentss on a single crystal [21]. The data reveal that L^RhjSn orders in a collinear magnetic 

structuree along the c-axis with /. = (0.0.1/2) (magnetic unit cell doubled in the c direction 

comparedd to the nuclear cell). The refined value of the ordered magnetic moment at the U atom 

iss 0.53(2) HH. 

Interestingly.. L^Rh^Sn presents an exception to the empirical rule (obtained for the UTX 

compounds)) that the ̂ moments should point perpendicularly to the shortest f-f"bond distances, as 

inn this compound the shortest interuranium distances are found to lie along the easy axis 

U/„„  = 3.63 A). 

6.4.4.. U2lr2Sn 

Thee magnetization of LMriSn measured in fields applied along the a- and c-axis. shows the 

presencee of a ferromagnetic phase below 50 K (Figure 6.15). Below this temperature, the MIH 

valuess strongly deviate from a Curie-Weiss behaviour. The M(B) curves indicate the saturation of 

aa minority ferromagnetic phase at low fields, although the structural analysis of the single-

crystalss did not reveal the presence of an impurity phase. The impurity that is likely to be present 

inn small quantities in the samples at e.g. the grain boundaries, may be Ulr. a ferromagnet with 

TT(( = 46 K and \Xy ~ 0.5 | iB [22|. Considering that the slope of the M{H) curves at high fields is 

duee to the U;Ir;Sn matrix, the saturation magnetization of the ferromagnetic impurity can be 

extracted.. At 5 K one obtains \i\ i, ~ 0.003 |iB. Comparing this value with the moment of pure 

Ulr.. results in the presence of about 0.6(7r of Ulr impurity phase in the single-crystalline samples. 
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Figuree 6.15 - Magnetization of U:Ir ;Sn (solid symbols: B || c; open symbols: B || a), a) Temperature 
dependencee for 1 T applied along the a-axis. The line is a high-temperature Curie-Weiss 
fit.. b) Field dependence at T= 5 and 40 K. 

The-highh temperature (T> 50 K) susceptibility follows a modified Curie-Weiss behaviour 

withh a high Curie-Weiss temperature and a very much reduced effective moment: 

XoXo = 1.4x10" m /mol, 0 - -106 K and u.ct| = 1.0 \iu/U for B \\ a. A strong anisotropy is present in 

thee system which persists up to 300 K. typical of systems with pronounced spin fluctuations. The 

c-axiss is the easy direction of magnetization. 

Duee to the presence of the ferromagnetic impurity phase, a detailed study of the 

magnetizationn of LMi'̂ Sn was not carried out. 

6.4.5.. U2Ni2ln 

Thee magnetization of L'ATI n is linear in applied fields up to 5.5 T. The ZFC M{T) curves 

forr ITNiil n in a field of 0.05 T are shown in Figure 6.16. The measurements show a typical 

behaviourr of an antiferromagnet with 7\ = 15.0(5) K. In contrast with what is expected for 

antiferromagnetss with collinear structures, an extremely small magnetic anisotropy is observed in 

thee ordered state, as evidenced by the similarity of Ma(7) and MC(T). 
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Figuree 6.16 - Temperature dependence of the magnetization of L';Ni :In in a magnetic field of 0.05 T 
appliedd along the a. c and [110] directions. Insert: inverse susceptibility for B || a. 

Neutron-diffractionn experiments on a UiNiTn single-crystal [23] indicate a non-collinear 

antiferromagneticc structure with the moments aligned along the [110] and [110] directions and a 

magneticc propagation vector k = (0,0,1/2). The size of the ordered U moments amounts to 

0.92(2)) (ie and no moments were found on the Ni sites, in contrast with what was reported in 

studiess on polycrystalline samples [24]. 

Magnetizationn measurements were also performed with magnetic fields applied along the 

[11 10] direction. Also in this direction. M(T) follows the same behaviour as Md and Mc. High-

temperaturee fits of the susceptibility to a modified Curie-Weiss law yield the results shown in 

Tablee 6.1. The parameters obtained are similar in all field directions. 

Thee reason for the similarity of the M(T) curves for all studied field directions remains 

unclear. . 
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Tablee 6.1 - Results from the fits of the susceptibility ot'U;Ni:In to a modified Curie-Weiss law. 

BB |t [100] 

flfl  || [110] 

fi||fi|| [0011 

X'. . 
(10"yy m'/mol) 

1.8 8 

1.2 2 

1.9 9 

e e 
(K) ) 

-73 3 

-92 2 

-64 4 

Het, , 

(uB/U) ) 

2.3 3 

2.5 5 
ii  i 

6.5.6.5. Discussion 

Thee measured resistivity of LT:Pt2ln under pressure is consistent with an increase of the 

controll  parameter J upon pressure, bringing this compound into the Fermi-liquid regime. The 

pressuree dependence of the temperature 7"R. below which p;i ~ T2, is also consistent with the 

locationn of Ü2Pt2ln at or close to a QCP. A highly anisotropic resistivity component mainly 

presentt for I || c is strongly enhanced upon pressure. A minimum in pe(7*) develops as a 

consequencee of this enhancement. The origin of this extra component remains unclear. 

Thee effect of Th doping can be considered, in a first approach, as being equivalent to 

negativee hydrostatic pressure. A comparison between the unit-cell contraction upon application 

off  pressure and the unit-cell expansion upon Th doping, yields a value of -20.4 GPa/x. This 

impliess that AV/V() for x = 0.03. 0.05. 0.08 and 0.1 corresponds to - AV/V() for p = 0.6. 1.0. 1.6 

andd 2.0 GPa. respectively. 

Therefore,, magnetic order could be expected to occur for the Th-doped compounds. The 

orderingg temperature should increase with increasing Th content. Although the preliminary |iSR 

experimentss described are consistent with this hypothesis, the specific-heat results seem to 

contradictt it. The presence of impurity phases in the samples unfortunately hampers the proper 

determinationn of the magnetic phase diagram of (UMThJ:Pt:In. Therefore, the results regarding 

Thh doping presented in this chapter, should be considered as preliminary and taken with caution. 

Assumingg that the atomic coordinates do not change with pressure, the isotropic 

compressibilityy indicates that the primary effect of pressure is a uniform reduction of the 

interatomicc distances. Therefore, the hybridization matrices can be calculated for U2Pt:In under 

pressure.. The total hybridization Vt1 increases about 2.3% from />=() to p= 1.8 GPa. The 
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temperaturee 7>L below which a p ~ T~ behaviour is observed is plotted in Figure 6.17b as a 

functionn of' \\.~. where \\,r « J. 

Thee antiferromagnetic ordering temperature of l^Pcbln decreases slightly with pressure, as 

evidencedd by the resistivity measurements. Taking for INPcMn the same compressibility value as 

forr U:Pt;In. the hybridization can be calculated in the same way as before. From p=0 to 

pp = 1.8 GPa. VCf increases 2.47c. The values of 7\ are also shown in Figure 6.17b. 
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Recently,, magnetization, resistivity and neutron-diffraction studies on the system 

U2(Pti,NiJ;lnn have been reported [25]. No magnetic order was found down to 1.7 K for the 

polycrystallinee samples with x < 0.4. For x > 0.5. antiferromagnetism is present with 7\ 

increasingg from ~ 1 I K for x = 0.5 to ~ 14 K for x = 1. The evolution of Ts upon Ni doping is not 

consistentt with the Doniach phase diagram for the U;TTn compounds (Figure 6.17a). However, 

theree is a strong suppression of the heavy-fermion character of U:Pt2ln upon Ni doping which 

mightt reflect a strong modification of the density of states at the Fermi surface [25]. 

Thee tentative phase diagram presented in Figure 6.17b is consistent with the location of 

l^Ptil nn at or close to a quantum critical point (QCP). Whether the non-Fermi liquid behaviour is 
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presentt only at the QCP or for a finite region of J values around the QCP is a question that can 

onlyy be answered by a more thorough study of the phase diagram. This could be done by 

investigatingg single-phase samples of (U|_xThx)2Pt:In or preferably U:(Pt|XPdj2ln. 
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ffff  • Non-Fermi liquid behaviour in 

otherr uranium compounds 

Inn this chapter, the results are presented of the measurements of the thermal, magnetic and 

transportt properties of a few other uranium intermetallic compounds, which show non-Fermi 

liquidd behaviour (NFL) and/or quantum critical points. 

Thee first compound is a stoichiometric one: LNNhSn̂  NFL behaviour is observed for 

0.55 K < T< 5 K [ 1]. while at lower temperatures the Fermi liquid (FL) state is attained [2|. Upon 

applyingg pressure, the FL regime becomes more robust, as it is observed up to higher 

temperaturess | 3 |. As it wil l be shown, the data are consistent with the location of LhNnSn4 close 

too (but not at) an antiferromagnetic quantum critical point (QCP). 

Thee second system is the pseudobinary series U(Pt]XPdv)3. Pure UPh is an unconventional 

superconductor.. Upon alloying with Pd, superconductivity is suppressed and an 

antiferromagneticc phase with "large" ordered moments is found for 0.006 < x < 0.1. At the 

criticall  concentration xL = 0.006. both the superconducting and antiferromagnetic phase lines 

meett at a (7= OK) QCP [41. 

Thee last material is the system URh|ANuAl . On the Ni-rich side of the magnetic phase 

diagramm antiferromagnetism exists, while the compounds with a low Ni content order 

ferromagnetically.. The antiferromagnetic and ferromagnetic phases meet at x - 2/3. where 

magnetismm vanishes and NFL properties are observed [5). 

Thee experiments, of which the results are presented in this chapter, include: 
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-- specific-heat measurements on U;,Ni:,Sn4 single crystals at Ü. 1 K < T< 5 K: 

-- muon spin relaxation experiments on U ,N^Sn4 single crystals at 2 K < 7~< 10 K: 

-- resistivity measurements under hydrostatic pressures up to 1.8 GPa on U;,NhSn4 single crystals 

att 0.3 K<7"<3()OK: 

-muonn spin rotation experiments on polycrystalline samples of U(Pt|_xPd,h with x = 0.007, 

0.0088 and 0.009 in a transverse field of 0.01 T at 0.04 K < T < 2 K : 

-- resistivity measurements on a polycrystalline sample of URh|/.iNi2/3A] at 0.05 K < T < 300 K. 

Thesee results have been published 11.2.5] or are submitted for publication 13.4]. In this 

chapter,, these papers are partially reproduced. 

7.1.7.1. U3Ni3Sn4 

7.1.1.. Non-Fermi liquid behaviour in U3Ni3Sn4 

Thee ternary U3T3Sn4 compounds (where T = Ni. Cu. Pt. Au) crystallize in the cubic 

Y^Au^Sb4-typee structure (space group 14 3d) which is a filled variant of the Th3P4-type [6]. The 

keyy feature of this system is that the 5/:hybridization of the U atoms can be systematically 

increasedd by adding relatively small transition element atoms into voids in the Th3P4-type 

structuree [6]. Indeed, different magnetic ground states (paramagnetism and weak magnetic order) 

cann be found in the L)3T^Sn4 family of compounds, including several that exhibit heavy-fermion 

(HF)) behaviour. Only the Cu variant orders magnetically (antiferromagnet at Ts = 12 K) while 

thee other analogues are paramagnetic |7 |. Of special interest are the striking departures from the 

standardd FL theory of metals observed in nominally stoichiometric U3Ni3Sn4 single crystals [ 1]. 

Thee magnetic, transport and specific-heat properties of UiNi 3Sn4 are consistent with recent 

theoreticall  models based upon classical fluctuations near an antiferromagnetic QCP 

Singlee crystals of U;,NhSn4 and U3Cu3Sn4 were grown by the Kyropoulos technique from 

thee top of the melt by means of a cooled-seed crystal holder. Bulk charges were first prepared by 

inductionn melting with 3:3:4 atomic ratios of pure U (depleted). Ni or Cu. and Sn. respectively, 

eachh of at least 99.9̂  purity. Finally single-crystalline samples of U:,Ni3Sn4 and U3CuiSn4 were 
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grownn by slowly cooling a semi-levitated melt of the bulk charges in a cold crucible using an 

inductionn furnace. The rate of cooling was approximately 40'C/h between 16(K)-140(}'C and 

50~C/hh between 1400-800CC. The obtained solid products were about 2-2.5 cm in diameter, and 

consistedd of many crystalline grains, from which single-crystals with dimensions ranging from 

0.55 to 2 mm' were extracted. 

Single-crystall  X-ray diffraction (XRD) data, collected at room temperature, are consistent 

withh the cubic space-group /4 3</. The unit-cell parameters of IhNhSna and L^Cu,Sn4 are 

9.3524(5)) A and 9.4956(5) A. respectively. 

Previouslyy the heat capacity of a lhNi3Sn4 single crystal [1] in the temperature interval 

0.3-55 K was described using the expression: 

cc = {yn-OLsfT)T + $T*+DT : . (7.1) 

wheree tv: = (Yo - a\T)T is the electronic contribution. t\. = (37° the lattice contribution, and 

ccss = D/T2 represents the high-temperature form of a nuclear Schottky term [10]. The best-fit 

coefficientss obtained were yn = 0.124 J/mokK2. a = 0.0151 J/molL K 2\ p = 2.07 x 10"3 J/moU K4 

andd D - 4.62 x 104 JK/molL-. From the value of [3 we estimated a Debye temperature 8D = 210 K 

[11.. This description is in agreement with a renormalization group theory [8[. which predicts 

y~Yo-ocVrr near a zero-temperature antiferromugnetic instability (NFL behaviour). A non-

universall  scale factor To^ lOK was estimated using the fitted value of 

aa = (15/64)kBNAN[2/7r7"0]
3/:^(5/2) [11 J. This value of T() corresponds very well with the onset 

temperaturee of the non-analytic behaviour of the magnetic susceptibility and resistivity. 

Alternatively,, recent experimental |12] and theoretical [13] work proposes that NFL 

behaviourr might be caused by a competition between RKKY and Kondo interactions in the 

presencee of atomic disorder leading to a Griffiths phase (large magnetic clusters) close to a QCP. 

Wee found that the NFL behaviour of nominally stoichiometric LhNiiSnj single-crystals can also 

bee described by a divergent power law predicted by this model, i.e., r(7")/7"« x^T) x T +' with 

A.. - 0 .7 | 1 |. The best-fit coefficients yielded electronic, lattice and nuclear contributions that 

differr by only a few percent from those obtained using the renormalization group theory form of 

Equationn 7.1. 

Neww heat capacity data spanning the temperature interval 0.1-300 K for a U,Ni;,Sn4 single-

crystall  are presented in Figure 7.1. A He^He dilution refrigerator was used for attaining 

temperaturess down to 0.1 K. while the high temperature data were obtained in a standard He 
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cryostatt using a semi-adiabatic method. The phonemic contribution to the high temperature 

specificc heat can be properly estimated for comparison to previous results. Fitting the high 

temperaturee data with a Debye function [14] we obtain the value 6D = 208 K. The solid line in 

Figuree 7.1 is the sum of the numerical solution of the Debye integral and linear electronic 

contribution. . 
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Figuree 7.1 - Temperature dependenee of the specific heat of single-crystalline UjNi,Sn4. The solid 
linee is a fit to the data with the sum of the Dehye approximation of the phonon 
contributionn and the linear electronic term to the specific heat. 

Dataa for cIT over the temperature range 0.1-5 K are plotted versus the logarithm of 

temperaturee in Figure 7.2. The lower temperature data make it clear that the previously calculated 

nuclearr contribution to the specific heat was overestimated [1]. since the specific heat data below 

0.44 K exhibit a tendency toward saturation, in contrast with what would be expected from an 

importantt nuclear contribution to the specific heat, unless a Schottky anomaly (maximum) takes 

placee in the temperature range 0.1-0.2 K. However, this would be very unlikely considering that: 

i)) although quadrupolar interactions from 235U and 52Ni could yield a specific heat Schottky 

anomalyy in the measured temperature range, the fact that these isotopes form very small 

quantitiess of UiNhSno. (<1 at.% for the formula unit) makes it difficult to conceive that such 

contributionn would be observable with the relatively large electronic background in U3Ni3Sn4; 

U3Ni 3Sn 4 4 
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ii )) the I = 1/2 Sn isotopes (that have no quadrupolar interactions) would be expected to give rise 

too a Schottky maximum only at much lower temperatures. 
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Figuree 7.2 - U,NhSn4 low temperature speeil'ie heat divided by temperature versus log/'. The lines 
aree fits to the data with Equations 7.1 and 7.2 (see text). 

Anotherr possibility would be a crossover to a Fermi liquid regime at the lowest 

temperatures,, which would require a saturation of c/T as T-H-O. In fact, the low temperature data 

beloww T = 0.4 K can be fitted with a modified Fermi liquid expression of the type: 

cc = yT + èTi\n(j/T*)+cL+cN . (7.2) 

wheree T* is a characteristic spin fluctuation temperature [15-16], The lattice contribution can be 

fixedd using our high temperature Debye fit. while for the nuclear contribution we used 

DD = 6.45 x 10" JK/molu, which corresponds to a typical hyperfine field of Bhf = 0.5 T for the Sn 

isotopess with 1= 1/2. consistent with preliminary Mössbauer experiments on lhNi :,Sn4 single 

crystalss [17]. L'smg this expression we obtain a characteristic spin fluctuation temperature 7**  of 

thee order of T0 and a Sommerfeld coefficient y= 0.130 J/moluK2. In Figure 7.2. we present the 

fitss to the data using the form of Equation 7.1 for 7">0.5 K. and Equation 7.2 tor 7'<0.4 K. 

consideringg the same values of cL and cN for both temperature ranges. The saturation behaviour 

off  the heat capacity can be interpreted as the onset of a degenerate Fermi liquid regime for 
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77 « 0 .5 K. Defining 7",.r as a crossover temperature to a Fermi liquid state, i.e. the temperature 

beloww which Equation 7.2 applies, we obtain 7tT = 0.40(2) K. With this reduced nuclear 

contributionn Equation 7.1 only holds down to 7~ 0.5 K. which means that there is a crossover 

regionn in the temperature range 0.4-0.5 K separating a non-Fermi liquid to a Fermi liquid regime. 

Ann assessment of the potential existence of a Schottky term in the specific heat can only be 

madee by studying the effect of a magnetic field, or the acquisition of data for T < 0.1 K. 

Wee have characterized the heat capacity, microstructure and crystal structure of U;,Ni >Sn4 

andd U.Cu3Sn4 single-crystals. LNCu.^Ŝ  is a heavy-fermion antiferromagnet while nominally 

stoichiometricc LK,NLSn4 is a nearly magnetic NFL compound. 

Wee find that satisfactory fits of the heat capacity data for LhNhSn4 in the temperature 

rangee 0.5-5 K always require a dominant electronic term which exhibits a near-square-root 

temperaturee dependence, consistent with a theoretical model for NFL systems near a zero-

temperaturee quantum transition from magnetic to non-magnetic states [8] or an alternative 

Griffithss phase model [13]. It should be noted that the renormalization group theory treatment 

doess not include the effects of disorder, which must be present in real systems to some degree, 

whilee the Griffiths phase model includes disorder as a crucial ingredient. 

Previouslyy we have undertaken a thorough analysis of the heat capacity and susceptibility 

off  nominally stoichiometric UiNi 3Sn4 [1], and conclude that several NFL models (e.g. 

multichannell  Kondo [18] and Kondo disorder [19]) commonly considered in the contemporary 

literaturee do not describe the entire data set known for this material. All attempts to include a 

logarithmicc heat capacity term resulted in an unphysically high characteristic temperature scale 

Too |1]. On the other hand, the scaling temperature 7() = 10 K. obtained from low temperature 

analysiss based on renormali/.ation group theory, is consistent with the onset of the non-analytic 

behaviourr of physical properties in this material. Having extended heat capacity measurements to 

thee lower temperatures we found a crossover to a Fermi liquid state below 0.4 K described by a 

77 ïnT term to the specific heat, characteristic of spin fluctuation phenomena. The crossover to a 

Fermii  liquid state is a characteristic of NFL materials that are imprecisely tuned to a QCP [8|. 

duee to unfavourable conditions of a control parameter such as pressure, magnetic field, 

compositionn or atomic disorder. In the case of nominally stoichiometric U;NhSn4. such a non-

thermall  critical parameter might be vacancy doping which governs the degree of spd-f 

hybridizationn leading to competition between NFL-FL states. On the other hand, a possible 

marginall  Fermi liquid ground state can not be ruled out. The precise role of small amounts ol 
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disorderr detected by XRD analysis in nominally stoichiometric L^NUSn4 single crystals 11 ] must 

bee investigated by further studies of carefully characterized samples. 

Thee moderate size of the Sommerfeld coefficient y~ 0.130 J/moh K2 and reduction of 

(icnn - 2.0|iB/U [1] from 3.62 or 3.58 | jB expected for U,+ or U4+ free ions, respectively suggest 

significantt hybridization between 5/ and itinerant electron states takes place in U;,Ni3Sn4. The 

replacementt of the Ni atoms by Cu gives rise to an increase in the number of 3c/ electrons, 

leadingg to a dehybridization of the 5/'states with the 3c/ band. This is consistent with the observed 

latticee expansion on replacing Ni (a = 9.3524(5) A) with Cu (a = 9.4956(5) A), the increase of y 

byy a factor of about 3. and development of antiferromagnetism below 14 K in U;,CihSn4 with an 

effectivee magnetic moment jien - 3.3 (iB/U, corresponding to either a 5/'2 or 5f? uranium 

configuration.. The apparent variation in 5/hybridization with transition element substitution, the 

crossoverr from a Fermi liquid ground state in UiNi3Sn4 to weak antiferromagnetism with 

rNN = 14 K in U;,Cu3Sn4. and the observation of NFL properties in U3NhSn4 for the temperature 

rangee 0.5-5 K. imply that a QCP should exist in this series of materials over some range of 

compositionn and/or pressure in the vicinity of stoichiometric U.iNhSn4. 

7.1.2.. Recovery of the Fermi liquid state in U3Ni3Sn4 under pressure 

Thee specific heat of single-crystalline U.iNi.iS^ shows a temperature dependence of the 

typee c/T~yiraTU2 in the temperature interval 0.5-5 K [1.2]. This is consistent with theoretical 

modelss for NFL systems near a zero-temperature antiferromagnetic (AF) QCP [8.9]. Below about 

0.44 K. there is a crossover to a FL state [2]. It is interesting to compare U;,NL,Sn4 with IhCu.^S .̂ 

Thee latter compound is an antiferromagnet with 7"N = 14 K [2]. Replacement of Ni by Cu results 

inn an increase of the number of 3c/ electrons, leading to a decrease of the hybridization of the 5/: 

statess with the 3c/-band. The hybridization change across the U.i(Ni,CuhSn4 series, namely the 

crossoverr from a FL ground state in U;,NhSn4 to weak antiferromagnetism in lhCu}Sn4. together 

withh the observation of a NFL region in UjNijSru suggests that a QCP may exist in this series of 

compounds. . 

Inn order to confirm the absence of magnetic order in LNNi?Sn4. zero-field muon spin 

relaxationn (JUSR) experiments were carried out on single-crystalline samples at 2 K and 10 K in 

thee general purpose spectrometer (GPS) of the Paul Scherrer Institute (Switzerland). Best fits to 
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thee spectra were obtained by a depolarization function consisting of a single Gaussian 

component.. The depolarization rate obtained at 10 K is A(j = 0.044(3) (is '. This small value of A 

cann be attributed to a random distribution of the Sn nuclei with spin I = \i and magnetic moment 

|ii  = 1.0 |iN. At 2 K. the depolarization rate slightly increases to AG = 0.061(2) (is"1. This small 

increase,, if significant, could be attributed to the presence of spin fluctuations in the system 

associatedd with the NFL behaviour observed in the specific heat below 5 K. No static magnetic 

orderr has been detected in these (iSR experiments. 

Resistivityy measurements were performed on a bar-shaped single crystal of LhNhSn4 under 

hydrostaticc pressures up to 1.8 GPa in the temperature range 0.3-300 K. A CuBe piston clamp 

celll  was used with Fluorinert acting as pressure transmitting medium. The pressure values here 

presentedd were corrected for an empirical efficiency of 809r. The resistivity was measured using 

aa standard a.c. 4-probe method. Since the crystallographic structure of U;,NhSn4 is cubic, the 

resistivityy should be isotropic. Therefore, the current was applied along an arbitrary direction. 

Thee low-temperature <7"< 10 K) resistivity curves at p - 0. 0.6 GPa and 1.8 GPa are shown 

inn Figure 7.3. At ambient pressure, the resistivity increases slowly as temperature is decreased 

beloww room temperature (RT). reaching a maximum value at Tims ~ 240 K. Below this 

temperaturee the resistivity decreases and coherent scattering sets in at lower temperatures. A low 

residual-resistivityy value of p(l = 6 (iUcm is attained, indicating that the single crystal is relatively 

cleann (RRR^pRi/pn̂  60). 

Inn order to account for possible changes in the distance between the voltage contacts upon 

applyingg pressure. pRr was assumed to be pressure independent. This assumption is supported by 

thee resulting negligible pressure dependence of p(). Pressure has the effect of reducing the 

resistivityy values. At the lowest temperatures, a tendency to FL-like behaviour p ~ 7"̂  is clearly 

observedd (Fieure 7.3) 
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Figuree 7.3 - Temperature dependence of the resistivity of single-crystalline U-,NhSn4 at /) = 0, 0.6 
andd 1.8 GPa. The arrows indicate 7'H. (or p = 0.6 and 1.8 GPa. 

Thee pressure dependence of the temperature 7pFL below which the resistivity follows the 

relationshipp p = po+AT is shown in Figure 7.4. T„ lL follows the pressure dependence 

7piii  = a (f-Pc)v, with pc = -0.04(2) GPa. v = 0.50(7) and a = 2.0( 1) KGPa v (Figure 7.4). 

Att the proximity to an AF QCP. 7pF1. is predicted within the theory of Milli s [8] to vary as 

Tpn.Tpn. ~ (p-Pc), where pc is the critical pressure (i.e. the pressure value at which the QCP occurs). 

However,, according to the theory of Rosch [20] for the resistivity of HF compounds close to an 

AFF QCP. the linear behaviour of Tpn, (p) depends on the amount of disorder in the system. The 

lesss disordered the material is. the narrower the region 7"PFL ~ (p-p<)- Above this region. 

7"pFLL = a (p-pc)  In the very clean limit , the linear behaviour of 7PFL ip) is not observed. 

Thee RRR value of 60 of U;,Ni;,Sn4 implies that the range where T„ ¥\ - (p-pc) should be 

narrow.. Due to the limited number of data points at low pressures, it is not possible to clearly 

distinguishh the range in which this linear behaviour is observed. The location of a QCP at 

ppcc = -0.04(2) GPa is in agreement with the observed NFL behaviour in the specific heat of 

U 3Ni 3Sn4 fo r0 .5< r<5K. . 
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Figuree 7.4 - Pressure dependence of the temperature below which a p ~ F" behaviour is observed in 
U,NiiSn4.. The solid line represents a 7', i = a(p-pc) ' fit. 

Thee FL resistivity coefficient A is related to the coherence temperature 7c0h. In the FL 

regimee and close to a QCP. ,Tcoll is related to the electronic specific-heat coefficient y by 

y ^^ rcoh~' [21]. On the other hand. A <*  y : according to the Kadowaki-Woods relation for HF 

compoundss [22]. The volume dependence of Tcoh is given by the Gruneisen parameter rc0h 

definedd as 

(AVY' ' 
3lnV V 

T T 
(7.3) ) 

wheree V0 = V(p=0) and rcoh.o = TK{p-0). Using AV/V0 = -Kp. where K is the compressibility, the 

pressuree dependence of A can be written as 

,4(/00 = .4(/; = ())exp(-2KF p) . (7.4) 

Thee pressure dependence of A is shown m Figure 7.5. Due to the limited temperature range 

wheree p = p(l + 4 7 : at ambient pressure. A(p-Q) cannot be reliably determined. Fitting the data 

withh Equation 7.4 yields KTcnh = 0.29(5) GPa ' and 4(/>=0) = 0.43(4) uQcmKV:. This value of 

KTcohh is similar to the value of 0.26 GPa ' obtained for UPh [23] from measurements of y and A 

underr pressure (see references cited in Ref. 21). 
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Sincee y~A " and y(p=0) = 0.13 J/moluK2 [2], a value of y(/;=1.8GPa) of about 

0.088 J/moli K" can be predicted. The reduction of y reflects the fact that, upon pressure, the 

compoundd is driven away from the magnetic instability and that the interactions between the 

quasiparticless are reduced. 

Figuree 7.5 - Pressure dependenee of the resistivit) coefficient .4 of L\Ni?Sn4. The line represents a fit 
too Equation 7.4. 

Att high temperatures, a weak maximum in p(T) is observed at T=Tnuy. which is attributed 

too the Kondo effect. 7"max increases almost linearly from 240 K at p=0 to 265 K at /; = 1.8 GPa. 

Takingg 7"max roughly proportional to TK [24], the increase of 7max reflects the increase of the 

characteristicc temperature of the Kondo effect. Because the observed maximum is weak and the 

phononn contribution to the resistivity has not been determined, an analysis of Tmm(p) in terms of 

thee Griineisen parameter TK is not possible. 

Inn conclusion, upon application of pressure, a FL behaviour is restored in the resistivity of 

U.iNi.iSruu at temperatures below 7pFL. which increases with increasing p. The pressure 

dependencee of 7"pFL is consistent with the presence of an AF QCP at pc = -0.04(2) GPa. The 

pressuree dependence of the resistivity coefficient A can be analysed in terms of the Griineisen 

parameterr for the coherence temperature Tcoh. Upon pressure, the compound is driven away from 
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thee QCP and the increase of 7"a,h is reflected in a decrease of A. Also TK. being related to 7LOh-

increasess upon pressure. The increase of TK is seen in the increase of the temperature at which 

p(7")) reaches a maximum. The NFL behaviour observed at ambient pressure at temperatures 

abovee the FL regime in U.̂ NhSru is a direct consequence of its proximity to a QCP. 

7.2.7.2. Magnetic quantum critical point and superconductivity in 

U(Ph.U(Ph.xxPdPdxx))3 3 

Forr more than a decade now it has been recognized that superconductivity (SC) and 

magnetismm are intimately related in strongly correlated systems, such as the high-71 cuprates. 

heavy-fermionn materials and organic superconductors [25]. One of the key issues is to identify 

thee nature of the attractive interaction for Cooper pairing. In conventional s-wave 

superconductorss Cooper pairing is mediated by phonons. In strongly correlated electron systems 

magneticc interactions suppress s-wave SC, and therefore it has been proposed that SC is 

unconventionall  and mediated by spin fluctuations [26.27]. Compelling evidence for spin-

fluctuationfluctuation mediated SC [28] has recently been obtained for the magnetically ordered heavy-

fermionn materials CePd:Si: and Celm. By tuning these materials towards a magnetic quantum 

criticall  point (the Néel temperature 7"N->() K). by the application of mechanical pressure, a SC 

phasee appeared. 

Thee heavy-fermion superconductor UPh (7"c ~ 0.5 K}  has become an exemplary system to 

studyy unconventional SC [25.29]. Because of the unusual coexistence of SC and ferromagnetic 

(FM)) spin fluctuations, the latter signalled by a pronounced T \x\T contribution to the low-

temperaturee specific heat [30.31], it has been argued that UPh is an odd-parity spin-fluctuation 

mediatedd superconductor [31.32]. in close analogy with superfluidity in 'He. The thermodynamic 

propertiess and multicomponent SC phase diagram can only be explained by Gin/.burg-Landau 

models,, based on an unconventional SC order parameter [29.33-35]. Much attention has been 

devotedd to models where a symmetry-breaking field (SBF) lifts the (spin) degeneracy of the 2D 

(orr ID) order parameter, which results in a splitting A7"L = T*-TK~ of the SC phase transition 

[33-35].. Experimental evidence |36] has been put forward that the SBF is provided by small-
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momentmoment antiferromagnetism (SMAF) which sets in at 7~\.SMAF ~ 6 K [37J. This established a clear 

couplingg between magnetism and SC in UPh. 

Thee nature of the SMAF state itself is the subject of lively debate. It has been observed 

convincinglyy through neutron [36,37] and magnetic x-ray [38] scattering only. The ordered 

moment,, m - 0.02 u.B/U-atom (Z^O). is extremely small, which hampers its detection by 

standardd bulk probes. However, NMR [39] and zero-field muon spin relaxation (|uSR) 

experimentss [40,41] also do not signal the small moment (the early jiSR results of Ref. 42 have 

notnot been reproduced thereafter), which strongly suggests that the moment fluctuates at a rate 

largerr than 10 MHz, but on a time scale which appears static to neutrons and X-rays. Therefore, * 

7N.SMAFF may be considered to represent a cross-over temperature, rather than being connected to 

aa true phase transition. This is in line with the unusual quasi-linear increase of m2{T) below 

TN.SMAFF [37]. 

Onee of the hallmarks of heavy-fermion materials is the proximity to a magnetic quantum 

criticall  point (QCP). In the case of UPt3 pronounced antiferromagnetic (AF) phase transitions can 

readilyy be induced by chemical alloying, e.g. by substituting small amounts of Pt by Pd [43] or U 

byy Th [44]. In the U{Pt lxPdx)3 pseudobinaries, AF order of the spin-density wave type has been 

observedd in the thermal, magnetic and transport properties in the concentration range 

0.022 < x < 0.08 (see Figure 7.6). Neutron-diffraction experiments [45,46] show that at optimal 

dopingg (x = 0.05. 7N = 6 K) the ordered moment of the so-termed large-moment 

antiferromagneticantiferromagnetic phase (LMAF) is substantial, m = 5 p.B/U-atom, and that the magnetic 

orderr parameter is conventional. The magnetic structure consists of a doubling of the nuclear unit 

celll  (space group P6^mmc) along the a*-axis, with the moments pointing along a*. LMA F is 

alsoo detected by local probe techniques, such as juSR [41] and NMR [47]. rN(x) follows a rather 

conventionall  Doniach-type phase diagram [48] (see Figure 7.6). 

Thee SMAF phase has clearly a different signature, although the magnetic structure is 

identicall  to the one of the LMA F phase. Neutron-diffraction experiments [46] show that SMAF 

iss robust upon alloying with Pd and persists til l at least x = 0.005. The ordered moment grows 

uponn alloying, but 7\,.S\IAF(>0 remains ~ 6 K and does not vary at these small Pd concentrations 

(seee Figure 7.6). Notice that 7"N.SMAF is also insensitive to the application of pressure [36], unlike 

thee LMA F 7N [49]. 

Al ll  these results strongly suggest that SMAF and LMA F are different phases with a 

distinctlyy different nature. As a consequence they might also couple differently to SC. Pressure 
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[36]]  and alloying experiments [50J are consistent with SMAF acting as SBF. In order to fully 

understandd the nature of the SC phase, it is important to examine the relation (coexistence or 

competition)) between LMA F and SC as well. Therefore, it is crucial to determine the critical Pd 

concentrationn for the emergence of the LMA F phase. In this Letter we present |aSR experiments 

carriedd out on U(PtUxPdx)3 samples (x = 0.007. 0.008 and 0.009). which show that the Néel 

temperaturee Tn for the LMA F phase is suppressed to 0 K at a Pd concentration xc.af = 0.006. 

Combinedd with our earlier results on the suppression of SC by Pd substitution [50-52], we find 

thatt xc.af ~ Xc.sc and that unconventional SC is replaced by LMAF. As we wil l show, these results 

providee strong evidence for SC mediated by ferromagnetic spin fluctuations. 
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Figuree 7.6 Magnetic and superconducting phase diagram for U(Pt|.,Pü\h alloys. SMAF = small-
momentt antiferromagnetic phase. LMAF = large-moment antiferromagnetic phase. 
SCC = superconducting phase. Néel temperatures 7N are measured by neutron-diffraction 
(oo and • ) [46], specific heat (. ) [43,46] and |lSR (. ) (Ref. 41 and this work). 
Resistivelyy determined superconducting transition temperatures T* (• ) are taken from 
Refs.. 51 and 52. The solid lines are to guide the eye. 

Polycrystallinee U(Pti_xPdx)3 samples were prepared in a two-step process. First, master 

alloyss of UPh and U(Pto.95Pd0.05)3 were prepared by arc-melting stoichiometric amounts U 

(purityy 99.98%), Pt and Pd (both with purity 99.999%) on a water-cooled copper crucible in a 

high-purityy argon atmosphere (0.5 bar). Next samples with x = 0.007. 0.008 and 0.009 were 

nn ' r 

U(PtxPdx) ) 1-xx x'3 
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preparedd by arc-melting together appropriate amounts of the master alloys. After an annealing 

proceduree (see Ref. 41). four thin platelets (thickness 0.8 mm. area 6x10 mm2) were prepared by 

spark-erosionn and glued with General Electric varnish on a silver support, in order to cover an 

areaa of 12x20 mm", which corresponds to the total cross-section of the muon beam. 

Measurementss of the residual resistivity on pieces cut from the annealed buttons are consistent 

withh previous results [51.52]. which ensures that Pd dissolves homogeneously in the UPt;, matrix. 

Measurementss of the positive muon (p+) precession in an applied transverse field of 100 G 

weree conducted at the low temperature pSR facility (LTF) on the nM3 beam line at the Paul 

Scherrerr Institute. The samples were mounted on the cold-finger of a top-loading dilution 

refrigeratorr with a base temperature of 0.025 K. As we shall see. the muon spin depolarization 

ratess are very small. Accurate determination of the rates for the samples with x = 0.007 and 0.008 

wass made possible by the use of a kicker device, which ensures that only one muon at a time is 

presentt in the sample and that no other muons are present in the spectrometer [53]. This so-called 

MOREE (Muons On REquest) mode allows to extend the pSR time window to 20 (is. with 

virtuallyy no accidental background, making it possible to measure relaxation rates as small as 

0.0011 u.s '. 

Whenn positive muons come to rest in the sample they start to precess around the local field. 

Z?kK.,, with a precession frequency v^ = yu#iOL (YM/2rc = 135.5 MHz/T is the muon gyromagnetic 

ratio).. The internal dipolar magnetic field distribution in general leads to de-phasing of the 

precessionn frequency and consequently the signal is damped. As a first step, we have analyzed 

thee jiSR spectra using a Gaussian-damped depolarization function P^(t) - 4ciCOs(to/)exp(-AV/2). 

wheree AG is the asymmetry, co - 2rcvu and A is the Gaussian damping rate. At the highest 

temperatures.. A attains a temperature-independent value of ~ 0.06 p s '. which is consistent with 

depolarizationn due to static iy:,Pt nuclear moments |41). Upon lowering the temperature. A rises 

progressively,, which points to the presence of an additional source of internal dipolar magnetic 

fields.. Improved fit results were obtained using the damped-Gauss muon spin depolarization 

function n 

PPmimi{t){t)  = A{X] cos(cor)exp(-A,7-A: r 12) (7.5) 

withh A fixed at the observed Pt nuclear depolarization rate ~ 0.06 (is"1. In Equation 7.5 the factor 

exp(-/ij-7)) accounts for damping due to the additional magnetic signal. Because of the low 

dampingg rates and the large sample size, the asymmetry A[K>  is close to the maximum value -0.3. 
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Inn Figure 7.7 the temperature dependence of XE is shown for all three samples. At the highest 

temperatures.. XE is very small (about 0.003 |is"') and essentially temperature independent. Upon 

loweringg the temperature, XE increases, as the additional source of magnetism emerges. The 

additionall  source of magnetism becomes stronger when the Pd concentration increases, and we 

associatee its onset temperature with the Néel temperature 7\ for LMAF. 
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Figuree 7.7 - Temperature variation of the exponential relaxation rate, extracted from transverse field 

(1000 G) uSR spectra using Equation 7.5. for U(PtKlPcl,)5 with x = 0.007, 0.008 and 
0.009.. The solid lines show the quasi-logarithmic increase of ALMAF below 7N and the 
temperaturee independent background XKC above 7N. 

Inn order to extract 77N, we write the observed exponential damping rate as 

XEXE = ABG + ALMAF. where ABG and ALMAF are due to the background and the LMAF phase, 

respectively.. ABG may account for small variations of the actual depolarization rate due to Pt 

nuclearr moments, as in the fitting procedure we used the fixed value A = 0.06 (is" . The super-

linearr increase of ALMAF is unusual, and can be described phenomenologically. in this limited 
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temperaturee interval, by a quasi-logarithmic increase A.LMAF ~ Tn(7V7\). Making use of this 

functionall  dependence and imposing A.i\1Af=0 for 7">7"s. we obtain 7\ values of 0 K. 

.. 10 K and 5 K for x = 0.009. 0.008 and 0.007. respectively. 

Thee assignment of the increase of A\, to the onset of LMA F ordering is based on an analogy 

withh the analysis of the zero-field (iSR spectra obtained in the LMA F phase for samples with 

higherr Pd concentrations [41]. For x >().()] the spectra are well described by a two-component 

depolarizationn function, consisting of the standard depolarization function of a polycrystalline 

antiferromagnett and a Kubo-Lorentzian (KL) term, accounting for the spectral distribution of 

internall  fields. Within this phenomenological approach it was observed that the depolarization 

ratee of the KL function. /VRL- scales with the ordered moment as determined by neutron 

diffraction.. Our new results indicate that below x = 0.01 the LMA F state rapidly weakens. The 

quasi-logarithmicc temperature dependence of Xwwt below 7\, shows that the internal magnetic 

dipolarr fields measured at the |u+ localization site [54] grow only slowly with decreasing 

temperature. . 

Inn Figure 7.8 we show the magnetic and SC phase diagram for .v < 0.012. highlighting our 

neww jiSR results. For x = 0.01, a 7\j value of 1 K has been extracted from zero-field jiSR 

dataa taken on a polycrystal [411. while 7\ = . i K was obtained by single-crystal neutron-

diffractionn [46]. The SC (7"c
+) phase transition temperatures have been taken from Ref. 51. Our 

neww data for Ts nicely follow the Doniach-diagram type behaviour. From the data in Figure 7.6 

andd in Figure 7.8. we can safely conclude that the LMA F phase line smoothly extrapolates to 

7\=00 at xL.a, = 0.006. Locating the magnetic QCP near x = 0.006 is consistent with the absence of 

anyy signal of the LMA F phase for x = 0.005. as was concluded from zero-field jiSR 

measurementss on a polycrystal down to 0.04 K [41]. as well as from single-crystal neutron-

diffractionn data down to 0.1 K [46]. 

Ourr results show that it is the LMAF phase which presents the magnetic instability in 

U(Pt,Pd)iU(Pt,Pd)i and not SMAF. This is consistent with recent transport measurements on 

polycrystallinee U(Pt.Pd);, [55]. which show clear deviations from Fermi-liquid behaviour in the 

vicinityy of xCJ|. as predicted for a QCP [56]. 

Inspectingg the phase lines 7\-(x) and T,+(\) plotted in Figure 7.8. we arrive at a most 

importantt conclusion, namely the phase diagram two quantum critical points coincide, i.e. the 

criticall  concentration for the suppression of SC coincides with the critical concentration for the 
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emergencee of LMAF. xc.s = xc,af = 0.006. The fact that Pd substitution results in an anomalously 

highh rate of suppression of T* [51.52]. as well as in the onset of the LMA F phase, indicates that 

thiss relationship is not coincidental. Stabilization of the LMA F phase completely suppresses 

unconventionall  SC. Recent NMR measurements [39]. as well as alloying experiments [57.58], 

providee strong evidence that the SC wave function has odd parity. This in turn implies that 

Cooperr pairing is driven by FM spin fluctuations, rather than by AF fluctuations [26.32], 

Therefore,, our experiments indicate that doping UPt< with Pd leads to a shift of the spectral 

weightweight from FM to AF fluctuations. This is not uncommon near a QCP. where the many energy 

scaless become comparable and competition between various phases becomes important. Indeed, 

inelasticc neutron scattering experiments carried out on pure UPh [59] show that the magnetic 

fluctuationn spectrum is complex and has both AF and FM components. 
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Figuree 7.8 - Magnetic and superconducting phase diagram for U(Pt]^PdJ3 alloys with x < 0.012. The 
meaningg of the symbols is the same as in Figure 7.6. The solid lines serve to guide the 
eye. . 

Thee phase diagram shown in Figure 7.6. differs from the generic phase diagram, proposed 

forr magnetically ordered pure heavy-fermion materials under pressure [28]. In these materials, 

thee approach to the magnetic QCP at T=() is circumvented by the occurrence of a SC ground 

state.. 7"c is maximum near the critical pressure pL,,,. which has been interpreted as evidence for 
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SCC mediated by AF fluctuations. In the case of U(Pt.Pdh. however. 7",.-»() at the QCP. This is 

naturallyy explained if SC in UPti is mediated by FM spin fluctuations, which cannot coexist at 

anyy non-zero temperature with an ordered AF state. This is consistent with the notion that the 

SMAFF state is fluctuating in time. 

Inn conclusion, we have shown that the magnetic instability in UfPt.Pdh is due to the 

LMA FF phase rather than SMAF. The U(Pt|.v.Pdvh phase diagram has a critical point at x = 0.006 

wheree unconventional SC is suppressed and FMAF emerges. The existence of this critical point 

providess strong evidence for SC mediated by FM spin fluctuations. A complete understanding of 

thee phase diagram and its quantum critical point might prove to be essential in further specifying 

thee SC pairing mechanism. Measurements of the critical exponents of the thermal, magnetic and 

transportt properties in the concomitant non-Fermi liquid regime are needed to identify the 

characterr of the magnetic fluctuations [56]. Moreover, the results may be relevant [60] to other 

stronglyy correlated systems, such as the high temperature superconductors, which have phase 

diagramss that exhibit a similar competition between SC and static AF order. 

7.3.7.3. Possible  non-Fermi  liquid  behaviour  in  URh^Ni^sAI 

Ternaryy intermetallic compounds with the general formula UTX (T = late transition metal. 

XX = p-element) crystallizing in the hexagonal ZrNiAl-type of structure exhibit a large variety of 

magneticc properties [61 ]. This structure consists of two basal planes, one containing U and 1/3 of 

TT atoms and the other the remaining T atoms and Al. It is well established that the magnetism, 

whichh is mainly due to U moments, is controlled by the strength of the hybridization between the 

5f-5f- and the ligand-electronic states. On one hand, hybridization delocaiizes the 5/:states and 

inhibitss magnetic ordering, on the other hand, however, it mediates interaction between them and 

promotess magnetic ordering. It is therefore not surprising that the magnetic properties of these 

compoundss vary as a function of the constituents, which change the hybridization. Recently, we 

havee started a systematic study of quasiternary compounds with substitutions on the transition-

metall  sites [62|. Here, we report on the magnetic, thermal and transport properties of 

L'Rh|/^Ni2/.iAl.. which appears to show anomalous low-temperature behaviour. 
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URhi/3Ni2/3All  was prepared in polycrystalline form by arc melting stoichiometric amounts 

off  the constituting elements (the purity of U was 99.8%. of the other elements 99.99%). After re-

meltingg and reversing the ingot several times to ensure homogeneity, the resulting ingot was 

annealedd for one week at 700°C in a vacuum-sealed quartz ampoule. After crushing the annealed 

materiall  under protective atmosphere. X-ray powder diffraction was carried out to verify the 

structuree and lattice parameters. The magnetic susceptibility x<7~) = MIH was measured between 

1.77 and 320 K in fields up to 5 T on a sample consisting of powder that was fixed in random 

orientationn in a SQUID magnetometer (Quantum Design). Electrical-resistivity measurements 

weree performed in the temperature range 0.05-300 K on a bar-shaped sample by means of a 

standardd four-probe method. The temperature dependence of the specific heat was measured 

betweenn 0.4 and 40 K by means of a semi-adiabatic heat-pulse method. 

Inn Figure 7.9 we show the temperature dependence of (a) the magnetic susceptibility 

measuredd in 0.1 T both in zero-field cooled (ZFC) and field-cooled (FC) modes, (b) the specific 

heatt in the absence of a magnetic field and (c) of the electrical resistivity. It is clearly seen that all 

thee three physical properties deviate from the temperature dependencies expected for Fermi-

liquidd systems. At low temperatures, the FC susceptibility diverges and the ZFC curve exhibits a 

clearr maximum at 10 K above which the FC and ZFC curves coincide. The maximum suggests 

thee presence of AF correlations and the difference between the FC and ZFC curves reminds one 

off  a spin-glass system (SG). For a SG system, some type of disorder in the compound is required. 

Indeed,, recent X-ray and neutron-diffraction studies suggest a random occupation of Rh and Ni 

atomss of sites in the plane that does not contain U atoms [63]. 

Thee specific heat shown in Figure 7.9b exhibits a low-temperature dependence that can be 

describedd by a -ln(7770) dependence with 7o=10K = -9p/4 (dashed line in Figure 7.9b), 

suggestingg non-Fermi-liquid (NFL) behaviour. However, the data are equally well described by 

thee expression c/T~ T'~]  with X- 0.94 (solid line in Figure 7.9b). To discriminate between the 

twoo descriptions, measurements at even lower temperatures would be required. 

Att high temperatures, as in normal metals, the electrical resistivity decreases with 

decreasingg temperature. However in URhi^Nin^Al. it exhibits a minimum near 10 K and a 

pronouncedd increase below this temperature. In other words, the aT~ term is absent or it is very 

weak.. The resistivity can be fitted to a pn + a{TITtt)" dependence with a negative a and a = 0.96. 

Thee best fit is shown in Figure 7.9c by the full line. At an even lower temperature of 0.33 mK. a 

distinctt step-like decrease of the resistivity is found (see inset of Figure 7.9) which we tentatively 
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attributee to a small amount of UNi2Al 3' which may be present as impurity phase and which 

exhibitss superconductivity around this temperature [64], 
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Figuree 7.9 - The temperature dependence of the magnetic susceptibility (a), the specific heat (b) and 
thee electrical resistivity of L'Rh, -.Ni:...iAl (c). The curves through the symbols denote the 
bestt fits to the expressions given in the text. The inset of (c) shows the low-temperature 
detaill  of the electrical resistivity. 

Inn the limit 7"-»0, the Fermi-liquid theory (FL) predicts a temperature-independent 

contributionn to the specific heat, an aT2-type of behaviour of the electrical resistivity and a 

substantiall  temperature-independent contribution to the magnetic susceptibility. Deviations from 

thee behaviour predicted by FL theory are referred to as NFL behaviour. One of the hallmarks of 

NFLL is divergence at low temperature of the specific heat divided by temperature. CIT, which 

behavess as -ln(777b) or as 7""1 as found in URh|/3Ni :/3Al . It is also clear that the magnetic and 

transportt properties of the URh1/3Ni2/:,Al compound cannot be explained solely within the FL 

theory. . 

AA possible off-stoichiometry of an impurity phase of UNi2Al3 (Tc=  1.2 K) might reduce its superconducti 
transitionn temperature. 

experimental l 
~a(T/T)n n 
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o o 
v ^^  • Concluding remarks 

8.1.8.1. U2Pt2ln 

Inn this thesis, it has been shown that U2Pt2ln is the first stoichiometric U-based compound 

thatt exhibits non-Fermi liquid (NFL) behaviour at ambient pressure. Research on stoichiometric 

compoundss prepared in a single-crystalline form is highly desirable in the study of NFL 

behaviourr because the effects of disorder may not dominate the physics. This provided a strong 

motivationn to carry out an extensive study on U^Pt̂ In in order to determine its NFL properties. 

Nevertheless,, the rather difficult metallurgy of LNPt̂ In imposed its restrictions on the research 

carriedd out. 

Thee main results obtained on LNPt̂ In are summarized below. 

•• Polymorphism was found in U^Ptiln [l]: while polycrystalline samples form in the LhSin-

typee of structure, single-crystals form in the ZriAL-type of structure (superstructure of the LUSii 

typee with a doubling along the c-axis). 

•• When tracing the magnetic ordering temperatures of the U:T:X family of compounds versus 

thee square of the conduction-electron - /-electron hybridization matrix element in a Doniach-like 

diagram,, one finds that LT:Pt;In is located at the border line between magnetic and non-magnetic 

compounds,, which suggests that L:;PbIn is near a magnetic instability. 
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 The magnetic susceptibility of INPbln is weakly anisotropic and follows a (modified) Curie-

Weisss behaviour at high temperatures. At low temperatures, however, an anomalous behaviour is 

observed:: x  ̂ £o es through a maximum at 7.9 K. which is attributed to the stabilization of short-

rangee antiferromagnetic (AF) correlations, while /;1 increases as \-bT for 2 K 5 T< 10 K. This 

iss at variance with the standard Fermi liquid (FL) behaviour, which predicts % to attain a constant 

valuee at low temperatures. 

•• The resistivity o\' L':PtTn is highly anisotropic below about 80 K with pL. > pa. At the lowest 

temperatures,, the resistivity does not follow the FL quadratic temperature dependence, instead 

p . , - 7 1 , 2 55 and p, ~ Ti]i> . The residual resistivities are unusually high: p().L1 = 115|iQcm and 

po.L.. = 210 (aUcm. However, structure refinements from X-ray [11 and neutron-diffraction |2 | 

experimentss indicate a high sample quality. Also, the large difference between p().a and pl)L shows 

thatt p(1 is largely determined by other scattering mechanisms than impurity or defect scattering. It 

shouldd also be noted that the higher resistivity values are found for a current along the c-axis. 

whichh is the axis along which the AF fluctuations stabilize. 

•• Magnetoresistance (MR) experiments show a gradual increase of the resistivity exponent a 

(definedd as p ~ T" as 7 ^ 0 ) with increasing magnetic field strength. At 8 T, a = 2 as expected for 

aa FL. There are two different contributions to the MR: a negative one (associated with spin 

effects)) and a positive one (associated with orbital effects). At low fields, the negative 

contributionn is dominant, except in the case B || 11| a. whereas at high fields the positive 

contributionn becomes more and more important. The negative contribution to the MR is more 

importantt for / [| c than for / |j a. However, no satisfactory explanation for this anisotropy can be 

offeredd at the moment. Additional evidence that the high residual resistivity in U:Pt:In is not 

determinedd by crystallographic disorder is provided by the strong field dependence of p„. 

•• The specific heat of U:PbIn provides solid evidence for the classification of this heavy-

termionn compound as a NFL. The specific heat shows a pronounced diverging behaviour of the 

typee dT~ -111(777,)) over almost two decades of temperature. The low-temperature specific heat 

measuredd in a magnetic field is dominated by a strong contribution of the In nuclear moments. 

Thee same logarithmic divergency is observed in the specific heat measured on polycrystalline 

samples.. As these crystallize in the simpler U;Si:-type of structure, the NFL behaviour is not 

directlyy related to the presence of two inequivalent U positions, as present in the single crystals 

withh the ZnAL-type of structure. 
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•• The thermal-expansion coefficient of U:PtTn becomes anisotropic below about 12 K. in a 

wayy that the c-axis shrinks more rapidly than the a-axis upon formation of the heavy-fermion 

bands. . 

•• Absence of weak magnetic order, at least down to 0.05 K. is confirmed by means of muon 

spinn relaxation and rotation (p.SR) experiments. Besides a static magnetic component originating 

fromm the In nuclear moments, the fiSR spectra below 10 K reveal the presence of magnetic 

fluctuations.. No evidence was found for Kondo disorder. 

•• Resistivity experiments under hydrostatic pressure indicate a recovery of the FL p ~ T2 

behaviourr at low temperatures for / || a. This is consistent with predictions from a transport 

theoryy for heavy-fermion compounds near an AF quantum critical point (QCP) | 3 | . The 

anisotropyy in the resistivity is strongly enhanced under pressure, as follows from the increase of 

thee ratio pc/p;i measured for 0.3 K < T< 300 K. Due to the enhancement of the anisotropy, the 

resistivityy curves for ƒ || c do not show a p ~ T' behaviour but a low-temperature minimum. 

Onee of the main issues that arise when discussing the properties of NFL compounds is the 

responsiblee mechanism for this behaviour. Although in the current state-of-the-art NFL physics 

noo definite answers can be provided, one most important distinction can often be made: whether 

thee NFL behaviour is due to a single-ion or a cooperative mechanism. 

Thee location of U:Pt2In at the border line between magnetic and non-magnetic compounds 

inn the Doniach diagram for the U:T:In family of compounds, suggests a proximity to an AF 

QCP.. Resistivity measurements under pressure carried out on U :Pt :In and U;Pd:In yield strong 

supportt for this hypothesis. Considering the absence of magnetic order down to 0.05 K (as 

evidencedd from the (iSR experiments) and the important finding that pressure leads to the 

recoveryy of the FL behaviour, one cannot exclude that INPtjIn is even located at the AF QCP. In 

orderr to investigate this further, specific-heat experiments under pressure would be most 

welcome.. As the specific-heat coefficient y is related to the coherence temperature 7"c„h [4]. the 

observationn and evolution of the FL y coefficient with pressure would provide valuable 

informationn on the recovery of the FL state near the QCP. 

Itt is important to notice that the observed divergency of the specific heat. c/T ~ -ln(77r„) is 

nott consistent with an AF QCP. but rather indicates a ferromagnetic (FM) QCP | 5 | . However, a 

logarithmicc divergency of r/7"is allowed for an AF QCP in a two-dimensional (2D) system. This 

appearss to apply to compounds like CeCu^,Au„ , | 6 | and CeNi :Ge2 |7j, where inelastic neutron 
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scatteringg (INS) experiments have provided evidence for a spectrum of strongly anisotropic 

magneticc fluctuations, with a quasi-2D nature. INS experiments on U2Pt2In could possibly 

elucidatee the nature of the magnetic fluctuations further. 

Inn order to investigate the evolution of magnetic order near U2Pt2In in the Doniach phase 

diagram,, the study of single-phase samples of e.g. (LY JTu)2Pt2In and U;(Pt,.vPdO;In is helpful 

Iff  Pd or Th doping results in the emergence of magnetism, strong evidence for U2Pt;In being at a 

QCPP is obtained. One could then also study such doped samples under pressure, which should 

leadd to the suppression of magnetic order and to the appearance of the FL state. 

Thee origin of the strongly anisotropic character of the resistivity of U2Pt2In remains 

puzzling.. Its enhancement under pressure indicates that the anisotropy is not inherent to the 

crystall  structure since the compressibility is almost isotropic. Resistivity measurements on single 

crystalss of the non-magnetic compound Th2Pt2In would be useful to address this issue. These 

couldd also serve to obtain an estimate for the phonon contribution to the resistivity of U2Pt2In. In 

addition,, specific-heat experiments on Th2Pt2In should be carried out in order to estimate the 

phononn contribution to c(T). This would enable a more precise determination of the temperature 

upp to which a logarithmic divergency is present in the electronic specific heat of UiPtTn. 

Thee high residual resistivity of U2Pt2In raises the question of the role of disorder in the 

NFLL properties. The dependence of p0 on the current direction, as well as its field and pressure 

variations,, indicate that impurity and defect scattering are not the dominant mechanisms leading 

too the high values of p(). Even though X-ray and neutron-diffraction experiments indicate a good 

single-crystallinee quality, the use of a local probe to measure the near-neighbour bond-length 

distributions,, like (synchrotron radiation) X-ray absorption fine-structure (XAFS) experiments, 

couldd be helpful to determine the exact amount of disorder. For instance, neutron-diffraction 

experimentss carried out on UCu4Pd were inconclusive regarding the presence of disorder [8). 

However.. XAFS experiments on the same sample revealed the presence of Pd/Cu site 

interchangee |9]. It was concluded that the amount of disorder observed was sufficient for the 

Kondoo disorder model to apply. 

Althoughh there is no evidence for Kondo disorder in U2Pt2In. a good test for the Kondo 

disorderr model is obtained by a comparison of the (iSR and NMR line widths [10]. As shown in 

thiss work, the small frequency shifts observed in the transverse-field (TFj jiSR spectra of 

U2Pt2In.. require that a full analysis of the TF line widths can only be accomplished with samples 

withh a well-defined geometry in order to account for demagnetizing effects. 
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AA further study of the NFL behaviour of U:Pt:In may hopefully be carried out on a "second 

generation""  of single crystals, with a minimum amount of disorder. Single crystals with a lower 

residuall  resistivity should be prepared. Therefore, one should look into single-crystal growth 

methodss other than the mineralization technique, by which possibly crystals of higher quality can 

bee produced. 

8.2.8.2. Related  compounds 

Thee presence of a QCP has also been investigated for the compounds U3NhSn4 and 

U(Pt|.KPdJ.i. . 

Specific-heatt measurements carried out on the stoichiometric compound U3Ni3Sn4 show 

thee presence of a NFL regime in the temperature range 0.5-5 K and a crossover to a FL ground 

statee below 0.4 K. The divergency of the specific heat in the NFL regime is of the type 

c/Tc/T - JQ-CLT I/2, which is consistent with the proximity to an AF QCP in a 3D system [5]. Both the 

NFLL  c/T divergence and the spin-fluctuation term in the FL specific heat, have the same 

characteristicc temperature Tn of 10 K. The pressure dependence of the temperature below which 

thee FL regime in the resistivity is attained, is well described in terms of a transport theory for 

nearlyy AF metals [3], These results indicate that by a small lattice expansion, equivalent to a 

negativee pressure of about -0.04 GPa. U3Ni3Sn4 may be tuned to the QCP. The isostructural 

compoundd U3Cu3Sn4 is an antiferromagnet with Ts = 13 K and its unit-cell volume is about 59c 

largerr than that of U3Ni3Sn4. Therefore, it would be highly interesting to check the existence of 

ann AF QCP by studying samples in which small amounts of Ni are replaced by Cu. 

jiSRR experiments on the system U(Pt,_vPdj3 indicate a new type of QCP in the phase 

diagram:: at the critical concentration xc = 0.006. unconventional superconductivity is suppressed 

andd a large-moment antiferromagnetic (LMAF) phase emerges. The fact that the superconducting 

wave-functionn has odd parity suggests that doping with Pd leads to a shift of the spectral weight 

fromm FM to AF fluctuations. The observed competition between superconductivity mediated by 

FMM fluctuations and static AF order, is in contrast with superconductivity mediated by AF 

interactionss in materials like CePd;Si2 close to the QCP [11]. The phase diagram of U(Pti.,Pdj3 
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iss similar to the phase diagrams observed for high-temperature superconductors with the 

peculiarityy that the critical points 7\—>(> and 7~L.—>() coincide. 

Resistivityy measurements carried out on U(Pt] x Pdxh show values of the exponent a equal 

too 1.8 and 1.6 for samples with x - 0.004 and \ = 0.007. respectively [12]. These values are 

inconclusivee with respect to the type of QCP in the system (a = 3/2 and a = 5/3 are predicted for 

thee AF and FM QCP. respectively). A systematic study of the resistivity exponents in samples 

withh x around 0.006 is required to clearly determine the type of magnetic fluctuations at the 

QCP. . 

Thee origin of the NFL behaviour observed in URhi/^Ni^Al might be of the single-ion type. 

URh]/;,Ni:/;,All  shows a diverging specific heat of the type c/T - -ln(777o) below about 6 K. Below 

100 K the resistivity increases as p~ \-aT" with a about 1. The low-temperature resistivity 

increasee is an indication that the mechanism responsible for the NFL behaviour is of the single-

ionn type. In fact, a loss oï coherence is predicted to occur at low temperatures within the Kondo 

disorderr model. This model also predicts a logarithmic divergency of oTand the linear increase 

off  the resistivity below 7"K. as observed for URhi/jNi^/jAl . A detailed structural analysis on 

single-phasee samples is required to establish the amount of disorder in this compound. 
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Summar y y 

Thee Fermi liquid (FL) theory of Landau has been very successful in describing the low-

temperaturee properties of metals. This description is summarized by the well-known expressions 

forr the specific heat c(T) = yT. the magnetic susceptibility x  ̂ =  con^ a nd t ne electrical 

resistivityy p(T)= p0 + AT2. It has been a challenging task to also describe heavy-fermion (HF) 

materialss as strongly renormalized FL's. However, quite surprisingly, in the past decade, a 

numberr of HF systems has been discovered, which does not obey the standard FL behaviour, at 

leastt not down to the lowest temperatures experimentally accessible. Detailed studies of such 

systemss have led to the recognition that the FL framework may break down under specific 

conditions.. This so-called non-Fermi liquid (NFL) state may be considered as a new type of 

groundd state. In NFL materials. e(T)IT and x(r) diverge when r-»0, while p(7) obeys a non-

quadraticc temperature dependence. 

Inn this thesis it is shown that INPtjIn is the first stoichiometric uranium-based compound 

whichh exhibits NFL behaviour at ambient pressure. The specific heat of L^Pt̂ In shows a 

pronouncedd diverging behaviour of the type c/T~ -\n(T/T{)) over almost two decades of 

temperaturee (0.1 <T<6 K), providing solid evidence for the classification of this heavy-fermion 

compoundd as a NFL. 

Att low temperatures, an anomalous behaviour is observed in the magnetic susceptibility of 

U2Pt2In:: Xi goes through a maximum at 7.9 K, which is attributed to the stabilization of short-

rangee antiferromagnetic (AF) correlations, while Xa increases as \-bT for 2 K < T< 10 K. This 

iss in variance with the standard FL behaviour. 

Thee resistivity of U2Pt:In is highly anisotropic below about 80 K with pc > pu. At the 

lowestt temperatures, the resistivity does not follow the FL quadratic temperature dependence. 
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insteadd p ~ T" with a= 1.25 and 0.9 for currents applied along the a- and c-axis. respectively. 

Magnetoresistancee experiments show a gradual increase of the resistivity exponent a with 

increasingg magnetic field strength, reaching the FL value a - 2 at 8 T. 

Thee residual resistivities are unusually high (po.a =115 |uQcm and p l u ~ 210 p;Qcm), even 

thoughh the structure refinements from X-ray and neutron-diffraction experiments indicate a high 

samplee quality. The large difference between pa j and p<u and the strong field dependence of p(). 

showss that p0 is largely determined by other scattering mechanisms than impurity or defect 

scattering. . 

Resistivityy experiments under hydrostatic pressure indicate a recovery of the FL p ~ T' 

behaviourr at low temperatures. This is consistent with predictions from a transport theory for 

heavy-fermionn compounds near an AF quantum critical point (QCP). The anisotropy in the 

resistivityy is strongly enhanced under pressure. 

Absencee of weak magnetic order, at least down to 0.05 K, is confirmed by means of muon 

spinn relaxation and rotation (jiSR) experiments. Besides a static magnetic component originating 

fromm the indium nuclear moments, the |aSR spectra below 10 K reveal the presence of magnetic 

fluctuations.. No evidence was found for Kondo disorder. 

Thee location of ILPt:!^ at the border line between magnetic and non-magnetic compounds 

inn a Doniach-type of diagram for the U2T2X family and the recovery of the FL state in the 

resistivityy of ILPt^In under pressure, yield evidence for LNPt^In being at or close to a QCP. 

Otherr uranium-based heavy-fermion compounds exhibiting NFL behaviour have been 

studiedd in this work: 

-- Specific-heat experiments on the compound U^NivS^ evidence a FL ground state. However, 

aa NFL regime is observed for 0.5-5 K. Resistivity experiments show that the temperature range 

wheree FL behaviour is observed increases with applying pressure. The results are consistent with 

thee location of U^NLS^ close to an antiferromagnetic QCP fat the paramagnetic side of the 

phasee diagram). 

-- A new type of QCP is found for the system U(Ptj  xPdxb. jiSR experiments show that the so-

calledd large-moment antiferromagnetic phase appears at the same Pd concentration where 

superconductivityy is suppressed, i.e. the QCP of both superconducting and antiferromagnetic 
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phasess coincide. This result suggests that odd-parity superconductivity is suppressed because of a 

shiftt of the spectral weight from ferromagnetic to antiferromagnetic fluctuations upon Pd doping. 

-- The temperature variation of the resistivity of the pseudo-ternary compound URhi^Ni^^Al is 

consistentt with NFL behaviour due to a single-ion mechanism. 



Samenvattin g g 

Hett Fermi-vloeistof (FV) model van Landau is uitzonderlijk succesvol gebleken in het 

beschrijvenn van metalen bij lage temperaturen. Deze beschrijving kan in het kort samengevat 

wordenn middels de overbekende uitdrukkingen voor de soortelijke warmte c(T) = yT, de 

magnetischee susceptibiliteit x(7~) = c o n st en de elektrische weerstand p(T) = p() + AT~. Niet 

alleenn normale metalen, maar ook de zogeheten zware-ferm ion (ZF) systemen kunnen 

beschrevenn worden met behulp van het FV model, waarbij de FV parameters sterk 

gerenormaliseerdd zijn. Echter, in de afgelopen tien jaar is een aantal sterk gecorreleerde 

elektronsystemenn ontdekt dat sterke afwijkingen van het standaard FV gedrag vertoont. 

Gedetailleerdee studies van zulke systemen hebben tot het inzicht geleid dat het FV model onder 

bepaaldee condities niet toepasbaar is. Deze zogeheten niet-Fermi-vloeistof (NFV) toestand kan 

beschouwdd worden als een nieuwe grondtoestand. In NFV materialen, divergeren c{T)IT en x(D 

voorr 7—>0, terwijl p(7") een niet-kwadratische afhankelijkheid van de temperatuur vertoont. 

Inn dit proefschrift wordt aangetoond dat de ZF verbinding LNPtiln de eerste 

stochiometrischee uranium verbinding is. die onder normale atmosferische druk NVF gedrag 

vertoont.. De soortelijke warmte van U^PtzIn divergeert volgens c/T ~ -ln(777o) over twee decades 

inn temperatuur (0.1 K < T< 6 K). hetgeen overtuigend bewijs is dat U^PtiIn geclassificeerd dient 

tee worden als een zware-fermion NFV materiaal. 

Ookk de magnetische susceptibiliteit vertoont anomaal gedrag bij lage temperatuur: /c 

vertoontt een minimum bij 7.9 K, hetgeen toegeschreven kan worden aan de stabilisatie van 

antiferromagnetischee (AF) interacties, terwijl j£c toeneemt als \-bT voor 2K<7"< 10 K. Dit 

gedragg is in strijd met het normale FV gedrag. 



168 8 Samenvatting Samenvatting 

Dee elektrische weerstand van U^Pbln is sterk anisotroop voor temperaturen beneden 80 K, 

waarbijj  pL- > p .̂ Bij de laagste temperaturen varieert de elektrische weerstand niet kwadratisch 

mett de temperatuur zoals voor een FV, In plaats daarvan geldt p - T" met a - 1.25 en 0.9 voor 

eenn stroom langs de a- en c-as. respectievelijk. Magnetoweerstandsmetingen laten zien dat de 

exponentt a geleidelijk toeneemt in een uitwendig magneetveld. In 8 T wordt de FV waarde a = 2 

bereikt. . 

Dee restweerstanden zijn uitzonderlijk hoog (p()a =115 p.Qcm en p()L. - 2 10 p:Qcm). terwijl 

Röntgen-- en neutronendiffractie experimenten erop duiden dat de kristallen van goede kwaliteit 

zijn.. Het grote verschil tussen po.a en p()x en de sterke magneetveldafhankelijkheid van po laten 

zienn dat po grotendeels bepaald wordt door andere verstrooiingsmechanismen dan verstrooiing 

aann onzuiverheden of defecten. 

Weerstandsmetingenn onder uitwendige hydrostatische druk laten zien dat onder hoge druk 

dee FV toestand hersteld wordt, aangezien p ~ T~. Dit is consistent met een transporttheorie voor 

zware-fermionn systemen die een antiferromagnetisch quantum kritisch punt (QKP) hebben voor 

T—>Q.T—>Q. De anisotropic in de weerstand neemt toe onder druk. 

Muonn spin-rotatie en relaxatie (p.SR) experimenten laten zien dat U2Pt2ln geen zwakke 

magnetischee ordening vertoont, althans niet boven een temperatuur van 0.05 K. Naast een 

statischee magnetische component, die toegeschreven kan worden aan de depolarisatie t.g.v. 

indiumm nucleaire momenten, bestaat het jaSR signaal uit een component die op magnetische 

fluctuatiesfluctuaties duidt (T< 10 K). Er is geen bewijs gevonden voor zogeheten Kondo wanorde. 

Dee lokatie van LNPbln vlakbij de grens voor magnetische ordening in een Doniach-

diagramm zoals samengesteld voor de hele reeks van U2T2X verbindingen en het herwinnen van de 

FVV grondtoestand zoals gemeten d.m.v. elektrische weerstand onder uitwendige druk. vormen 

overtuigendd bewijs dat U2Pt2ln op of vlakbij een magnetisch QKP ligt. 

Soortelijke-warmtee metingen aan de verbinding UiNhSn4 laten zien dat de grondtoestand 

eenn FV is. Echter, in het temperatuurgebied 0.5-5 K wordt NFV gedrag gevonden. 

Weerstandsmetingenn onder uitwendige druk laten zien dat het temperatuurgebied waar FV 

gedragg gevonden wordt groeit met toenemende druk. De resultaten kunnen geïnterpreteerd 

wordenn als een bewijs dat IhNi.^S^ vlakbij een QKP ligt (aan de paramagnetische kant). 

Eenn nieuw type van QKP is gevonden in het systeem U(Pt|.NPdj3. pSR experimenten laten 

zienn dat de zogenaamde groot-moment antiferromagnetische fase ontstaat bij dezelfde Pd 
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concentratiee als die waar supergeleiding wordt onderdrukt, d.w.z. de QKP voor supergeleiding en 

antiferromagnetismee vallen samen. Dit resultaat suggereert dat het spectrale gewicht van de 

magnetischee fluctuaties in UPh verschuift van ferro- naar antiferromagnetisch door legeren met 

Pd. . 

Dee NFV weerstand van de pseudo-ternaire verbinding URh^Ni^AI zoals gevonden bij 

lagee temperatuur kan toegeschreven worden aan een single ion NFV mechanisme. 



Publishe dd wor k 

Publicationss related to the work described in this thesis: 

•• P. Estrela. A. de Visser. T. Naka, F.R. de Boer and L.C.J. Pereira: "Probing UiPt^ri in the 

DoniachDoniach Phase Diagram". in preparation. 

•• P. Estrela, A. de Visser. F.R. de Boer and L.C.J. Pereira: "Magnetoresistance Study of the 

Non-FermiNon-Fermi Liquid Compound tA/Y?//?", in preparation. 

•• P. Estrela. T. Naka. A. de Visser. F.R. de Boer and L. Shlyk: "Recovery of a Fermi Liquid 

StateState in UiNijSnf', in preparation. 

•• P. Estrela, A. de Visser. G.J. Nieuwenhuys, A. Schenck, A. Amato and L.C.J. Pereira: "fiSR 

StudyStudy of the Non-Fermi Liquid Compound UiPtiln", in preparation. 

•• A. de Visser. M.J. Graf, P. Estrela, A. Amato, C. Baines, D. Andreica. F. Gygax and A. 

Schenck:: "Magnetic Quantum Critical Point and Superconductivity in UPtj Doped with Pd", 

submittedd to Phys. Rev. Lett. 

•• L. Shlyk. P. Estrela. J.C. Waerenborgh. L.E. De Long. A. de Visser. D.P. Rojas. F. Gandra 

andd M. Almeida: "Crystal Structure and Physical Properties of UfTjStu (T-Ni, Cu) Single-

Crystals".Crystals". Physica B 292 (2000) 89-96. 

•• A. Schenck. R.J. Keizer. A. de Visser. A. Amato. D. Andreica. F.N. Gygax. M. Pinkpank. P. 

Estrela,, M.J. Graf. A.A. Menovsky and J.J.M. Franse: "Muon Localization Site in U(Pt,Pd)/\ 

Physicaa B 289-290 (2000) 455-458. 

•• P. Estrela, T. Naka. A. de Visser, F.R. de Boer. L.C.J. Pereira and M. Almeida: "Resistivity of 

Non-FermiNon-Fermi Liquid U2Pt2In Under Pressure". Physica B 281-282 (2000) 381-383. 

•• K. Prokes. I.H. Hagmusa, P. Estrela. J.C.P. Klaasse. A.V. Andreev. V. Sechovsky, E.H. Briick 

andd F.R. de Boer: "Possible Non-Fermi-Liquid Behaviour in URht^Ni^/.iAl". Physica B 281-

282(2000)377-378. . 

•• L.C.J. Pereira. M. Almeida. P. Estrela. M. Godinho. J. Rebizant. J.C. Spirlet. R.P. Pinto. 

M.M.. Amado, M.E. Braga and J.B. Sousa: "Magnetic and Transport Properties of UiPt^ln 

SingleSingle Crystals". J. Magn. Magn. Mater. 196-197 (1999) 885-887. 



PublishedPublished work 171 1 

•• L. Shtyk. J.C. Waerenborgh. P. Estrela. L.E. De Long. A. de Visser and VI. Almeida: "Non-

Fermi-LiquidFermi-Liquid Behaviour of U.i xNi,tSn4., Single Crystals". J. Phys.: Condens. Matter 1 1 (1999) ) 

3525-3534. . 

•• P. Estrela. A. de Visser. F.R. de Boer. G.J. Nieuwenhuys. L.C.J. Pereira and M. Almeida: 

"Non-Fermi-Liquid"Non-Fermi-Liquid Behaviour in U2Pt2In", Physica B 259-261 (1999) 409-411. 

•• L. Shhk. J.C. Waerenborgh. P. Lstrela. A. de Visser. L.H. De Long. AAL Gurevich and VI. 

Almeida:: "Non-Fermi Liquid Behavior in Uj.xNiiSn4.y Single Crystals". Physica B 259-261 

(1999)423-425. . 

•• J.A. Paixao. L.C.J. Pereira. P. Estrela, M. Godinho. M. Almeida. L. Paolasini. M. Bonnet. J. 

Rebizantt and J.C. Spirlet: "Magnetization Density Distribution in U2Co2Sn". J. Phys.: 

Condens.. Matter 11 (1999) 2115-2125. 

•• P. Estrela. L.C.J. Pereira. A. de Visser. F.R. de Boer. M. Almeida. M. Godinho. J. Rebizant 

andd J.C. Spirlet: "Structural, Magnetic and Transport Properties of Single-Crystalline 

UU22PtPt22ln".ln".  J. Phys.: Condens. Matter 10 (1998) 9465-9475. 

•• L.C.J. Pereira. J.A. Paixao. P. Estrela. M. Godinho. F. Boudarot. M. Bonnet. J. Rebizant. J.C. 

Spirlett and M. Almeida: "A Single-Crystal Magnetization and Neutron Scattering 

InvestigationInvestigation of the Magnetic Structure of U2Rh2Sn". J. Phys.: Condens. Matter 8 (1996} 

11167-11179. . 

Otherr publications: 

°° A.P. Goncalves. P. Estrela. J.C. Waerenborgh. J.A. Paixao. M. Bonnet. J.C. Spirlet. M. 

Godinhoo and M. Almeida: "Crystallographic and Magnetic Properties of UFexxAb>2 Single 

Crystals".Crystals". J. Magn. Magn. Mater. 189 (1998) 283-292. 

00 P. Estrela. A.P. Goncalves. M. Godinho. M. Almeida and J.C. Spirlet: "Single Crystal 

MagnetisationMagnetisation ofUFe,uMo2". J. Magn. Magn. Mater. 167 (1997) L185-L188. 

00 J. Ayres de Campos. J.M. Gil. P.J. Mendes, L.P. Ferreira. I.C. Ferreira. N. Ayres de Campos. 

P.. Estrela. M. Godinho. M. Bououdina. A. Collomb. D. Fruchart. J.L. Soubeyroux. S. Takele. 

J.. Pelloth and R.A. Brand: "Magnetic Phase Transitions in RFe^^Mo2? Jntennetallics Studied 

byby Fe Mössbauer Spectroscopy, Magnetisation and //+5/?". J. Magn. Magn. Mater. 164 

(1996)305-318. . 

°° M. Godinho. P. Estrela. A.P. Goncalves. M. Almeida. J.C. Spirlet and G. Bonfait: 

"Anomalous"Anomalous Magnetisation Process in UFc'jAls Probed by Magnetisation and 

Magnetoresistance".Magnetoresistance". J. Magn. Magn. Mater. 157-158 (1996) 690-691. 

°° G. Bonfait. M. Godinho. P. Estrela. A.P. Goncalves. M. Almeida and J.C. Spirlet: "Giant 

MagnetoresistanceMagnetoresistance Anomaly Associated with a New Magnetisation Process in UFe^Al.s". 

Phys.. Rev. B 53 (1996) R480-R483. 



172 2 PublishedPublished work 

-- P. Estrela. M. Godinho. A.P. Goncalves. M. Almeida and J.C. Spirlet: "Magnetic Properties 

ofUFeioSi:ofUFeioSi: Single Crystal". J. Alloys Compounds 230 (1995) 35-41. 

'-'- A.P. Goncalves. G. Bonfait. M. Almeida. P. Estrela. M. Godinho and J.C. Spirlet: "Structural 

andand Magnetic Properties of üFexMl2x (M-Al, Mo and Si) Intennetallic Compounds". J. 

Magn.. Magn. Mater. 140-144(1995) 1419-1420. 

00 A.P. Goncalves. P. Estrela. J.C. Waerenhorgh. M. Godinho. M. Almeida and J.C. Spirlet: 

"Structural"Structural and Physical Properties of UFIJI„MO 2". J. Alloys Compounds 218 (1995) 183-

189. . 
00 P. Estrela. C. Abi'lio. M. Godinho. J.L. Tholence and J.J. Capponi: "The Irreversibility Line of 

thethe Superconducting Compound HgBa2Ca<Cu4Om+;'. Physica C 235-240 (1994) 2731-2732. 



Acknowledgement s s 

II  would like to thank the European Commission for a Marie Curie Fellowship within the 

Trainingg and Mobility of Researchers programme (contract ERBFMBICT961763). I also 

acknowledgee the Fundacao Calouste Gulbenkian (Portugal) for partially financing my initial 

periodd in Amsterdam through a "Bolsa de Doutoramento". Further logistic support was given by 

thee Universiteit van Amsterdam. 

I'mm much obliged to my supervisors for accepting me as a Ph.D. student. The positive 

outcomee of this work would not have been possible without the continuous scientific guidance, 

incentivee and friendship of Anne de Visser. I learned a lot from him and I thank him for 

everythingg he has done for me. Frank de Boer always accompanied, discussed and commented on 

myy work in a very constructive way. I thank him for his kind and competent supervision. 

II  am grateful to my Portuguese co-workers and sample providers for a fruitful 

collaboration:: Laura Pereira (ITN). Antonio Gon^alves (ITN), Manuel Almeida (ITN) and 

Margaridaa Godinho (FCUL). Also Larisa Shhk (NAS Ukraine) is acknowledged for providing 

thee single crystals of U.^N^Sn̂  

Speciall  thanks are given to Ronald Keizer and Rob van Schaijk. Their precious help (and 

patience)) strongly contributed to a successful experimental work. The pressure experiments were 

carriedd out together with Takashi Naka (NRIM Tsukuba). I thank him for a fun collaboration. 

II  had the pleasure to collaborate and discuss problems related to the p_SR experiments with 

Gee Nieuwenhuys (RUL). Alex Schenck (ETH Zurich) and Alex Amato (PSI). I thank them for 

theirr valuable input. I also would like to thank Mike Graf (Boston College), Chris Baines (PSI). 

Daniell  Andreica (ETH Zurich). Markus Pinkpank (ETH Zurich), Bob Heffner (LANL) and Fred 

Gygaxx (ETH Zurich) for assistance during the experiments and useful discussions. The European 



174 4 Acknowledgements Acknowledgements 

Sciencee Foundation is acknowledged for supporting some of the visits to the Paul Scherrer 

Institutee within the FERL1N programme. 

II  thank Alois Menovsky for teaching me crystal growth methods and procedures. Many 

discussionss with him gave me a better understanding of the problematic of sample preparation. 

Agungg Nugroho, Nitin Patil and Marian Mihalik are also acknowledged for giving me assistance 

onn the crystal growth attempts. I would like to thank Ton Gortenmulder (RUL) for the EPMA 

analysiss on many of the samples. 

AA special acknowledgement is made to Jaap Franse for his constant interest in my work 

andd the many group discussions. I also would like to thank Peter de Chatel and Ekkes Briick for 

acceptingg to be part of my thesis committee and for valuable remarks on my work. 

Manyy colleagues and friends have contributed for a pleasant four-year period in the Van 

derr Waals - Zeeman Institute. Besides the names already mentioned. I should also mention 

Vincentt Duijn. Michiel Hilbers, Dennis de Lang. Harry Duijn, Frank Kayzel. Yuri Janssen, Isam 

Hagmusa,, Leonid Ponomarenko, Cyril Opeil, Joost Peters. Michel Zwanenburg, Jeroen 

Bongaertss and Mohamed Nazih. 

II  also acknowledge the technical and administrative staff of the Institute/University who, at 

onee moment or another, gave me some assistance, namely: Jenny Batson, Harry Beukers, Mariet 

Bos,, Derk Bouhuijs, Henk Gelders, Eddy Inoeng, Dick Jensen, Willem Moolhuijzen. Ton 

Riemersma.. Rene Rik, Marianne Roos. Piet Sannes, Hugo Schlatter and Bert Zwart. 

II  am deeply indebted to my parents and the rest of the family, who always supported me 

andd encouraged me in many ways. Thanks also to the friends (some closer than others), who 

weree always there for me. 

II  apologize if I forgot to mention someone. My only excuse is my policy of "democratic-

forgetfull  ness", i.e. the tendency to forget things regardless of their level of importance, spatial 

andd temporal localization, race, sexual gender and orientation, religion or social status. 








	Cover
	Titlepage
	Contents
	1. Introduction
	2. Non-Fermi liquid behaviour in heavy-fermion compounds
	3. Experimental
	4. Non-Fermi liquid behaviour in U2Pt2ln
	5. Muon spin relaxation and rotation in U2Pt2ln
	6. Probing U2Pt2ln in the Doniach phase diagram
	7. Non-Fermi liquid behaviour in other uranium compounds
	8. Concluding remarks
	Summary
	Samenvatting
	Published work
	Acknowledgements
	Cover

