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Chapterr 1 

GENERALL INTRODUCTION 

1.11 General introductio n to heavy-fermion behaviour 

AA priori  it is surprising that in normal metals, where the concentration of electrons 
iss so high, electron-electron correlations play a minor role. For this absence of strong 
correlationss several origins can be identified. We mention, for instance, crystal-field 
effectss as well as the fact that the average energy involved in electron-electron cor-
relationss grows less faster than the average kinetic energy at increasing density of 
electrons.. For the latter it is assumed that the charge (electrons) is homogeneously 
distributedd over the sample and that the sample is three-dimensional. In case these 
requirementss are not fulfilled, electron-electron correlations could play a larger role. 
AA few examples will be given. 

Inn semiconductors, not only low densities of electrons are feasible, but also a 
lowerr dimensionality (e.g. two dimensional) for the electron system. 

Kondoo systems basically consist of magnetic ions embedded in a metallic host. 
Thesee magnetic ions have narrow not-completely filled f or d shells. Two electrons 
occupyingg the same orbital have not much chance avoiding each other and they are 
nott well screened from each other either. The result is a strong on-site Coulomb 
repulsion. . 

Inn "regular" magnetic systems, similar magnetic ions appear only arranged 
muchh denser and periodically. It is, therefore, not surprising that in these systems 
electron-electronn interactions play a mayor role, with magnetism as a result. 

Evenn BCS superconductors can be fitted within this oversimplified frame-
work.. The basic ingredient in BCS superconductivity is an electron-phonon interac-
tionn (which can in principle be interpreted as resulting in a crystal-field effect). 

Neww classes of materials exhibiting many-body effects have recently been dis-
covered:: the ceramic high-temperature superconductors and heavy-fermion materials. 
Theree are large differences but both systems consist of magnetic ions (with their not-
completelyy filled for d shells) in a dense periodic arrangement embedded in a metallic 
host.. Although they exhibit completely different experimental features they appear 
too be related systems. Theoretical concepts developed for one could, therefore, well 
bee applicable for the other and vice versa 
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1.1.11.1.1 The experimental properties of heavy-fermion systems 

Inn this thesis, heavy-fermion systems are considered. Examples are: CeRu2Si2, CeAl3, 
UPt3,, URU2S12 and many more. They consist of actinide or rare earth magnetic ions 
withh not completely filled 5f and 4f shells, respectively, embedded in a metallic host. 
Theyy all contain at least one magnetic ion per unit cell. As temperature is lowered, 
aa new type of electronic behaviour starts to set in. I t reveals itself by many striking 
experimentall  features. It is not so much one of these features on its own which wil l 
formm the enigma but much more the cocktail of features. 

I tt is one of these features which gave this behaviour its name: "heavy-fermion 
behaviour".. I t seems as if the apparent effective mass of the electronic quasi-particles 
startss to be strongly enhanced by a factor of ten to hundred or more as temperature 
iss lowered below some characteristic temperature. The characteristic temperature is 
generallyy in the range of several decades of kelvin. This reveals itself in the size of the 
linearr temperature coefficient of the specific heat. Its implications in terms of energy 
storedd per degree Kelvin wil l be discussed in a moment. 

Thee same type of dense and periodic arrangements of magnetic ions are found 
inn "regular" magnetic materials. It is, therefore, not surprising that magnetic corre-
lationss are detected in the case of heavy-fermion behaviour. Generally, heavy-fermion 
behaviourr is associated with antiferromagnetic ordering and not ferromagnetic. The 
sizee of the moments involved is extremely small (but non-zero). They are some-
timess detected in neutron-diffraction experiments sometimes in /zSR experiments. 
Mostt theories concerning magnetism produce either large moments or zero magnetic 
moments. . 

Thee connection to magnetic systems indicates that magnetic fields should also 
havee an effect on heavy-fermion behaviour, and it does. With a magnetic field, 
heavy-fermionn behaviour can be suppressed. For this suppression, a characteristic 
fieldd strength can be assigned. It seems that a simple energy scaling relation exists 
betweenn the characteristic field and the characteristic temperature for heavy-fermion 
behaviourr ( ksT*  w fJ^B*, where ks, [1% represent the Boltzman's constant and 
thee Bohr magneton, respectively, whereas T*  and B* represent the characteristic 
temperaturee and the characteristic field, respectively). 

AA third important property of the heavy-fermion behaviour is the strongly en-
hancedd Grtineisen parameter. The Grüneisen parameter expresses the relative strain 
dependencee of various properties as the (electronic-) energy levels, the characteristic 
temperaturee and the characteristic magnetic field for heavy-fermion behaviour. The 
factt that all these parameters have the same relative strain dependence is a further 
indicationn that a single-energy scaling should exist. This single characteristic energy 
scalee is of an unusual small value (corresponding to several tens of kelvin or several 
tenss of tesla for the characteristic temperature and the characteristic characteristic 
field,, respectively). It is the small size of this energy scale which opens further doors 
forr many exotic features. 
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1.1.21.1.2 Heavy-fermion behaviour in terms of density of states 

Itt should be realized that the large value for the apparent effective masses indicates 
thatt unusually large amounts of energy can be stored per kelvin in the electronic 
partt of the system In terms of a density of states, one could assign to heavy-fermion 
behaviourr a narrow but pronounced peak at the chemical potential. The width of this 
peakk is the single characteristic energy scale, previously mentioned. Heavy-fermion 
behaviourr is, therefore, associated with the introduction of many many-body low-
energyy excitations 

Forr the situation of a single magnetic ion embedded in a metallic host, a 
suitablee theoretical treatment exists. This is the " Kondo theory " used to describe 
thee features appearing for low concentrations of magnetic ions embedded in a metallic 
host.. A typical feature of these systems is that again a peak in the density of states 
iss created, although not so narrow. One could simply argue that the effect of the 
periodicc arrangement of the magnetic ions in the case of the heavy-fermion systems 
iss to renormalize these energy scales. But, as we will see, several other experimental 
featuress set the Kondo and heavy-fermion behaviour apart from each other. 

Differencess between heavy-fermion and Kondo systems 

Firstt of all, there is the already mentioned small value of the magnetic moment in 
heavy-fermionn compounds. An essential feature of the Kondo effect is the singlet 
formationn between conduction states and the f states of the magnetic ion (hence zero 
magneticc moment). This could suggest that in heavy-fermion systems, the singlet 
formationn is not complete. 

Thee temperature dependence of the resistance of various heavy-fermion sys-
temss is different from that of a Kondo system. It contains a fairly large T2 term, 
moree in line with a Fermi liquid approach. However, some heavy-fermion compounds 
displayy a resistance behaviour more in line with Kondo behaviour. In CeRu2Si2, for 
instance,, one can replace Ce by La. Studying the temperature dependence of the re-
sistancee for increasing concentrations of La, the curves gradually change from what is 
identifiedd as more heavy-fermion behaviour to Kondo behaviour. The gradual tran-
sitionn indicates that, although not the same, heavy-fermion behaviour and Kondo 
behaviourr show a continuous transition and are clearly related. 

Forr the Kondo-system, different characteristic temperatures can be identified 
forr different physical quantities (e.g. specific heat, susceptibility, etc.). The same 
holdss for heavy-fermion systems. In Kondo systems, a theory exists connecting the 
differentt characteristic temperatures consistently to each other. Such a theory is 
lackingg for heavy-fermion systems. Phenomenologically, however, it is clear that the 
variouss characteristic temperatures in heavy-fermion systems are related to each other 
inn a different fashion as compared to Kondo systems. 

Furthermore,, fundamental theoretical objections exist prohibiting the straight-
forwardd adaptation of an approach similar to Kondo ( magnetic ions in the diluted 
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limit )) to the situation where the magnetic ions are arranged densely and periodi-
cally.. We wil l discus these problems and their possible solutions extensively in the 
nextt chapters. In these chapters also a discussion can be found why the situation for 
heavy-fermionn systems is so hard to be treated theoretically. 

Forr Kondo systems, the Wilson ratio is equal to 2. The Wilson ratio expresses 
thee relative enhancement of the susceptibility versus the relative enhancement of the 
specificc heat as a result of the introduction of the Kondo effect. For the case of 
heavy-fermionn systems its value varies between 1 and 2. 

Est imat in gg t h e sizes of interact ion parameters 

I nn the case of a dominant presence of many-body interactions, density of states and 
bandstructuress must be formulated in terms of either removing an electron (probing 
statess below the chemical potential) or adding an electron (probing states above the 
chemicall  potential). From these considerations we have to find estimates for ef - fj, 
andd U. Loosely speaking, ef represents the energy of the "bare f orbital " of the 
magneticc ion and U the on-site repulsion energy as a result of a many-fold occupancy 
off  the orbital. The chemical potential is represented as (i. To be more precise, one 
couldd interpret ef as the many-body excitation of the f shell in a magnetic ion from 
thee f1 to the f° configuration (where the electron is moved to a state at the Fermi 
energy).. Similarly ef + U can be associated with a many-body excitation from an f1 to 
aa f2 configuration. Interpreted in these terms, ef and U are experimentally accessible. 

Thee experimental techniques of choice are XPS ( "X-ray Photoemission Spec-
troscopyy ") and BIS ( "Bremsstrahlung Isochromat Spectroscopy ") To analyze the 
data,, a theory is needed. Clearly, that theory is lacking in the case of heavy-fermion 
systems.. For the diluted magnetic impurity case, a theory by Gunnarson and Schön-
hammerr [1] exists. Their result can be simply described in terms of an effective 
densityy of states of which the principle features are: a broad peak in the occupied 
bandd at ef, a structured peak in the empty band at ef + £/, and a strikingly large 
resonancee just above the Fermi surface (the Kondo resonance). This is schematically 
depictedd in fig. 1. 

Qualitatively,, the results for heavy-fermion behaviour share similar features. 
But,, there are several inadequacies when applying this approach to heavy-fermion 
systems.. Now, the position of the chemical potential is of importance. This is not 
thee case for the single impurity. Jumping from one configuration of the f site to the 
other,, only changes the total number of conduction electrons by one in the entire 
solidd ("the conduction-electron bath" can be taken as a frame of reference). For the 
latticee case, the value of nf and with it the chemical potential wil l adjust to minimize 
thee total energy, presumably with ef still at some distance below the Fermi energy. 

Thee theory of Gunnarsson and Schönhammer that has been remarkably suc-
cessfull  in explaining the XPS and BIS spectra in dilute Kondo systems, has also been 
foundd to be appropriate to the concentrated Ce alloys. So successful, in fact, that it 
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Figuree 1 Artistic impression of an effective f-projected density of states, p^, for diluted 
concentrationss of Ce impurities in a metal as to be expected according to the theory of 
Gunnarssonn and Schönhammer (see text). The parameters are so chosen to emphasize three 
features:: the occupied peak at £f, the unoccupied peak at ef + U and the Kondo resonance. 

seemss that interaction effects between ions are not important. However, in particular 
inn the vicinity of the Kondo resonance this is an open question. 

Ass far as heavy-fermion systems are concerned, we wil l concentrate on the Ce 
andd U based systems. From [2], it can be concluded that for the Ce based systems U is 
inn the order of 5 to 6 eV and that the degenerate f orbitals have an energy ef of about 
22 eV below the Fermi energy. This value is consistent with XPS measurements and 
withh the understanding that Cf is a many-body energy corresponding to an excitation 
fromm a 4f1(5d6s)3 configuration to a 4f°(5d6s)4 one. 

Forr uranium, the most likely relevant configurations are f2 (with Hund's rule 
groundd state J = 4) and f3 (with Hund's rule ground state J = 9/2). In this case, fj. -
ee{{  must correspond to the estimated excitation energy from f3 to f2: 0.8 eV. I t has to 
bee stressed that the f shell ground-state configuration for uranium in heavy-fermion 
compoundss is still mired in some controversy. The atomic-like 5f level in uranium 
provess difficul t to be detected in a metal by XPS or BIS measurements ( [3] [4]). 

Thee on-site repulsion, in this case, can be complex since the precise form of 
thee 5f-5f Coulomb coupling term is not certain. Nonetheless, one can estimate (see 
[5]]  [6]) a U value of about 2 eV by calculating: 

[ ^^  ( f ' ) - tftotal  ( f ' ) ] - [ & * l ( f ' ) - £total ( f ' ) ] -

wheree the energy of each 5f" configuration is obtained by averaging over all possible 
L-SL-S coupled states. 
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A nn important observation we would like to make is that, although between 
Cee and U based heavy-fermion compounds U and (ft — ef) can differ, their ratio is 
alwayss in the same order of magnitude: 

,, U , = 3 .6 . 
0**  - £f) 

Thee precise value of this ratio seems to depend on the precise method of analyzing 
thee data. 

Thee last interaction parameter which wil l be of importance to our considera-
tionss is the ligand hybridization strength, JT|, between the f orbitals of the magnetic 
ionss and the orbitals of their ligand atoms eventually contributing to the conduction 
states.. We address the problem here in terms of a tight-binding scheme. The hy-
bridizationn interaction is a sm^e-electron interaction of the electron-ion type where 
thee ion in this case is provided by the ligand atom of the alternate type. In fact, 
\T\\T\ is an artifact. I t is merely the consequence of our artificial separation of the 
single-electronn potential in a term responsible for the conduction states and in a term 
responsiblee for the f states. Expressed in these terms, T forms the off-diagonal matrix 
elementss at representing the single-electron potentials as a matrix using f and c states 
forr a basis. Following the argument of Koelling et al [7], qualitative sizes of these 
matrixx elements can be estimated by calculating the overlap of the corresponding 
orbitall  functions. To our knowledge, due to its very nature, there is no experimental 
techniquee available by which these values can be directly addressed. 

Forr the Ce and U based heavy-fermion compounds, from[8][9][10][ll][12] , \T\ 
cann be estimated to range from 3 to 6 meV and from 5 to 6 meV, respectively, much 
smallerr than U and pi — ef. 

Qualitatively,, for direct f-f interaction the inter magnetic-ion separation is the 
controllingg variable. Hil l [13] classified these materials by identifying local-moment 
magnetismm as a signature of localization and superconductivity or Pauli paramag-
netismm as a signature of itinerancy. Plott ing the magnetic and superconducting tran-
sitionn temperature versus the inter-actinide lattice spacing, he found a reasonably 
sharpp transition between "localized" compounds, above some critical atomic sepa-
ration,, and "itinerant" compounds, below this critical separation. The Hil l limit , 
( «« 3.4 A) can be defined beyond which the hybridization between f orbitals of two 
neighbouringg magnetic ions can be disregarded. 

Thee magnetic-ion magnetic-ion distances are beyond this limi t in most heavy-
fermionn compounds, as is the case for UPt3 (the smallest U-U distance, in this com-
poundd is 5.25 A). Considering hybridization effects for the f orbitals of magnetic 
ions,, only the ligand hybridization with neighbouring non-magnetic atoms has to be 
included. . 

1.1.31.1.3 Heuristic notion f or heavy-fermion behaviour 

Noww that we have identified the relevant interaction parameters, what is our heuristic 
notionn for heavy-fermion behaviour? The bare f -band energy, Cf, corresponds to an 
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energyy much lower than the chemical potential, \i. In case an f orbital is doubly 
occupiedd so that an energy gain U is the result the average energy per electron vastly 
exceedss /i . From this argument, one would expect for the ground state each f orbital 
too be singly occupied so that maximum profit is made of £f <t; fi and the excess energy 
duee to the on-site repulsion is avoided. 

Thee introduction of the small but essential ligand hybridization causes the f 
statess to turn itinerant. Effectively, electrons can move from f site to f site (where the 
conductionn states are acting as intermediator). As already all f orbitals are occupied 
thee electrons cannot move around in a coherent manner in order to avoid each other 
withoutt the introduction of an extra angular momentum. 

Inn general terms, by assuming the peak in the density of states related to the 
itinerantt f-states to have an energy equal to the chemical potential, instead of an 
energyy much smaller than the chemical potential, the system is able to form low-
energyy correlated many-body states. Some room in phase space must be created to 
alloww for these new excitations to occur. For this, the f-band is slightly depopulated. 
Thiss leads to an excess energy. The energy loss, caused by the formation of these 
neww correlated states, must more than compensate for that excess energy. Already 
heree the importance of the slightly less and not exactly unity occupancy of f orbitals 
emerges.. The parameter An*  represents these deviations. In terms of the first term 
off  a Taylor expansion of the corresponding energy loss, (PArif) , the proportionality 
constantt (P) has the same dimensions as a charge-transfer parameter. 

I nn photo-emission experiments, an electron is removed by a photon from the f 
band.. No longer the complicated mechanisms addressed above are needed since now 
thee room in phase space is artificially created by the removal of the electron. The 
energyy measured in that experiment is, therefore, €f — fi. 

Heuristically,, we expect the introduction of many-body effects on the shape 
off  the density of states to be the following. The shape of the peak in the density of 
statess is basically that of an f band (a dispersionless band corresponding to localized 
states)) hybridizing with a conduction band. We wil l refer to this feature as the "hy-
bridizationn peak " . Two renormalization effects occur. The energy of the bare f level 
iss renormalized so that the peak in the density of states is at the chemical potential. 
Forr this case, one can imagine mechanisms at work as hinted above. Furthermore, 
alsoo the ligand-hybridization strength is renormalized (gets smaller). Already in 
ourr study of the small molecules later on, we wil l find that the ligand-hybridization 
strengthh effectively renormalizes. To accommodate for the effective masses observed, 
thee ligand-hybridization strength must be approximately ten times smaller than es-
timatedd by Koelling et oi. 

I tt is important to notice the role Arif plays in all of this. The fact that Ant ^ 0 
allowss for room in phase space which enables the creation of many-body states. The 
positionn of the chemical potential within the "hybridization peak " determines the 
effectivee masses, m*. This in term, determines Arif . Within this description, it is not 
surprisingg that m* wil l be a function of Arif . Furthermore, we wil l present a Stoner 
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treatmentt for a particularly shaped bandstructure and demonstrate that under the 
properr conditions this bandstructure can lead to the occurrence of a small magnetic 
moment. . 

Thee width of the hybridization peak is in the order of \T\ and must set the 
characteristicc energy/temperature scale of the system. We wil l argue, again on an 
heuristicc basis, that the effect of a magnetic field is to shift the peak to lower energies 
withh respect to the chemical potential. 

Wee wil l try to make a comparison to the more "standard " approaches in 
termss of Kondo and RKKY interactions. In the first chapter, a detailed discussion 
off  that approach can be found. For the standard Kondo Hamiltonian any deviations 
fromm integer fillin g are non-essential. In this "standard approach " it is generally 
assumedd that An f = 0 and that the RKKY interactions and Kondo interactions 
excludee each other. An  ̂ = 0 Implies that U is set to infinity. 

Ourr approach wil l be epitomized in terms of an effective Hamiltonian consist-
ingg of three terms. Its first term is basically a Hubbard Hamiltonian. In the most 
simplee form of the Hubbard model, electrons can effectively hop from f site to f site 
whilee on each f site a strong on-site repulsion interaction is present. The second term 
iss highly analogue to the Kondo interactions. As a matter of fact, it can be shown 
thatt the Kondo interactions form part of this term. It describes the interaction be-
tweenn the f and the conduction states. And the third term is a conduction-band 
Hamiltonian. . 

Forr the infinite U Hubbard model i t is known that in the case of half fillin g 
(ann equal amount of electrons as f sites), the model reduces to that of an Heisenberg 
antiferromagnet.. For the case of slightly less than half filling , holes are propagating 
throughh the lattice of f sites leaving trails of magnetic frustrations behind 

1.22 Out l in e 

Wee wil l start in the next chapter with a detailed examination of existing theories. Not 
onlyy theories and notions developed for single magnetic ions embedded in a metallic 
hostt wil l be considered but also theories concerning the magnetic interactions between 
thesee ions. In particular, the assumptions and approximations made in these theories 
wil ll  bear our interest. In this chapter we also try to identify reasons complicating a 
"microscopicc " treatment for heavy-fermion behaviour. 

Inn the next chapter simple molecules are treated. It is known from literature 
thatt a simple molecule consisting of a magnetic ion with a ligand atom already repro-
ducess qualitatively many of the features of diluted Kondo systems. We wil l extend 
thee reach of these molecules. E.g., we wil l consider the situation where two simple 
magneticc ions equally share one ligand atom. The number of ligand atoms present is 
insufficientt to form individual single-ion states for each magnetic ion. The advantage 
off  these molecules is that they turn out to be manageable. Spectra and eigenstates 
cann be generated and (spin) correlations can be studied. The type of magnetic or-
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deringg of such a molecule will be a further subject of interest. In this study, angular 
momentumm considerations appear to be important. The great advantage of small 
moleculess is that the origin of certain (spin) correlations or certain types of ordering 
cann easily be found. In addition, we will study the effects of varying electron densities 
(ass it is by this feature that density of states are eventually measured for many-body 
states).. The effects of the presence of a surplus of symmetry operators on the energy 
spectraa will be studied. In a molecule where three magnetic ions share one ligand 
atomm many symmetry operators are present not all commuting with each other. The 
firstfirst step of gluing these molecules together towards a lattice will also be presented. 
Afterr gluing two smaller molecules together towards a larger molecule, a new type of 
groundd state is found. In the last part of this chapter we apply a fictitious magnetic 
fieldd forcing a small molecule to order either ferromagnetically or antiferromagneti-
cally.. This is done for several reasons, among which are the following. It gives an 
indicationn of what happens in case this molecule is embedded in a magnetic lattice. 
Usingg the analogy between a ferromagnetic fictitious field and an externally applied 
magneticc field, also an energy scaling relation between characteristic temperature and 
fieldd could be deduced for small molecules. 

Wee will present dilatation experiments to study heavy-fermion behaviour. As 
thee creation of heavy-fermion behaviour is associated with a large enhancement of 
thee Grüneisen parameter, the creation reveals itself as a dramatic shrinking of the 
sample.. We will use a three-terminal capacitance method to measure the relative 
lengthh change of the sample. 

Inn combination with specific-heat measurements not only the density of states 
att the chemical potential or the effective mass can be studied but also its strain 
dependence.. One of the facts we wish to verify is whether the experimental results 
aree in agreement with the heuristic notion presented before. 

Dilatationn measurements can be performed along specific crystal axes. This 
inn contrast to specific-heat measurements. Dilatation measurements, therefore, also 
providee crystal-axes sensitive information about the make-up of the heavy-fermion 
states. . 

Ass a further parameter in our experiments we will use magnetic fields. It is 
clearr that in the many-body effects of heavy-fermion behaviour the spins play an 
importantt role. A magnetic field is one of the few external tools which has a direct 
interactionn with the spins. We further wish to verify our heuristic notion that the 
effectt of applying a magnetic field is to shift the peak in the density at the chemical 
potentiall  (related to heavy-fermion behaviour) to lower energies 

Wee have performed both thermal expansion measurements (relative length 
changee as function of temperature for fixed fields) as well as magnetostriction mea-
surementss (relative length change as function of field for fixed temperatures). 

Thee material we have studied is UPt3. UPt3 can be considered as the drosophila 
off  heavy-fermion systems. It has all the properties associated to heavy-fermion be-
haviourr in the extreme sense. 
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A tt low enough temperatures, UPt3 is one of the few heavy-fermion systems 
thatt wil l even turn superconducting (below 0.5 K). The jump in the specific heat at 
thiss transition suggests that heavy quasi particles are involved in this superconduc-
tivity . . 

Ass a small percentage of Pt is replaced by Pd, the properties of UPt3 can be 
alteredd without destroying heavy-fermion behaviour or the crystal structure of UPt3. 
Forr low concentrations of Pd, long-range antiferromagnetic ordering sets in. This an-
tiferromagneticc ordering is most pronounced for UfPto.gsPdo.os^. As we study both 
UPt3]] with a pure heavy-fermion state, as well as UfPto.ssPdo.osJs, a systematic study 
off  the simultaneous presence of heavy-fermion behaviour with long-range antiferro-
magneticc ordering can be performed. That long-range antiferromagnetic ordering is 
off  interest because of the relation between heavy-fermion behaviour and Hubbard 
models.. For the latter it is known that under the proper conditions they resort to an-
tiferromagneticc ordering ([14][15][16] [17]). According to our model considerations this 
antiferromagneticc ordering should greatly "stabilize " the heavy-fermion behaviour. 
Thiss means that in the region where long-range antiferromagnetic ordering is observed 
inn combination with heavy-fermion behaviour, temperature and field should be com-
paredd to the characteristic temperature and field of the antiferromagnetic ordering 
andd not of the heavy-fermion behaviour, This is in contrast to the temperature-field 
regionn where only heavy-fermion behaviour exists. 

Furtherr increasing the Pd concentration suppresses the long-range antiferro-
magneticc ordering. 

Ass the Pd concentration is increased from 0 atomic % up to 10 atomic % 
characteristicc temperature and field get more and more suppressed. The characteristic 
fieldd for UPt3 is 20 T. For U(Pt0.9Pd0.i)3 the characteristic field is 0 T, i.e. the heavy-
fermionn state is completely suppressed by the Pd-doping. But a remarkable feature is 
thatt the 0 T thermal-expansion measurements on U(Pto.9Pd01)3 resemble very much 
thee 20 T thermal-expansion measurements on UPt3. It seems as if Pd doping and 
magneticc fields have a similar effect on the heavy-fermion behaviour. 

Iff  the effect of applying a magnetic field (or Pd doping) on heavy-fermion 
behaviourr is to shift the peak in the density of states at the chemical potential to 
lowerr energies, the characteristic field B* is then simply the field needed to shift the 
peakk just below the chemical potential. For fields just exceeding B*, no heavy-fermion 
behaviourr is detected in thermodynamic experiments at the lowest temperatures. But 
sincee the peak in the density of states still exists, only at a slightly lower energy 
thann the chemical potential, as temperature increases its states should start to be 
observablee in thermodynamic experiments. We wil l call this feature "re-entrant 
heavy-fermionn behaviour". Dilatation experiments are an ideal technique for these 
purposes.. The presence of heavy-fermion behaviour reveals itself simply as a valley 
inn a three-dimensional plot of the length versus temperature and field. 

Thee heavy-fermion behaviour in the U(Pti_a;Pda!)3-compounds is highly anisotropic. 
Thee features to which characteristic temperatures and fields can be assigned mostly 
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occurr in the a,b-plane and are generally not detected along the c-axis. On the other 
hand,, the response along the c-axis is considerable. Whereas the overall crystal struc-
turee is conserved for these low concentrations of Pd doping, the ratios of the three 
crystall  axes with respect to each other changes (it is not so much the molar volume 
whichh changes). I t seems clear that the c-axis response must have an electronic origin. 
Howw does the c-axis response depend on the c/a ratio? Is there a region for the c/a 
ratioo where the c-axis response is more closely related to the a,b-axes response than 
inn other regions? 

Thesee are just some of the interesting features of the U(Pti_rPda;)3-compounds. 
Inn a later chapter a more detailed listing can be found. 
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