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Classification of Strongly Correlated f-Electron 
Systems 

Frank Steglich~ C h r l s t o p h  Geibel ,  R o b e r t  Modler ,  Michael  Lang,  
P e t e r  He l lmann  and  Phi l ipp  Gegenwar t  

Institut fuer Festkoerperphysik, Technische Hochschule Darmstadt, D-64289 Darmstadt, 
Germany 

Ce-based heavy-fermion (HF) metals behave as Kondo-lattice systems and can be 
classified with the aid of a single coupling parameter, I '] ] / W ,  where J < 0 is the 
local exchange integral and W the conduction-band width. Depending on its actual 
composition, the exemplary material CeCu2Si2 chooses one out of two ground states: 
HF superconductivity and a new magnetic [IF phase "~A ". In a narrow composition 
range, these two phases are nearly degenerate and expell each other upon varying 
either the temperature or the external magnetic field. The one-parameter-scaling 
approach appears inapplicable to the U-based HF metals. For the exemplary material 
UPd2A13~ antiferromagnetic ordering between seemingly local 5 f moments coexists, 
on a microscopic scale, with HF superconductivity. Whether this coexistence can be 
explained by assuming 5 f states localized on a tetravalent U-ion with non-magnetic 
crystal-field ground state remains to be shown. We discuss arguments which invoke 
itinerant 5 f states in the U-based HF metals to be distinguished from the localized 
4 f states in the Ce-based counterparts. 

1. I N T R O D U C T I O N  

Strongly correlated f-electron materials, i.e. periodic lattices of partially filled 
f shells in a metallic environment, can be classified with respect to two param- 
eters characterizing the charge carriers: their concentration and the strength of 
their mutual interaction. Three different cases have been distinguished: 1 (i) Sys- 
tems for which both of these quantities are relatively large (e.g., electron-doped 
euprate superconductors~,3)~ (ii) systems for which they both are relatively small 
(the so-called "low-carrier density lanthanide-based compounds ''4) and (iii) "heavy- 
fermion" (HF) metals which exhibit a large concentration (~ 1022cm -3) of only 
weakly correlated conduction electrons. In this paper we shall concentrate on these 
latter systems and discuss phenomenological similarities and differences between 
lanthanide- and actinide-based examples. 

After briefly reviewing characteristic properties of HF metals in sect. 2, we 
shall address recent results on two exemplary systems which display very different 
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ground-state properties: CeCu2Si2 (sect. 3) and UPd2AI3 (sect. 4). These results 
are put into perspective in sect. 5. 

2. S O M E  C H A R A C T E R I S T I C  P R O P E R T I E S  OF 4f- A N D  
5 f - I O N - B A S E D  H E A V Y - F E R M I O N  M E T A L S  

HF metals can have different ground states which are commonly classified by 
adopting the magnetic limit of the periodic Anderson model, the so-called "Kondo 
lattice".5 In these materials, the formation of a local Kondc singIet (with binding 
energy kBT* ~ exp(W/J)) competes with the formation of a cooperative magnetic 
state via the RKKY interaction (with binding energy kBTRK~:u ~ J2/W).  Here. 
J < 0 is the local 4f/5f, conduction-electron exchange integral and W the width of 
the conduction band. For Ce systems, I J I / W  is raised upon volume compression. 

At sufficiently small coupling parameter [ J I / W  i.e. TRKKY > T* local f- 
derived magnetic moments which can be substantially reduced by the Kondo effect 
form a cooperative magnetic state (hereafter termed local-momem magnetically or- 
dered state, LMM). In most of these materials, a rather complex antiferromagnetic 
state is found. 5 In general, substantially enhanced electronic specific heats 7T, with 

2 7 ~ 0 .1J /K mole, are detected below the Neel temperature TN: of. the prototyp- 
ical compounds CeA12 6 and COB6. 7 In several of these compounds the electrical 
resistivity at T < TN contains an AT u contribution, where ~ scales with the Som- 
merfeld coefficient 7 according to the universal "Kadowaki-Wood plot" .s De-Haas- 
van-Alphen (dHvA) measurements typically reveal a low-temperature Fermi surface 
very similar to that of the corresponding La homologue. 9-11 Though apparently not 
reaching the large band masses as deduced from specific-heat experiments, I1 the cy- 
clotron masses found in the dHvA experiments are markedly enhanced compared 
to those in the La homologues. All these observations indicate that  the ordinary 
carriers of s, p or d symmetry are subject to an extraordinary mass renormaIization 
by many-body effects operative in the low-T state of these magnetically ordered 
Kondo-lattice systems. 

At sufficiently strong local exchange coupling, i.e. for T* > TRKKy. heavy 
Fermi liquids are observed at low temperatures, like in CeRu:Si21~ and CeCu6.13 
They are characterized by a large Sommerfeld coefficient of the electronic specific 
heat (7 ~ 1J/K2m~ reflecting a gigantic quasiparticle mass m*( ~ _ 100m0 - 
1000rn0; m0 being the free-electron mass). Correspondingly huge Pauli spin sus- 
ceptibilities are found, which contain additional information about the quasiparticle 
exchange interaction, accounted for by the Landau parameter F~ : ~; ~ m*/( l+F~).  
In spite of these enormous numbers their ratio, the Sommerfeld-Wilson ratio 

2 ~r 2 2 R = (X/#olleff)/(7/wkB) = (1 + F~) -1. is of order unity. A giant AT 2 term 
dominates the low-T electrical resistivity, and universal scaling x/~ ~ 7 is recov- 
ered again, s dHvA experiments typically reveal a "large Fermi surface", i.e. a 
Fermi-surface volume exceeding that of the corresponding La homologue. In addi- 
tion, recent studies on CeRuuSi21~ also revealed distinct anisotropies including 
light and heavy carrier masses (4m0 - 120 m0). The latter have to be related to 
itinerant 4f electrons as predicted by "renormalized band-structure" calculations of 
the non-magnetic Kondo lattice. 15 The transition from a "small" to a "large Fermi 
surface" is clearly evident when the dHvA results 1~ are compared for the two ho- 
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Fig. 1. N~el temperature and superconducting transition temperature of CeCu2Ge2 
as a function of pressure (adapted from2~ 

mologues CeRu2Ge2, a ferromagnetic LMM compound with TRKKY ~ T*, 16 and 
the heavy-Fermi-liquid system CeRu2Si2 exhibiting a considerably smaller unit-cell 
volume and T* > TRKKY: The electron-related Fermi surface of CeP~u2Ge2 at low 
temperature is found to be smaller, its hole-related Fermi surface to be larger than 
that  of CeRu2Si2, and the difference between the two amounts to just  one (4f) elec- 
tron. This indicates that the 4f electron is Iocalized in CeCu2Ge2, but is itinerant 
in the Si homologue. 

;From the existence of a T = 0 K "Mort transition" between localized and 
itinerant f states, tantamount to a T = 0 K magnetic phase transition between a 
LMM phase and a heavy-Fermi-liquid phase with "large Fermi surface", universal 
behavior of the latter has been deduced for T < Tcoh "~ T*.17 Here, Tcoh marks the 
crossover between the coherent Fermi liquid at low and the paramagnetic regime 
of local f-derived moments at high temperature. Furtheron, it was recently demon- 
strated by dHvA experiments 14 that,  even at T << Tcoh, the 4f electrons can be 
localized in CeRu2Si2, namely by applying a sufficiently high magnetic field B: once 
B exceeds the "metamagnetic field" B,~ ~_ 8 T, the "large Fermi surface" becomes 
replaced by the "small" one. The apparent break down of Fermi-liquid behavior 
associated with the abrupt change of the Fermi-surface volume at the critical cou- 
pling constant (1 a I /W)~ has recently been recognized as being one of the routes 
to "non-Fermi-liquid" phenomena. 1s,19 

The preceding survey suggests strongly that Ce-based I-IF metals can, in fact, 
be classified by a single coupling parameter, I J I / W .  In particular, several Ce-based 
systems are known to show a magnetic instability at T ~_ 0 K. In fig. 1, aaccard 
et al. 's 20 results on CeCu=Ge2 are displayed as an especially striking example. At 
ambient pressure, CeCu=Ge2 belongs to the class of LMM systems (T* ~ TaKKY -- 
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7K). 21 If exerted to external pressure, p, the N~el temperature (TN = 4.1K at 
p = 0kbar) starts to decrease, eventually vanishing for p ~> 70kbar. Note that 
this pressure is required to compress the unit-cell volume of CeCu2Geu to the p = 
0 kbar volume of its Si homologue, la Most interesting was the observation that in its 
non-magnetic high-pressure state, CeCu2Ge2 shows a superconducting transition at 
Tc ~- 0.64 K, 2~ strongly resembling the one in CeCu2Si2 at ambient pressure: 22 A 
magnetic instability of the heavy-Fermi-liquid phase below T = 1 K was discovered 
in yet another member of the same family: Ni-rich Ce(Cul_~Nia)2Ge2. 21 In sect. 3 
we will address the B-T phase diagram of CeCu2Si2 in which different symmetry- 
broken ttF states (i.e. a superconducting and a magnetic one) compete with and 
mutually expell each other. 

CeCu2Si2 behaves completely differently from U-based HF metals which are 
usually showing coexistence between different symmetry-broken I-IF states. For ex- 
ample, for UPt3 the superconducting regime at low temperature and low magnetic 
field is embedded in an antiferromagnetically ordered state with TN ~-- 6 K ~_ 10 To. 
Both phenomena, which coexist below Tc, 2a are of highly unusual type. HF su- 
perconductivity occurs in three different phases indicating an unconventional order 
parameter. 24 The saturated staggered antiferromagnetic moment is extremely small 
(~ 10-2pB), while the ordering wave vector is large and commensurate. 2a A similar 
low-moment antiferromagnetic state (TN = 17 K) coexists with HF superconductiv- 
ity in Ut{u~Si2 below Tc -~ 1 K. 2s For UNi2Ala (To = 1 K, TN = 4.6 K), too, such a 
scenario occurs, =6 however with a larger saturated moment, #0 -~ 0.24 #B. 2a 

In sect. 4 we discuss the novel case of UPd2Ala, 2s for which I-IF superconduc- 
tivity below T~ = 2 K coexists with antiferromagnetic ordering among 5f-derived 
moments as large as = 1 #B. 29 This antiferromagnetic phase appears phenomeno- 
logically closely related to the LMM phases found in Ce-based Kondo lattices, flow- 
ever, within the one-parameter-scaling scheme which appears applicable to the latter 
systems, coexistence on a microscopic scale between LMM and a heavy, f-derived 
Fermi-liquid phase (or one of its symmetry-broken states) is not possible, and an 
alternative scheme is required. 

3. T H E  B-T P H A S E  D I A G R A M  OF C e C u : S i 2  

The low-temperature (T < 1K), magnetic field (B _< 16T) diagram of 
CeCu2Si2 contains several phases which do not seem to coexist with each other 
on a microscopic scale. Cu-NMP~ a~ as well as B = 0T - #SR results 31 indicate 
magnetic correlations to develop below T _~ 1.5 K. These are precursive of a tran- 
sition from the paramagnetic ("C") into a low-T magnetic phase ("A") which had 
already been observed several years ago in various techniques, a2 Fig. 2 presents the 
B-T phase diagram as obtained by Bruls et al. aa through measurements of the 
elastic constants, thermal expansion and magnetostriction. Both specific-heat a4,a5 
and resistivity a6 experiments have been used to confirm this phase diagram, includ, 
ing the high-field phase "B". Bruls et al.'s motivation to perform their thorough 
study was the, at first glance, astonishing observation that the elastic constant (e.g. 
q l(B)), when isothermally monitored as a function of decreasing B field, showed a 
positive jump at B = Bc2, i.e. at the transition from phase A into the supercon- 
ducting state. Since, according to Landau's theory, a negative discontinuity of the 
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B-T phase diagram of CeCu2Si2 single crystal (adapted from33). 

elastic constant is expected upon symmetry lowering, these authors concluded that 
the low-field transition manifests a replacement of phase A by superconductivity. 
This is directly observed via constant-field measurements in the temperature de- 
pendence of both the elastic constants, 33 and the thermal expansion, a(T) (fig. 3a): 
Upon cooling at zero field, the incipient C --~ A transition is replaced by the A 
SC transition which occurs at Tc - 0.67 K. Both the large positive jump anomaly 
and the T dependence of a(T) at lower temperature indicate that HF supercon- 
ductivity develops in the bulk of this single crystal (cf. fig. 3b and the following 
discussion). In an overcritical B field of 1.5 T, superconductivity is suppressed and 
phase A fully recovered. The whole of the experimental observations have led to 
assume that superconductivity and phase A exist in disjunct parts of the B-T phase 
diagram. 33 Both states are nearly degenerate: previous studies revealed 32,3~ that 
a number of (unannealed) CeCu2Si2 single crystals did not show bulk supercon- 
ductivity, but instead a bulk transition into phase A with an onset at TA ~-- 0.7 K 
(and an additional low-T transition, probably of antiferromagnetic origin, fig. 3c). 
After annealing, however, in several of these crystals phase A was found absent at 
B fields below 5 T, while bulk superconductivity developed below To(0) - 0.63 K 
and Bc~(0) ~ 2T, cf. fig. 3b. Note that this value of the upper critical field is sub- 
stantially larger than for the crystal displayed in fig. 3a, which clearly demonstrates 
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Fig. 3. Linear thermal-expansion coefficient as a function of temperature at both 
zero field and B ~ Be2(0), with B ]] a, for three CeCu2Si~ single crystals: a) same 
crystal as in fig. 2; b) superconducting crystal; 32 c) non-bulk-superconducting crys- 
tal ("as grown").32 The low-T peak in the B = 0 T data  in c) indicates an additional 
transition, probably of antiferromagnetic origin. 32 In d) one third of the volume- 
thermal-expansion coefficient, c~(T) = 1 T ~ f l ( ) ,  at B = 0T  and 3T is shown for a 
polycrystalline sample from the "border line" regime (see fig. 4). 

a weakening of the thermodynamic stability of HF superconductivity in the vicinity 
of phase A. 

In order to shed light onto this most extraordinary sample dependence of the 
ground-state properties in CeCu2Si~, we have recently initiated an investigation 
of polycrystalline samples with composition in the vicinity of the "122" phase, as 
As a result of thermal-expansion and specific-heat measurements 3s as well as of 
simultaneous #SR  investigations, 31 we found Ce and/or  Ca excess to stabilize su- 
perconductivity, in accord with previous reports, 39,4~ but Ce and/or  Cu deficiency 
to stabilize the phase A, see fig. 4. Since one sample with a large volume content 
of phase A showed a particularly high density of microcracks, it was argued 31 that  
this sample existed in a strain-released state. Therefore, phase A might be as- 
sumed to be as sensitive to internal strain as it is to external pressure. 32 In the 
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Fig. 4. Relation between composition and ground-state properties for 
Cel•177 in the vicinity of the stoichiometric "122" composition. Stabil- 
ity ranges for superconductivity and phase A as well as "border-line" regime are 
indicated. ~a 

same type of reasoning, internal strain (caused by inhomogeneities in site occupa- 
tion) may favor HF superconductivity to form in those parts of the sample in which 
phase A is suppressed. In fact, B = 0T - #SR experiments on polyerystalline 
samples reveal the simultaneous occurrence, owing to unavoidable compositional 
fluctuations, of three "domains". These can be characterized (upon cooling) in the 
following manner: "domain 1" (paramagnetism ---* superconductivity), "domain 2" 
(magnetic correlations ---* phase A) and "domain 3" (magnetic correlations --~ phase 
A ~ superconductivity). The existence range of the latter domain appears to be 
rather narrow, i.e. to be confined to the border line between the superconducting 
and phase-A regimes in fig. 4. In fig. 3d, the thermal-expansion data are shown for 
a polycrystalline sample from this "border-line" range. Apart from the unavoidable 
inhomogeneous broadening (and the fact that c~(T) presents a polycrystalline aver- 
age), quaIitative agreement with the corresponding single-crystal results (fig. 3a) is 
noted. 

To summarize the findings on CeCu~Si2, a new ttF ground state with magnetic 
signatures occurs in Ce/Cu deficient samptes. This so-called phase A develops out 
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Fig. 5. Electrical resistance (in arbitrary units) of a polycrystalline Ce0.99Cu2.0~Si2 
sample (from "phase-A" regime, cf. fig. 4) as a function of T 2 at B = 3 T. Arrow 
marks transition from paramagnetic phase C into phase A. 36 

of the coherent heavy-Fermi-liquid state and gives rise to additional scattering, 
as displayed in fig. 5. Its transition temperature TA limits, by as yet unknown 
reasons, the highest possible superconducting To. 32,37 HF superconductivity and 
phase A compete for stability, i.e. they do not coexist on a microscopic scale. This 
behavior contrasts with the one of the actinide-based HF metal UPd2A13 for which 
coexistence of two different ground-state properties is found, as will be discussed in 
the subsequent section. 

4. COEXISTENCE OF HEAVY-FERMION SUPERCONDUCTIVITY 
AND ANTIFERROMAGNETISM IN UPd~AI3 

This most recently discovered HF superconductor 2s exhibits a strongly 
anisotropic magnetic susceptibility, X(T), in the paramagnetic state. 41 Above 
TN ---- 14K, X-L~/X]tr ~-- 3, where X• is the susceptibility measured when the B 
field is applied along the basal plane, while Xllc marks the susceptibility for B 
applied parallel to the hexagonal r axis. Owing to a large specific-heat, C(T), 
anomaly at T = TN a sizeable ordered moment was inferred: ~s In fact~ neutron- 
diffraction experiments on both polycrystalline 29 and single-crystal samples 42 reveal 
#(T --+ OK) = #0 - 0.85 #B. The magnetic moments being aligned ferromagneti- 
cally within the basal planes are stacked along the c axis in a simple type-I antifer- 
romagnetic order. Except for a small anomaly (not only in the intensity, but also 
in the width of the (00 89 magnetic Bragg reflection), the ordered moment appears 
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Fig. 6. Temperature dependence of the reduced ordered moment for the strongest 
magnetic Bragg peak (00 89 of a UPd2Ala single crystal. For comparison, a S =  89 
Brillouin function is also shown. Open and full circles correspond to the results of 
experiments performed at two different spectrometers. Inset: T-dependence of the 
integrated intensity of the (00 89 peak near Tc (adapted from4a). 

unaffected by the onset of superconductivity at Tc = 2 K (fig. 6). This indicates 
that the two phenomena are only weakly interacting with each other and, further 
on, that they coexist in a homogeneous way - as was independently concluded from 
#SR results. 44 No gap in the electronic (as well as in the magnetic) excitation spec- 
trum has been detected for UPd2A13. 45'46 Polarized-neutron studies (performed in 
the paramagnetic state for B 2_ c) have shown unequivocally that the magnetic 
moments are localized at the U sites, with no measurable transfer of magnetization 
density to Pd. 47 However, when compared to results of static-, bulk-magnetization 
measurements, about 15% of the field-induced moment was found to be missing at 
the U site and was presumed to be transfered to itinerant electronic states. 47 

UPd2A13 shows a bulk superconducting phase transition at Tc = 2 K, the high- 
est value for any HF superconductor at ambient pressure. 2s It represents the rare 
case of a very clean type-II superconductor, with an extremely large Ginzburg- 
Landau parameter  ~ _~ 50. For polycrystalline material, the quasiparticle transport  
mean free path was estimated to be ~ ~ 700 ]i, exceeding the Ginzburg-Landau 
coherence length, G0 = 85 ~ ,  by nearly one order of magnitude. The electronic 
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Fig. 7. Specific heat of polycrystalline UPd2Ala as C/T ~ T at zero magnetic field, 
in the mixed state (B = 1T, 2T) as well as in the normal state (B = 4 T , 8 T ) .  
Extrapolation to T = 0K of the B = 0T data yields (i) 7 ~ 140ma/K2mole 
for T ~> Tc = 2 K and (ii) 7r = 25 mJ/K2mole for T < 1 K. The quasipartiele 
contribution of the superconductor is 7, = 7 - T r  - 115 ma/K2mo!e. 45 

normal-state specific heat, 7T, in the magnetically ordered state is as large as in a 
prototypical LMM compound like CeAI~: 6 7 = 140 mJ/K2mole. The C(T) discon- 
tinuity at Tc is of the same size as the large value of 7To (cf. fig. 7); such a giant 
specific-heat jump being one of the hallmarks of a HF superconductor. Further sup- 
port for Cooper pairs formed by heavy (slow) quasiparticles derives from the large 
negative slope of Bc~(T) at To, - 4 . 3 T / K .  2sA4 In the following, we mention sev- 
eral additional properties considered characteristic for a HF superconductor: (i) a 
T a power-law quasiparticle contribution to the specific heat in the superconducting 
state is found for T < 1 K (fig. 7), in agreement with results of thermal-expansion 
experiments. 4s (ii) Metallic point contacts between UPd2Ala and tungsten yield 
an unusual Andreev-reflection spectrum, 49 similar to what was previously observed 
for URu2Si2 ~~ and UPt3. 52'~1 (iii) When dopant atoms with a valence different 
from that of the corresponding constituent in the host compound are alloyed into 
UPd2AI3, a strong Tc depression is noticed. Independent on the lattice site involved 
in this doping, superconductivity becomes completely suppressed, once the trans- 
port mean free path is reduced to the size of the coherence length: ~ ~ f0. ~a This 
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important  result may be taken as evidence for a highly anisotropic superconducting 
order parameter, A(k). Whether A(k) is vanishing at points or along lines on the 
Fermi surface remains to be unravelled: in contrast to the T 3 law resolved in the 
low-T specific heat (fig. 7), a quadratic temperature dependence of (T1T) -1 was 
obtained from the NQR-derived spin-lattice relaxation rate, 3~ in agreement with 
earlier NMR results. 54 

We now address the interesting question, how IIF superconductivity which 
is carried by heavy Cooper pairs (formed by weakly delocalized 5f electrons) and 
antiferromagnetic order between seemingly local 5f-derived moments can coexist 
on a microscopic scale. To this end we briefly recall results of (a) specific-heat 
measurements performed under hydrostatic pressure, p,45 and (b) Knight-shift 
measurementsP 5 

The central finding of the specific-heat experiments was that, under appli- 
cation of p = 11kbar, the "residual" (T << To) linear specific-heat term, 7r, 
was raised by nearly the same amount as was the Sommerfeld coefficient,7 , of 
the total electronic specific heat in the normal state (T ~ To). This remark- 
able result enables one to separate from the data a p-independent contribution 
7~ = 7(P)-Tr(P)  -- 115 mJ/K2mole. Caspary et al. 45 have ascribed 7~ (found to be 
mainly of intrinsic origin 56) and % to different "subsets" of 5 f  electrons, a "mag- 
netic" and a "superconducting" one. This assignment is supported by the following 
observations: (i) The 5f-derived entropy at the magnetic ordering temperature 
is strongly reduced under pressure, pointing to a corresponding reduction of the 
staggered moment. (ii) Recent high-pressure experiments by the Geneva group a7 
indicate for p _< 65kbar a significant TN depression (dTN/dp = -0 .09K/kbar ,  in 
good agreement with a thermodynamic estimate for p ---+ 0 kbarSS). (iii) The su- 
pereondueting Tc does merely not change in this same pressure rangeP 7 (iv) The 
specific-heat jump height at Tc is unaffected by pressures p _< 11 kbar. 45 

Feyerherm et al. 55 observed a reduction of the muon Knight shift below Tr 
being the larger the lower the external magnetic field. Their finding supports earlier 
conclusions, drawn from the ~TAI-NMR Knight Shift 59 and a strongly Pauli-limited 
]~c~(T) curve, 44 that the HF superconductor UPd2A13 belongs to the even-parity 
variety. Analyzing their data, the authors obtain the interesting result that the 
contribution to the 5f-derived susceptibility Xs], which disappears well below Tc 
(as B ~ 0T),  is nearly isotropic: X~} a~d'' = (2.0 4- 0.4).  10-3emu/mole. This 
enables one to separate from the total Xsj(T) a T-independent, strongly anisotropic 

" b a n d  H contribution, X~ ~ = X~f - Xs] . These two different contributions to Xsf 
are, again, ascribed to the "magnetic" and "superconducting" subsets of 5f  states, 
respectively. 55 

Caspary et al. 45 estimated from their entropy results that the fraction of "su- 
perconducting" 5f  states fs "~ 0.5. Furthermore, these states can be characterized, 
within a Kondo-lattice picture, by T~a h >_ 25 K. On the other hand, we may com- 
pare the "magnetic" 5 f  states to a prototypica] LMM system like CeA12. Here, 
the measured value of 7r -~ 140 mJ/K2mole amounts to __ 10 % of the Sommerfeld 
coefficient, 7p, as expected for fictitious paramagnetic CeAt2 (T* = 4 K, nearly coin- 
ciding with TN). 6 Chosing for UPd2A13 the corresponding ratio, %/7p = (1-f~).0.1,  
we estimate Tt~ ~ ~ 14 K which is close to TN for this compound, too. 
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To summarize. LMM type of antiferromagnetic ordering and HF superconduc- 
tivity coexist in UPd2A13 in a homogeneous manner (at least on a scale of the 
superconducting coherence length). As argued above, such a coexistence is not 
possible for a Kondo-lattice system, i.e. in the one-parameter-scaling scheme first 
introduced by Doniach. 6~ We conclude from this fact that the valence state of U in 
UPd2A13 cannot be U3+: for. such a Kramers ion must retain a magnetic ground 
state in the presence of crystal-field (CF) splitting. In fact. the T-dependencies of 
the anisotropic susceptibility 41 as well as of the specific heat ~1 and recent doping 
experiments, 53 strongly favor a tetravalent (non-Kramers. 5f  2) state of uranium. 
A combined analysis of ) (T)  and C(T) has led to a CF-level scheme that contains 
two low-lying singlet states (32 K apart from each other) and two excited doublets 
(r5 and F6, 109 K and 168K above the CF ground state, respectively). 61 Within 
this CF-level scheme, the large 5f moment would have to be of the "induced" type. 
A theoretical investigation is needed to clarify whether antiferromagnetic ordering 
between induced local 5f moments and l-IF superconductivity can coexist homoge- 
neously within the "U 4+ scenario". 

An alternative description may start by comparing recent band-structure cal- 
culations by Sandratskii et al. 62 with dHvA results by [nada et al..53 who were able 
to monitor five extremal cross sections of the Fermi surface, with effective masses 
ranging from 10m0 to 33rn0. Several extremal orbits, i.e. those associated with 
the heaviest masses (m ~ N 70 m0) ~s'a7 could not yet be detected. The fundamental 
frequencies of the experimentally observed extremal orbits are accurately calculated 
based upon the local approach m the spin-density functional. 62 while the effective 
band masses come out to be much smaller than the experimental values. 63 Interest- 
ingly enough, Sandratskii et al. 62 are able to also calculate the staggered moment 
very accurately (#0 = 0.87 #u as compared to the experimental value of 0.85 PB ). 
Therefore, it appears justified to consider both the "magnetic" and "supercon- 
ducting" 5f states in UPd~A13 itinerant from the outset. The fact that present 
band-structure calculations are not in the position to obtain the large quaslparticle 
masses indicates its inability to properly take into account the on-site Coulomb 
correlations which are responsible for r dramatic mass renormalization at low 
temperature. Within this "itinerant picture", both subsets of 5f electrons have co 
be considered as "localized" on nearly disjunct portions of the Fermi surface. Their 
quite different T* values estimated within the Kondo-lattiee approach, may then 
correspond to quite different hybridization strengths of the U-derived 5f s~ates with 
Pd-/Al-states. In fact. two Fermi surface sheets, welt separated from each other. 
one consisting of pure U-states, the other one showing substantial admixture of Pd- 
and A1- to U-states. have been obtained theoretically. 62 In contrast to the classical 
Chevrel-phase superconductors, where magnetic and superconducting electrons are 
residing on different sublattices and are. thus. spatially well separated from each 
other, our hypothesis invokes that for UPd2Ala the magnetic and superconducting 
5f states are nearly separated in k-space rather than in r-space. The reasons for 
such a "k-space localization" need to be explored by future work. In this context 
we wish to recall the extremely weak interaction between antiferromagnetism and 
HF superconductivity inferred both from doping 5a and pressure 5r experiments. 



                                                         279 

5. P E R S P E C T I V E  

Lanthanide-based HF metals belong to the class of (either magnetically ordered 
or non-magnetic) Kondo lattices. They can be classified by a single coupling pa- 
rameter and contain localized 4f electrons in both the LMM and the weak-coupling 
high-temperature/high-field state. However, in the strong-coupling regime of the 
coherent heavy Fermi liquid the 4f electrons are itinerant, i.e. they contribute to 
the" Fermi surface. Residual interactions between the heavy quasiparticles can re- 
sult in different symmetry-broken states. For the exemplary compound CeCu2Si2 it 
was found that, depending on the actual stoichiometry in the vicinity of the "122" 
phase, single crystals usually adopt one of two competing ground states: HF su- 
perconductivity and the magnetic phase A. As our investigation of polyerystalline 
material with differing composition shows, these phases are almost degenerate in an 
extremely narrow composition range. The B-T phase diagram for samples out of 
this "border-line" range reveals non-overlapping existence regimes of the two differ- 
ent states. In particular, for external fields B < Bc~ an incipient formation of phase 
A is observed upon cooling. Below T = To(B), ItF superconductivity expells the 
phase A. In such samples, the thermodynamic stability of the superconducting state 
appears to be markedly weakened. The transition temperature TA (at B = 0T) 
limits the highest possible superconducting To. Determination of the different sym- 
metries of these competing ground states is left as a topic of great importance. In 
polycrystalline samples of CeCu2Si2, up to three different domains occur simultane- 
ously in a heterogeneous way. Similar "multi-domain" effects have been discovered 
before for CeA13. ~4 

By contrast, our exemplary actinide-based HF metal, UPdeAla, exhibits coex- 
istence of a seeming LMM state and HF superconductivity in homogeneous samples. 
Being not allowed for a Kondo lattice of f-ions with magnetic ground state, this co- 
existence may be explained under special circumstances if an (integer) valence 4+, 
i.e. a non-Kramers 5f ;  configuration, of uranium is assumed. Alternatively, the 5f  
electrons in this as well as in other U-based tIF metals may be considered itiner- 
ant from the outset. Although direct 5f-wavefunction overlap is safely prevented 
in all of these materials, strong hybridization with ligand states may result in de- 
localized 5f  states; owing to their spatial extent which exceeds considerably that 
of the 4 f  states. This "itinerant scenario" naturally implies a non-integer valence 
of U (being very likely intermediate between 4+ and 3+). Consequently, simple 
one-parameter scaling is then not applicable to classify the ground-state properties 
of U-based HF metals. Let us recall, in this context; that there exist several phe- 
nomenological differences in microscopic probes when comparing U- and Ce-based 
HF metals, which otherwise behave quite similarly in bulk properties. 5 In contrast 
to their Ce-counterparts, none of the U-compounds shows an indication either (i) of 
the intra-atomic Coulomb repulsion energy, Uff, in photo-electron spectroscopy 65 
or (ii) of CF-splitting effects in inelastic neutron-scattering spectra, 6~,49 though 
Schottky-type anomalies have occasionally been resolved in specific-heat data. 67,61 
Finally, low-temperature Shubnikov-de-Haas measurements on UPta performed as 
a function of external magnetic field have revealed no measurable change in Fermi- 
surface volume on raising the field from B < Brn to B > Bin, Bm ~- 20T being 
the metamagnetic field of this compound: 6s Whereas at sufficiently high field, the 
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4f electrons in CeRu2Si~ localize, 14 the 5f  electrons in UPt3 appear ~c remain 
it inerant.  69 

To conclude, the nature of the low-energy excitations in the class of U-based 
HF metals remains an open issue: It is of great interest to understand which mecha- 
nism (potentially different from the ordinary Kondo effect) is operative to generate 
effective carrier masses at low temperature being as "heavy" as in the Ce coun- 
terparts. Theory is challenged to explore this "alternative road to heavy-fermion 
behavior" .71 
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