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Chapterr 7 
UPT33 AND THE EFFECTS OF SUBSTITUTING PT BY PD 

7.11 Introductio n 

Mostt heavy-fermion compounds are either lanthanide- or actinide-based. Examples of 
Ce-basedd heavy-fermion compounds are: CeRu2Si2 and CeAl3. Examples of U-based 
heavyy fermion compounds are: UBei3 and UAI3. UPt3 serves as a drosophila for de 
U-basedd heavy-fermion compounds. It displays all their properties, considered most 
salientt for heavy-fermion behaviour, in extreme form. The major three properties are: 
thee apparent heavy electron mass in combination with a strongly enhanced strain 
dependence,, the high value for the Grüneisen parameter and, thirdly, an extremely 
smalll  but essentially non-zero magnetic moment. Aside from the superconductivity 
observedd in UPt3 below 500 mK, transport, magnetic and thermodynamic studies do 
nott reveal other phenomena, like long-range antiferromagnetic order, to be present 
inn the temperature-field range where heavy-fermion behaviour exists (T < 17 K and 
BB < 20 T). A possible interference of heavy-fermion behaviour with these other 
phenomenaa is, thereby, avoided. UPt3 is an ideal candidate to study the clean heavy-
fermionn behavior. 

Experimentss indicate that the observed superconductivity is related to the 
heavy-fermionn behaviour itself. In general, the jump in specific heat at the supercon-
ductingg phase transition is proportional to the effective mass of the quasi particles 
involved.. In the case of UPt3, this jump, indeed, corresponds to the heavy-fermion 
mass.. It seems that the quasi-particle excitations, which are responsible for the heavy-
fermionn behaviour, are involved in the formation of the superconducting condensate. 

Theoriess have been developed connecting the periodic Anderson Hamiltonian, 
ass used for heavy-fermion behaviour, to the Hubbard Hamiltonian, as used for high-
Tcc superconductors. In this framework, ([1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11]) one of the 
reasonss that UPt3 turns into superconductivity at sufficiently low temperatures could 
bee the presence of a clean unperturbed heavy-fermion state at slightly higher tem-
peratures. . 

Thee second reason to study UPt3 is that its properties can be easily modified 
byy doping with low concentrations of Pd. Depending on the degree of doping, various 
extraa phenomena can be introduced, such as: long-range antiferromagnetic ordering 
or,, what is called, "temperature-induced re-entrant heavy-fermion behaviour" , to be 
discussedd in chapters to come. The relation of such phenomena to and the interaction 
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Figuree 1 MgCd3 structure of UPt3. 

withh the pure heavy-fermion behaviour is analyzed by comparing the substituted 
alloyss with UPt3 itself, see the next chapters. 

7.1.17.1.1 Crystal structure 

Thee crystal structure of UPt3 is the "MgCd3"-lik e hexagonal close-packed structure 
withh two formula units per unit cell, see fig 1. The a- and 6- axis are in the hexag-
onall  basal plane with the a-axis along the U-U direction (while the &-axis is chosen 
perpendicularr to it) . The c-axis is perpendicular to this plane, a = 5.760 A and c = 
4.8999 A. Note that Fig.1 is, for clarity reasons, deceiving. I t suggest the c-axis to be 
enlargedd over the a-axis, while the reverse is true. The nearest U-U distance, dj/_r/, 
iss between U-atoms of two adjacent atomic layers: du_u = ( ( l /3 )a2 + ( l /4)c2 W2 

== 4.132 A. This exceeds the Hill limi t of « 3.4 A. The definition of the a- and the 
correspondingg 6-axis is three fold degenerate due to the hexagonal structure of the 
basall  plane. The nearest U-Pt-U distance is along the a-axis: aV-pt-r/= 5.760 A. 
Furthermore,, Fig. 1 does not represent the unit cell. 

Thee volume of the unit cell is given by v^3ca2/2 and is equal to 140.96 A. The 
correspondingg molar volume is Vm = 4.244 x 10^5 m3/mol, while the density is 19.40 
g/cm3. . 

7.1.27.1.2 The most salient properties of UPk 

Fromm specific-heat data, cv(T), an anomalous low-temperature upturn in 7 (= Cv^/T) 
iss observed, resulting in an extrapolated (from data between 1.4 K and 20K) zero-
temperaturee value of 7r _,0 = 422 mj /mol K 2 ([12][13][14]). In terms of a Fermi-liquid 
description,, this implies an enhancement of the effective mass, m*, with respect to 
thee free-electron mass, me of m*/me = 180 [15][16][17]. In normal metals, this ratio 
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iss in the order of 1. This large renonnalization corresponds to low values of the Fermi 
temperaturee and Fermi velocity. The low-temperature effective Grüneisen parameter 
hass been determined as well. Its value is: Teff = 60. 

Neutron-diffractionn experiments reveal the presence of weak antiferromagnetic 
orderingg in the heavy-fermion state below 6 K. Extrapolation to zero temperature 
pointss to an extremely small ordered moment of (0.02  0.01) /iB/U-atom directed 
alongg the b-axis (also hinted by muon spin-relaxation measurements [18], although in 
laterr experiments no magnetic order was detected ([19] [20]), suggesting different time 
windowss for the neutron and /iSR experiments). This antiferromagnetic ordering 
leadss to a doubling of the unit cell along the 6-axis. The relevant neutron-diffraction 
peakss are not resolution limited; the measured width corresponds to a magnetic corre-
lationn length of 250 A. [21] In contrast to, for instance, URu2Si2, careful measurements 
off  specific heat and thermal expansion failed to detect the weak antiferromagnetic 
transitionn at 6 K[24], 

Att temperatures well exceeding the characteristic temperature, T*, of the 
heavy-fermionn state in UPt3 (T* « 11-18 K depending on the way this tempera-
turee is deduced from the experimental observations), the compound behaves like a 
locall  moment system. 

Alsoo other features are observed in neutron-diffraction experiments. Exper-
imentss on polycrystalline samples yield features which can be related to antiferro-
magneticc fluctuations of local moments within the hexagonal plane. Their size is of 
thee same order as the effective moment deduced from the high-temperature Curie 
constant.. Furthermore, neutron experiments also reveal ferromagnetic short-range 
correlationss between adjacent planes. [22] 

Thee characteristic temperature, T*, can be determined on the basis of several 
physicall  quantities. The enhanced low-field magnetic susceptibility for field along the 
a-axis[25],, xCO» displays a maximum at 18 K. T* could be assigned to this maximum. 
Typicall  thermal-expansion data on UPt3 for length changes measured in the basal 
planee have a steep slope at low temperatures levelling off at higher temperatures [31]. 
AA maximum is observed in this crossover region and T* could be assigned to this 
crossoverr region. This would lead to T* = 11 K. 

High-fieldd studies of the magnetization at low temperatures have revealed a 
metamagnetic-likee transition at 20 T. This 20 T anomaly is also observed in magne-
toresistancee [14], volume magnetostriction, Hall-effect [23], sound velocity and acous-
ticc damping measurements [26]. Also the low-temperature value of 7 reveals a pro-
nouncedd maximum at 20 T. We could assign the characteristic field, B*, to B* = 20 
T.. Notice fiB B* w kB T*. 

I tt seems that in the low-temperature specific heat and, to a lesser degree, 
inn the thermal-expansion coefficient, a T^lni^TfT*) term is present, indicating the 
importancee of (ferromagnetic) spin-fluctuation effects. 

UPt33 is one of the strongest candidates for unconventional superconductivity 
(Tcc = 0.5 K). The existence of a second superconducting transition, approximately 
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600 mK below the first one, is observed by e.g. specific heat. For conventional BCS-
lik ee superconductivity with an isotropic gap, an exponential temperature dependence 
iss expected for the specific heat in the superconducting state. Instead a power-law 
dependencee is observed in case of UPt3. This latter temperature dependence is 
consistentt with point or line nodes in the superconducting gap. 

Concern ingg th e l igand-hybridizatio n s t rengths 

Thee shortest distance from U to Pt to U atoms (referred to as U-Pt-U-distance) is 
withinn the basal (hexagonal) plane. The shortest U-U distance is between two U 
atomss of adjacent planes, but this distance is already beyond the Hil l limit . The 
directt 5f-5f hybridization between two magnetic atoms (U) can, therefore, always 
bee disregarded. I t is the U-Pt ligand hybridization which is of importance for the 
heavy-fermionn behaviour. Is it possible to describe the heavy-fermion behaviour in 
termss of (basal-) plane layers displaying heavy-fermion behaviour coupled to each 
otherr by means of the conduction electron states? The shortest U-Pt-U-distance 
beingg in the basal plane could suggest that the intersite spin fluctuations, typical for 
thee heavy-fermion behaviour, occur between sites of the same layer. 

Dilatationn experiments along specific crystallographic directions produce help-
full  information to check for the validity of this hypothesis. 

Furthermore,, this hypothesis can, possibly, explain why the resistance versus 
temperaturee curve of UPt3 behaves so differently from those of e.g. Ce2Cu2Si2 and 
UBe13 3 

7.1.37.1.3 A short review of the effects of Pd doping 

Inn terms of the periodic table, Pt and Pd are sister elements. Pd occurs in the 
samee column as Pt only one row up. Pt and Pd are both metallic elements, and 
aree iso-electric. Replacing Pt by Pd seems to be a controlled manner of modifying 
thee properties of UPt3. This suggests that Pd doping mainly affects the lattice 
parameterss without directly changing the electronic properties of the "conduction 
states""  too much. Indeed, features which could be related to changes in molar volume 
ass discussed in 5.4 are observable. But also other effects are observed, suggesting that 
nott only chemical pressure is induced. 

UPd33 is a non-heavy-fermion compound. Its crystal structure resembles that of 
UPt33 to a large degree. The same hexagonal planes are observed, only with a different 
stackingg order. In UPt3 the stacking is ABA B (hexagonal close packed), while in 
UPd33 ABA C (double hexagonal close packed). Doping UPt3 with Pd (U(Pti_*PcU)3 
inn which x is the doping concentration of Pd only retains its MgCds like structure 
forr x< 0.3. 

Replacingg 2% of Pt by Pd (i.e. UXPtn.agPdn.re)̂ results in the detection of 
largerr local moments on the U-sites, ordered antiferromagnetically in the hexagonal 
planess (with their moments along the fr-axes). Initially , as this Pd concentration 
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iss further increased this long range antiferromagnetic ordering gets more and more 
pronouncedd ([27] [28] [19] [29] [30]). A maximum Néel temperature is observed in the 5% 
Pdd compound ( i.e. U(Pto.95Pdo.o5)3) : TN = 5.8 K. Its characteristic magnetic field 
amountss to BA .F. = 13 T. The size of the corresponding ordered moments amounts 
too (0.6  0.2) /iB/U-atom. Further increase of the Pd concentration decreases the 
Néell  temperature, hence suppresses this long-range antiferromagnetic ordering. To 
thee 10 % compound (i.e. U(Pto.öPdo.i)3) a Néel temperature of 0 K can be assigned 
(withh a characteristic field of 0 T). For higher Pd concentrations no tell-tail signs of 
suchh long-range antiferromagnetic ordering are observed. 

Dopingg with Pd has another effect. To the heavy-fermion behaviour in UPt3 

itself,, a characteristic temperature and field of T*  = 18 K and B* = 20 T, respec-
tively,, can be assigned. The effect of Pd doping is to suppress both characteristic 
temperaturee and field. For the 5% and 10% compounds we obtain T* = 7 K, B* = 
122 T and T* = 0 K B* = 0 T, repsectively ([15][17]) 

Valuess for the characteristic field, B*, as determined from high-field magne-
tostrictionn and magnetization measurements, are listed in the table below. The char-
acteristicc temperature, T*, defined as the maximum in the low-field susceptibility for 
thee field parallel to the a-axis, xJ^max)t is also listed in this table. From specific-heat 
dataa obtained for T > 1.5 K, values for 7 have been determined for various doping 
concentrations.. Some of them are fisted in the table below. For references, see [15] 
andd the review paper [31] and references therein. 

U(Pti_,Pd.)j j 
x=0 0 

x=0.05 5 
x=0.10 0 

77 (J/mol K2) 
0.422 2 

0.500 0 
0.580 0 

B*B*  (T]_ 
20 0 

12 2 
0 0 

T*T*  (K) from xQ(Tmox) 
18 8 

(111 K as found by 
thermall  expansion) 

7 7 
0 0 

(x(T)) is a monotonously 
decreasingg function) 

Whilee T* and B* monotonously decrease for increasing Pd concentration, the 
7-valuee passes through a pronounced maximum at x = 0.10, whereas limB->o A7/A S 
changess sign for concentrations between x = 0.07 and x = 0.10. It is interesting 
too mention that the 7-value of the x = 0.10 compound in zero field is comparable 
too the 7-value of UPt3 at a field of 20 T (the meta-magnetic field for UPt3). The 
trendss as discussed in 5.4 can be recognized: both B* and T* are decreasing while 7 
iss increasing for increasing Pd substitution. 

Ann increase in Pd concentration is associated with a distortion of the unit cell. 
Recentt observations make clear that it is the c/a ratio that governs the characteristic 
energyy scale. Both pressure and the Pd substitution affect the c/a ratio. A property 
likee the spin-fluctuation temperature turns out to be linearly dependent on the c/a 
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ratioo in a limited interval with l O - 3 ^ ^ between -015 and + 0.25 ([32]): T3f = 
333 * 1 0 " 3 ^ 2 i  + 17.5. T h e "characteristic" volume ( c/a ratio) (see 5.4) should be 
reachedd for x « 0.10 since for this concentration no longer non-zero values for T* and 
B*B*  are observed while 7 is still high. The absence of T*  and B* could suggest that 
thee peak in the density of states, so typical for heavy-fermion behaviour, is no longer 
presentt at the Fermi level. The still high value of 7 suggest that parts of the peak 
aree still within the range of kBT of the Fermi level. This could be interpreted as the 
peakk in the density of states to be just below the Fermi level. The 7-value remains 
largee up to 15 % Pd. 

Iff  we interpret the effect of a field as a shift of the peak in the density of states 
downwardss with respect to the Fermi level, the change of sign of l im B^o A 7 / AB 
fit ss into this framework. This also nicely corresponds to the observation that the 7-
valuee for the x = 0.10 compound measured in zero field is comparable to the 7-value 
measuredd for UPt3 in a field of 20 T. At B*, it is to be expected that the field has 
shiftedd the peak in the density of states in UPt3 just below its Fermi level. 

AA third effect (already noted) is that Pd doping increases the c/a ratio. Not 
soo much the volume of the unit cell is changed but rather the cell gets distorted. 
Inn UPt3, the thermal-expansion data along the a- and &-axes have a positive sign, 
whereass along the c-axis the sign is negative. [32] [33] [34] [35] [15]) The heavy-fermion 
relatedd features observed along the a- and 6-axes are not observed along the c-axis. 

Forr the 5% compound, the thermal expansion coefficient along the a- and 
fc-axesfc-axes is again of positive sign, while along the c-axis it is still negative. But, in 
particularr the features related to the long-range antiferromagnetic ordering are ob-
servablee along all three the crystallographic axes. Along the a-, b- and c-axes, the 
suppressionn of the long-range antiferromagnetic ordering displays itself as a cusp. 
Wee wil l demonstrate that the low-temperature thermal expansion of U(Pto.95Pdo.os)3 
scaless with TN even in the region where heavy-fermion behaviour is present ([34]). 

Forr the 10% compound a sign reversal occurs in the thermal expansion. The 
low-temperaturee thermal expansion along the a- and 6-axes is negative of sign while 
thee thermal expansion along the c-axis is positive. Characteristic field and tempera-
turee of the heavy-fermion behaviour are reduced to zero while an effective mass and 
aa Grüneisen parameter of a value typical for heavy-fermion behaviour is observed. 
Forr the 0% and 5% compounds, the thermal-expansion data along the a- and b-axes 
ass compared to the c-axis could be considered as independent or even in some cases, 
underr the assumption that the unit-cell volume does not change, as one (c-axis) is 
thee result of the distortion of the others. For the 0% compound, the features related 
too heavy-fermion behaviour are observed in the thermal-expansion data along the a-
andd 6-axes. Along the c-axis, no specific features are seen. Furthermore, the c-axis 
thermal-expansionn data display no field effect. Suppression of the heavy-fermion be-
haviourr by means of a field exceeding the characteristic field of 20 T, does not affect 
it .. I t looks like the heavy-fermion behaviour "has a preference for the (a,6)-plane". 
I nn the 5% compound the trends along the a- and 6-axes resemble the ones of the 0% 
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compound,, whereas the c-axis response could be interpreted under constant volume 
conditionss as the consequence of a distortion in the (a, 6)-plane. Again, the heavy-
fermionn behaviour seems to have "a preference for the (a, 6)-plane". Such an analysis 
cann no longer be applied to the 10% compound. It is almost as if we changed from 
aa situation in which the heavy-fermion behaviour is somehow plane-like to a truly 
three-dimensionall  case. 

AA heuristic interpretation could be the following. The intra-plane effects are 
differentt from the inter-plane effects. It could even be so that the heavy-fermion 
behaviourr is occurring in coupled two-dimensional sheets (hexagonal planes). By 
fiddlingfiddling with the c/a ratio, one is basically altering the relative strengths of the inter-
versuss intra-plane interaction parameters. 

Inn order to further elaborate on these observations, we have to explain the 
followingg four phenomena: 

 The fact that long-range antiferromagnetic ordering and the large magnetic 
momentt per uranium atom are introduced by Pd doping; 

 The occurrence of a maximum in the Néel temperature versus Pd doping; 

 The suppression of the heavy-fermion behaviour accompanied by a sign reversal 
forr the thermal-expansion data versus Pd doping; 

 This strange shift where for low Pd concentrations (0% and 5%) the features for 
thee heavy-fermion behaviour are mostly observed within the (a, &)- plane and 
nott along the c-direction, while for the higher concentrations (10%), features 
aree observed in the (a, 6)-plane and along the c-axis; the c-axis response cannot 
bee interpreted as a distortion-effect in the (a, 6)-plane. 

7.22 Long-range antiferromagnetic ordering and heavy-fermion behaviour 

Iff  we interpret the effect of a field as a shift of the peak in the density of states 
downwardss with resp. to the Fermi level, the change of sign of lim^^o dj/dB fits 
intoo this framework. This also nicely corresponds to the observation that the 7-
valuee for the x = 0.10 compound measured in zero field is comparable to the 7-value 
measuredd on UPt3 in a field of 20 T. At B* it is to be expected that the field has 
shiftedd the peak in the density of states in UPt3 just below its Fermi level. 

Otherr observed effects cannot be explained within this framework. For U(Pti_a. 
Pdx)33 alloys, a A-like feature in the specific heat and a Cr-type of anomaly in the resis-
tivit yy appear for the x = 0.05 and 0.07 samples, indicating the presence of long-range 
antiferromagneticc order in a small concentration range near x = 0.05 with a maximum 
Néell  temperature, 7V, for the x = 0.05 compound of 5.8 K (TN is 3.6 K and 5.5 K for 
thee x = 0.02 and x = 0.07 compounds, respectively). Neutron-diffraction experiments 
onn the x = 0.05 compound confirm the presence of antiferromagnetic ordering with 
aa large ordered moment of (0.6  0.2) /iB/U-atom pointing along the fr-axis. The 
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associatedd magnetic structure consists of a doubling of the crystallographic unit cell 
alongg the 6-axis. For x = 0.10, no indications of such long-range antiferromagnetic 
orderr are observed in thermodynamic and resistivity measurements. 

Tracingg the anomalies in thermal expansion, specific heat and resistivity as 
functionn of field in the case of U(Pto.95Pd0.o5)3, reveals that a field directed in the basal 
planee of 13 T (a-axis) or 12 T (6-axis) is needed to suppress the antiferromagnetic 
orderingg completely. 

Forr 0.2 < x < 0.5 in U(Pti_aPdx)3, still large 7-values and a high Grüneisen 
parameterr are observed in temperature-field regions in which the long-range anti-
ferromagneticc ordering associated with the large moment should be present. This 
suggestss that the heavy-fermion behaviour and this long-range magnetic ordering 
coexist,, although it is hard, on a definitional basis, to distinguish what is what. 

Thee fact that the small moment in UPt3 is only observed by neutron experi-
mentss and not by /xSR measurements can be interpreted as local moments fluctuating 
onn a time-scale detectable by neutron measurements but not by //SR measurements. 
I tt is surprising that the spin-fluctuation temperature associated to these moments in 
UPt33 is similar to the maximum possible characteristic temperature of the long-range 
antiferromagneticc ordering introduced by Pd doping (in the 5% compound). A fur-
therr interesting fact is that the inter-plane coupling of these fluctuating moments is 
ferromagneticc as opposed to antiferromagnetic for the intra-plane coupling. This 
seemss to be in agreement with the previously presented heuristic notion. 

7.33 Pt and Pd as meta ls 

Pdd and Pt are both transition metals. In the periodic table they can be found at the 
vergee of the transition metal series (Pd on top of Pt ). The elements in the column 
justt to their right are Cu, Ag, an Au. 

Denotingg only the part of the electron configuration of importance, the free-
atomm configuration for these latter elements are: 4s13d10, ös^d10 and ös^d1 0, re-
spectively,, a completely filled d-shell and only one s-electron in the next shell. They 
behavee so much as ideal metals that they are often used as model systems. For Pd 
ann Pt we find 5s°4d10 and 6s15d9, respectively. 

Inn the periodic table, Pd and Pt are surrounded by neighbour elements which, 
inn the metallic state, show superconductivity, magnetic order or none of both. Subtle 
changess in their electronic configurations could, therefore, have dramatic effects. 

Mostt transition metals can turn superconducting. The enhanced density of 
statess at the Fermi level of transition metals plays a role in this. There are exceptions: 
Pd,, Pt, Mn, Fe, Co and Ni. Unlike Pd and Pt, the metals Mn, Fe, Co and Ni are 
excusedd since they display magnetic ordering. Also the metal model systems Cu, 
Agg and Au are non-superconducting. No direct obvious reason can be found for the 
absencee of superconductivity for Pd and Pt. 

Pdd and Pt are at the verge of superconductivity and magnetism. Even ele-
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mentss in columns further to the right can turn superconducting. 

Bandstructuree calculations of both Pd and Pt exist. The width and the po-
sitionn of the d-band decreases in the sequence Ir, P t, Rh and Pd. The density of 
statess at the Fermi level is 13.8, 23.2, 18.7 and 32.7 (states/atom)/Ry, respectively. 
Saddlee points in the fift h band are important for the large peak in the density of state 
nearr the top of the d-band (the origin of the enhancement of the density of states 
off  Pt versus Ir or Pd versus Rh). Detailed comparisons with de Haas-van Alphen 
experimentss confirm the calculated Fermi surface. Comparison with the measured 
specificc heat and cyclotron masses indicate that the average mass enhancement due 
too electron-phonon interactions, is 1.44 and 1.66 for Pt and Pd, respectively. 

7.44 Unders tand ing t rends in te rm s of t h e Doniach model 

Plottingg the resistivity versus temperature for several U(Pti_a;Pdx)3 compounds (x 
varyingg from 0 to 0.15), a crossover seems to be present for increasing Pd concentra-
tionss [15]. For UPt3, a resistance behaviour typical for spin-fluctuation phenomena 
iss observed, while for increasing Pd-concentration this changes more and more into a 
behaviourr as observed for Kondo-like phenomena. For UPt3, a gradual drop of resis-
tivit yy for decreasing temperatures is observed (with a T2 component at low enough 
temperatures).. For U(Pto.ooPdo.io)3» a Kondo-like upturn appears. 

Thus,, on doping with Pd, a gradual transformation from a more antiferromag-
neticc spin-fluctuation like behaviour (UPta) into a more Kondo-behaviour-dominated 
systemm (U(Pto.9oPdo.io)3) seems apparent. While passing through the intermediate 
region,, an antiferromagnetic long-range ordered state associated with large moments 
arisess (U(Pt0.95Pdo.o5)3)-

Ann often used model in attempts to understand these trends is the Doniach 
model. . 

Thee basic concept is in terms of describing heavy-fermion behaviour as stem-
mingg from a competition of single-ion Kondo- and multi-ion RKKY-interactions. The 
twoo characteristic energy scales involved wil l have a different dependence on the 
exchange-couplingg constant between the conduction electrons and the localized mo-
ment,, J. Furthermore, J depends on the hybridization strength and on the position 
off  the f level. Both parameters are affected by Pd-doping. 

Inn the single-ion Kondo configuration, a singlet is formed between the local 
magneticc moment on the magnetic ion site and the surrounding conduction electrons. 
Thee singlet formation causes the magnetic moment to be completely screened. The 
puree RKKY-interaction introduces magnetic interactions between localized magnetic 
momentss at different magnetic ion sites. The sign of the interaction is oscillatory of 
nature,, depending on the distance between neighbouring magnetic moments and on 
thee Fermi wave vector. 

While,, for the pure RKKY-lik e interactions, theory predicts a characteristic 
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energyy scale: 

ERKKYERKKY W J , (7.1) 

theoryy predicts for the single-site Kondo problem a characteristic energy: 

EEKKrze-&rze-& (7.2) 

Forr very low J-values, both interactions are small but ERKKY is dominant over E^. 
Duee to the weak hybridization, the moments at the magnetic ions stay localized 
andd have, since the RKKY-interaction has the upper hand, a tendency to order 
magnetically.. A Néel temperature, T^, can be assigned. For increasing J-values, at 
firstt ERKKY increases faster than E%. TN primarily increases for increasing J-values. 
A tt some typical J-value, EK starts catching up on ERKKY. After passing this typical 
J-value,, a further increase wil l cause TJV to decrease. Kondo screening wil l partly 
takee place so that the ground state looses its magnetic nature. At some critical value, 
Jc,, EK = ERKKY- A further increase of J wil l cause the Kondo effect to take the 
upperr hand and the ground state wil l loose its magnetic character. 

Non-magneticc heavy-fermion behaviour may be anticipated for the region with 
JJ > Jc. Well below Jc, the material wil l display magnetic ordering with low 7-values. 
Forr J close to Jc, there is no adequate theory describing the ground state which can 
eitherr be magnetic with reduced moments or non-magnetic (due to the Kondo effect). 
I tt is in this region of J-values that the heavy-fermion state is expected to exist. The 
existencee of magnetic heavy-fermion compounds such as U(Pto.95Pdo.os)3 indicates 
thatt high 7-values cannot be excluded for J- values close to and below Jc. The basic 
ideaa proposed is that by doping with Pd, J wil l be altered passing through Jc so that 
thee system changes from spin-fluctuation-type to Kondo-type. 

7.55 T h e need for  an alternativ e approach 

Modern-dayy interpretations of heavy-fermion systems make use of the "scaling Ansatz" 
andd the existence of quantum-critical points (to some degree similar to thermody-
namicc phase transitions, but this t ime as function of interaction parameters). Ba-
sically,, the Doniach approach presented above also falls into this category, although 
bee it in a crude sense. I t assumes a competition between two different energy scales 
whichh have a different dependence on an internal interaction parameter (in this case, 
thee Kondo energy scale and the RKKY characteristic energy scale). While the first 
energyy scale displays a logarithmic dependence on the ligand-hybridization strength, 
forr the second a quadratic dependence holds. These different functional depen-
denciess suggest that there must be a cross-over region as compared to this ligand-
hybridizationn strength (read Pd doping) where the roles of the two energy scales are 
reversedd (in one region the first energy scale is dominating the second one, in the 
otherr the second is dominating the first). 
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AA disadvantage of an interpretation in terms of Kondo- and RKKY-interactions 
iss that i t leaves no room for a non-integer occupancy of the individual f shells on the 
magnetic-ionn sites.*  For single-ion Kondo systems, this small deviation from integer 
occupancyy of the f shell seems not to be crucial. In fact, the single-ion Kondo effect 
cann be interpreted as the result of scattering centra with internal degrees of freedom 
inn a sea of conduction electrons. 
7.5.17.5.1 The possible importance of non-integer filling 

Ass we shift attention to the situation where the f shells are arranged in a lattice, all 
formss of coherency effects start to set in not included in the RKKY-interaction.̂  

Comparingg the form of Periodic-Anderson Hamiltonians with Hubbard Hamil-
tonians**  in their most rudimentary forms, one could expect the Hubbard Hamiltonian 
too form at least part of some effective Hamiltonian for the Periodic-Anderson Hamil-
toniann under the condition that the total occupation density for all f shells combined 
iss fixed -but not necessary integer- as opposed to each individual f shell being integer 
occupiedd for the Kondo-lattice Hamiltonian [36] ("effective Hamiltonian" is meant 
inn the same sense as that the Kondo Hamiltonian is an effective Hamiltonian for 
thee single-ion Anderson Hamiltonian under the condition that the f shell is integer 
occupied). . 

Inn this part of the effective Hamiltonian, the Hubbard part, one could expect 
thee sea of conduction states to act as an intermediator between the various f sites. The 

**  We start with the Periodic-Anderson Hamiltonian as the most relevant Hamiltonian for heavy-
fermionn behaviour. Under the condition that each individual f shell is identically integer occupied, 
ann effective form for the Periodic-Anderson Hamiltonian can be derived. In its first-order term with 
respectt to 4rj"> the Kondo-lattice Hamiltonian can be recognized, whereas the second-order term 
cann be interpreted as representing the RKKY interactions. 

"ff  Incidentally, one of the underestimated problems is why regular Kondo materials behave so nicely 
inn accordance with a theory which is derived for a single ion whereas the typical concentration of 
ionss in such compounds is so high that separate ions must have strongly overlapping Kondo clouds. 

^Hubbardd models describe a lattice of magnetic-ion sites (f-states) between which electrons can 
hop.. This is the result of a small but present ligand hybridization. On each site a strong on-site 
repulsionn is present. 

Inn its most simplest form Hubbard Hamiltonian reads 

#Hubbb = 2 C"aLai,«T + (7l3) 

Itt describes electrons in a lattice with one orbit per site represented by the creation operator 
at̂ ^ (ai ( r ). (7 Represents the spin index while t is the site index. Furthermore n  ̂ =aj(rai0. and 
eeaa is the bare energy of such a singly occupied site. The term U J^ n^Tiij indicates that Coulomb 
interactionss only take place between two electrons occupying the same site and, hence, are forced to 
havee opposite spin, the on-site repulsion interaction. There is a hopping between sites described by 
thee matrix element t0j with *  ̂  = t*j.  The Hamiltonian Eq. 7.3 was simultaneously introduced 
byy Gutzwiller, Hubbard and Kanamori 
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distancee between various f sites is beyond the Hil l limit , so that one can safely discard 
anyy direct ligand hybridization between f sites. If any effective hopping of electrons 
(orr holes) between different f sites exists this must be the result of the intermediating 
rolee of the ligand hybridization between the f shells and the conduction states. 

Differen tt  t ypes of coherency effects not included For Hubbard Hamiltonians 
i tt is known that the fillin g (the number of electrons present as compared to the 
numberr of f shells/sites) is important [37]. For clarity reasons, let us restrict the 
discussionn for a moment to Hubbard models corresponding to the situation of a 
latticee of single f shells on each site only twice spin (two-fold) degenerate. In the 
casee of "half filling"there are as many electrons as there are sites present. I t is a well 
establishedd fact that for the case of " half-filling" such a model results in long-range 
antiferromagneticc ordering (as it is so often observed for heavy-fermion systems), see 
e.g.. [37] [38] [39] [40] and references therein. The antiferromagnetic case to which 
thee Hubbard model reduces (in the case of half-filling) is known in the literature 
ass the " t - J model". To enforce ferromagnetic ordering onto such a system a strong 
spin-orbitt coupling of some sort is needed. 

Inn the case of slightly less than half filling , one can visualize this as holes 
wanderingg around through the lattice leaving a trail of antiferromagnetic frustrations 
behindd them. § 

Thee analogous holds for more than half filling.  In this case one can visualize 
whatt is effectively the excess of electrons wandering around in an antiferromagnetic 
latticee leaving trails of antiferromagnetic frustrations behind. 

Thiss can be visualized as the presence of an excess electron wandering around. 
I tt could be that these trails of antiferromagnetic frustrations are important 

forr the heavy-fermion behaviour or even the superconductivity. 
Inn such Hubbard Hamiltonians, it can be even more exotic. Situations are 

imaginablee where a charge wanders around without any spin or, vice versa, a spin 
wanderss around without any charge. The essential point is that for all these phenom-
enaa to exist non-half fillin g is crucial. 

Anotherr coherence effect could be the interaction of the lattice of f shells as a 
wholee with the conduction electrons. One could imagine that instead of the standard 
Kondoo (-lattice) Hamilton ian, a Hamiltonian should be used somewhat along the 
liness of: 

Ai/eff .. cond-f s t a t e s "̂ ] P I{ }̂ 4f f f ^ , [ f ^ C ^ ] (7.4) 
{k,q},Kp } } 

§§ Start of with a perfect a lattice with on each site a spin arranged perfectly antiferromagnetically. 
Thiss is the situation for half filling.  To arrange for the slightly less than half filling  we make one site 
empty,, from a neighbouring site an electron with its spin can hop, causing many antiferromagnetic 
frustationss with its new neighbours 
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Figuree 2 Hubbard model. Each site is once occupied and neighbouring spins are arranged 
antiferromagnetically.. Remove one electron from a certain site. As neighbouring electrons hop 
ontoo this empty site, this hole moves through the lattice (in opposite direction as the electron 
hops)) leaving a trail of antiferromagnetic mismatches behind it. 
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with: : 

ckTcqii + ck|cqT \ 

-ii (ckTcqi - ckicqr) (7.5) 

CkTCqTT ~ °kiCqi / 

4tfqll  + 5 A t \ 
- i ( U i - 4 i f q r )) (7-6) 

k̂T^qtt ~~ V q l / 

Noticee that Sĵ k and S k̂ are the standard spin-vector operator definitions 
forr the conduction and f state with quasi-momentum k, respectively. For special 
choicess of I^Q the Hamiltonian A//eff. cond.{  8tate8 reduces to the Kondo or the Kondo-
latticee Hamiltonian. AHeB. cond.f s ta tes seems to be the more general equivalent of the 
previous. . 

M o r ee general a p p r o a ch Experiments indicate that the narrow peak in the density 
off  states observed at the Fermi level is similarly shaped as the peak formed after the 
smalll  hybridization of a narrow f-type of band and a broad conduction-type of band. 

Too allow the peak in the density of states related to the f band to have effec-
tivelyy an energy similar to the Fermi energy, instead of an energy much smaller than 
thee Fermi energy (as estimated from XPS and BIS measurements) corresponds to the 
formationn of low-energetic correlated ground states. Some room in phase space has to 
bee created for these new excitations to occur. For this, the f band has to be slightly 
depopulated,, leading to a charge transfer from f to conduction states. The energy 
losss as a result of the formation of these correlated states must compensate for the 
energyy gain as a result of the effective shift of the "bare" f level. The latter must be 
equall  to the energy difference between the Fermi energy and the "bare"f level as it is 
detectedd in a XPS experiment, hence 0.8 eV. 

Thee formation of a hybridization-shaped peak at the Fermi energy (as Fermi 
surfacee studies confirm for UPt3) is interpreted as the result of the balance between: 

 on one hand, some process which can be effectively treated as renormalizing the 
"bare"ff  energy to the Fermi energy; 

 on the other hand, the creation of correlated ground states for which some room 
inn phase space has to be created (depopulation of f states). 

Sk,q q 

Sk,q q 

Thee first results in an energy gain of 0.8 eV while the second must result in an 
energyy loss more than 0.8 eV. Let us denote the energy loss for the second process 
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ass U (Ant) where Arif stands for the average depopulation from half fillin g per f site 
andd shell. Using a Taylor expansion one obtains 

UU (Ant) = PAm + QAn? + ... . (7.7) 

Forr the case of UPt3) An, amounts to 0.02 ([41] [42] [43][44][45] [46]). Omitting 
alll  second and higher order terms in the above expansion we obtain: 

UU (Ant) » PAnt. 

Ass we know U (Anf) to be in the order of 0.8 eV and Atif to be in the order of 0.02, 
wee can estimate P to be somewhere in the order of 20 to 25 eV. Although this result 
iss surprisingly close to values found by Miedema for the charge-transfer parameter in 
hiss approach of composite materials, we were not able to adapt such an approach for 
thee above situations. 

Wee will eventually interpret the strange behaviour of the size of the local 
momentss in terms of an (adapted version) of the Stoner model. In this model the 
sizee of the small moment as observed in UPt3 is dictated by Anf . 

Iss it possible to develop an alternative to the Doniach model that allows for 
Ariff  ^ 0 ? For this, we first have to catalogue the magnetic properties of UPt3 as we 
dopee it with Pd more carefully. 

7.66 Magnetic properties of U(Pti_a;Pdx)3 wit h respect to various Pd dop-
ingg concentrations. 

UPt33 itself is close to an "antiferromagnetic instability". Both in neutron and 
inn macroscopic thermodynamic experiments pronounced spin-fluctuation phenomena 
aree observed. The incipient long-range order becomes visible at chemical substitu-
tions. . 

Inelasticc neutron experiments, spin polarized and unpolarized, on single crys-
talss reveal the following type of correlations. In the hexagonal planes, antiferromag-
neticc correlations at Q = ( 1/2 , 0 , 1) were found The size of the corresponding 
locall  moment is extremely small and amounts to 0.02  0.01 /Xg / U-atom. This 
weakk antiferromagnetism develops below 6 K. 

Inn spin-polarized inelastic neutron experiments on polycrystalline samples 
fluctuatingfluctuating local moments (2 /ig / U-atom) are detected; their size is comparable 
too the size of the effective moment for the high-temperature Curie-Weiss constant 
(fi(fi eSeS = 2.6  0.2 fiB / U-atom) 

Consideringg the size of the local moments as detected in neutron experiments 
versuss Pd concentrations two trends can be distinguished. 
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»» For low Pd concentrations (up to 0.6 %), in-plane small-moment antiferromag-
netismm is detected. This type of antiferromagnetism gradually develops below 
aboutt 6 K (we assign 5.8 K to it) which temperature does not seem to be de-
pendentt on Pd concentration. The values of m2 (T) start to rise slowly below 
66 K and exhibit a quasi-linear temperature dependence down to the tempera-
turess where superconductivity develops [48]. The zero-temperature values of 
m22 increase with Pd concentrations ranging from 18 x 10"3 to 48 x 10"3 nB 

II  U-atom for 0 % to 0.5 % Pd, respectively [48]. One cannot really assign a 
phasee transition to the 6 K point. I t is more like this antiferromagnetic correla-
tionn gradually develops upon lowering temperatures below 6 K. A correlation 
lengthh can be assigned to it of about £m « 600 A. No significant annealing 
effectss were detected when considering the correlation length or the size of the 
low-temperaturee magnetic moment. It is concluded from this that this weak 
antiferromagnetismm is not particularly sensitive to local anistropic strain effects 
inn the samples. 

Forr higher Pd concentrations (between 2 % and 5 %), a second feature is de-
tectedd when plotting m2 (T) as deduced from neutron experiments. A more 
conventionall  long-range antiferromagnetic static ordering is found [48]. Values 
forr the detected moments are roughly by a factor of hundred times larger than 
forr the small-moment antiferromagnetism previously discussed, m2 (T) follows 

aa 1 — ( JT- 1 dependence, where TN stands for a Néel temperature, a re-

flectsflects spin-wave excitations and where j5 points to a 3D Heisenberg exchange 
interactions.. Values for the extrapolated zero-temperature moments are 0.35 
andd 0.63 fiB / U-atom for 2 % and 5 % Pd concentration, respectively. 

Thee shape of m2 (T) as determined from neutron experiments on samples with 
aa Pd concentrations higher than 1 % seems to consist of a superposition of a 
quasi-linearr temperature dependence below 6 K (as discussed previously) with 
onn top of it a feature just described. T  ̂ is the temperature below which this 
latterr feature starts. TN can, therefore, only range from 0.55 K, below which 
superconductivityy reigns, and 5.8 K. The latter result is obtained for the 5 % 
Pdd concentration) [48]. 

Forr samples with a Pd-concentration between 1 % and 10 % this long-range 
antiferromagneticc static ordering can also be detected by macroscopic thermo-
dynamicc experiments. Specific heat studies for U(Pt i_I Pdx )3 compounds for 
x-x-valuesvalues between 0.01 (1 % Pd) and 0.10 (10 % Pd) point to the presence of 
thiss ordering, with a maximum value for TN of about 6 K (5.8 K to be more 
precise)) for the 5 % compound with borders of the antiferromagnetic order of 
aboutt 1 % and 10 % Pd concentrations. 

Thee temperature dependence of the magnetic Bragg intensity for the sample 
containingg 1 % Pd is quite intringing. m2 (T) starts to rise slowly below 6 K 
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andd rises sharply below 2 K saturating below 0.5 K [48]. The sharp rise below 
22 K indicates the onset of long-range antiferromagnetic order with a saturated 
momentt below 0.5 K of about 0.11 /^ / U-atom. The estimated value for TN 

amountss to 1.8 K. In macroscopic measurements, this transition at 1.8 K does 
nott show up. 

Zero-fieldd /zSR experiments have been carried out on the 1 %, 2% and 5% Pd 
sampless [48]. The temperature dependence of the muon depolarization rate 
showss some similarity with the m2 (T) curves as determined from neutron ex-
periments,, in this respect that the quasi-linear background corresponding to the 
weakk small-moment antiferromagnetic correlation is absent. This is consistent 
withh the notion that this part of the magnetization corresponds to fluctuating 
momentss on a time-scale too short to be detected by fjSR. The temperature 
variationn of the exponential relaxation rate shows a temperature independent 
backgroundd and a quasilogaritmic increase below a temperature that is identi-
fiedd as the long-range antiferromagnetic ordering temperature. Values for 7N 
derivedd from the onset of the quasilogaritmic term for 0.7 %, 0.8 % and 0.9 
%% Pd concentrations. One could trace TN down to 0.45 K for the 0.6 % Pd 
concentrations. . 

Thee neutron-diffraction experiments on the small-moment ordering in pure 
UPt33 and the large-moment static ordering in U(Pt0.95Pdo.o5)3 show that the 
magneticc structure in both cases is the same. The magnetic unit cell corre-
spondss to a doubling of the nuclear unit cell along the 6-axis with moments 
pointingg along the fr-axis. A still not-settled discussion for the 5 % Pd com-
poundd is that the Néel temperature determined by ^SR reads as 6.3 K. This is 
inn contrast to the value of TN = 5.8 K as is found in neutron- and thermody-
namicc data. For the lower Pd -concentration compounds (1 % and 2 %) /iSR 
dataa are in agreement with thermodynamic and neutron data. 

Althoughh the long-range large-moment static antiferromagnetic ordering is 
shownn not to exist for Pd concentrations of 10 % and higher, there is a lack of infor-
mationn concerning the small-moment antiferromagnetism for such concentrations. 

Inn the table below the above data are summarized 
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Pdd concentration 

0 0 
0.1 1 
0.2 2 
0.5 5 
0.7 7 
0.8 8 
0.9 9 

1.0 0 

2.0 0 

5.0 0 

m(Tm(Tcc) ) 
(}x(}xBB j U-atom) 

18xx 10"3 

24xl0"3 3 

36xl0~3 3 

48xl0"3 3 

nott available 
nott available 
nott available 

0.11 1 

0.35 5 

0.63 3 

(K) ) 

0.45 5 
0.78 8 
1.23 3 

1.8 8 

3.5 5 

5.8 8 

QLB B 
QLB B 
QLB B 
QLB B 

LRSAFO O 
LRSAFO O 
LRSAFO O 

LRSAFO O 

LRSAFO O 

LRSAFO O 

fromND D 
fromfrom ND 
fromfrom ND 
fromfrom ND 

fromfrom /JSRD 

fromfrom /zSRD 
fromfrom /iSRD 
from from 
fittingg ND 
not t 
detectable e 
inn TDD 
fromfrom ND, 
/ASRD D 

andd TDD 
fromfrom ND 
andd TDD 
/iSR R 
gives s 
TNN « 6.3 K 

Tablee listing all values mentioned in the text; m (Tc) stands for the value of the size 
off  the magnetic moment as determined from neutron experiments extrapolated to the onset 
off  superconductivity. Tc stands for the superconducting phase transition temperature. 
TJSJJ represents the Néeel temperature. QLB and LRSAFO are abreviations for "Quasi-
Linearr Behaviour" and "Long-Range Static Antiferromagnetic Ordering" "ND" , "/ASRD" 
andd "TDD" stand for "Neutron Data", '>SR Data" and "Thermodynamic Data", 
respectively. . 

7.77 Manner s i n wh ich th e introduced Pd can affect th e sys tem 

Ass Pd is replacing Pt, we distinguish two manners in which it can influence the 
propertiess of the system. The first is by distorting the lattice. 

7 711 Lattice distortions as a result of the introduction of Pd to the system 

Substitutionn of Pt by iso-electric Pd leads, in any case, to a reduction of the ele-
mentaryy cell volume and to slight anisotropic changes in the lattice parameters. The 
a-- parameter remains almost constant at Pd substitution up to 10 %, whereas the 
cc parameter decreases at a rate of (3.4  2.4)x l0~4 A per % Pd or Ac / c = -( 
0.77  0 . 5 ) x l 0- 4 per % Pd. Using compressibility data deduced from sound-velocity 
measurements,, we arrive at «c « 0.151 Mbar- 1 and conclude that the effect of 1 % 
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Pdd substitution is equivalent with an uniaxial pressure along the c-axis of about 2 
kbar. . 
7.7.27.7.2 Other effects as the result of the introduction of Pd into the system 

Thee effect of Pd substitution is, of course, not just reducing the lattice parameter 
alongg the hexagonal axis. E.g., both pressure and Pd doping contract the unit cell. Pd 
increasess the c/a ratio, whereas pressure reduces it. For all properties concerning the 
magneticc ordering, pressure and Pd doping have opposite effects (showing that the c/a 
ratioo is the control parameter for magnetism in UPt3), whereas for superconductivity 
theirr effect is analogous (both Pd doping and pressure suppress superconductivity). 

Measurementss of the magnetic properties of solid solutions of Ni, Pd, and 
Ptt in Au exist. Au itself is diamagnetic. The increasing presence of either Pt or 
Nii  in Au will cause the system to be more and more paramagnetic. This can be 
understoodd in terms of the introduction of not-completely filled d-shells (of Pt and 
Ni)) to the system. Doping Au with Pd, however, will cause the system to be even 
moree diamagnetic. Some care has to be taken concerning the electro-negativity of 
thee elements involved, but it seems that Pd behaves itself in a metallic environment 
likee it is in a d10 configuration ( [47]). 

Replacingg Pt by Pd will cause the ligand hybridization of the magnetic atoms 
(U)) in the hexagonal plane to decrease. The decrease in hybridization strength, and 
togetherr with it in the itinerant nature of the f states, will cause the formation of 
locall  moments on the U-sites with Pd-atoms as nearest neighbours. 

7.88 Issues to be settled at considering magnetism and Pd doping 

Thee following three issues have to be addressed. 

 The preference of antiferromagnetic ordering in the hexagonal plane and the 
peculiarpeculiar arrangement of all the moments along the b axis. In the hexagonal 
plane,, the U atoms can be looked as to be arranged in triangles. In such a 
triangularr configuration it is impossible to orient each individual moment so 
thatt the coupling to all its neighbouring moments is antiparallel. Usually, a 
configurationn is found which is some type of compromise. All three moments 
aree in a less than perfect alignment (the moments point, in a sort of star-
shapedd manner, away or towards the centre of the triangle). In this case the 
momentss are aligned along the b axis; two of the three couplings are perfectly 
antiferromagneticc while the third is ferromagnetic. 

 The development of the size of the local moments for increasing Pd concentra-
tions.tions. At plotting the amplitude of m(Tc) versus Pd concentration we observe 
thatt for low concentrations of Pd (less than 0.6 %) the size of the moments as 
deducedd from neutron-diffraction studies remains small, (between 0.02 and 0.05 
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MBB / U-atom). For Pd concentrations exceeding 0.6 %, the size of the magnetic 
momentt increases dramatically, reaching its maximum of 0.63 fiB / U-atom for 
thee 5 % Pd concentration. 

 The occurrence of a maximum for the Nêel temperature of the long-range antifer-
romagneticromagnetic ordering for increasing Pd concentrations. Plotting TN as detected 
inn thermodynamic experiments versus Pd concentration, we see that between 
22 % and 5 % the Néel temperature increases from 3.5 K to 5.8 K. For the 5 
%% compound a maximum is observed. Going from 5 % to 10 % Pd concen-
tration,, TN is reduced. For Pd concentrations exceeding 10 %, no long-range 
antiferromagneticc ordering is detected any more. 

Ant i ferromagnet i cc orderin g w i t h moments along th e 6-axis 

Wee believe that heavy-fermion systems are best described in terms of the Periodic-
Andersonn Hamiltonian. As mentioned, a connection must exist between the Hubbard 
andd the Periodic-Anderson Hamiltonians. In the case of half filling , the Hubbard 
Hamiltoniann wil l result in antiferromagnetic ordering. That is consistent with the 
preferencee of heavy-fermion systems, such as UPt3, to order antiferromagnetically. 

Forr UPt3 , we expect the peculiar 5f band to be slightly below half filling . 
Mostt of the antiferromagnetic tendencies are still expected to remain. In terms of a 
Hubbardd Hamiltonian, we are, in the case of UPt3, in the situation of holes wandering 
aroundd and leaving behind them a trail of antiferromagnetic frustrations. The holes 
hopp from U site to U site along the three crystallographic a axes. By choosing the 
arrangementt of moments as mentioned in the first point, we ensure that at least along 
onee a axis no extra frustrations are introduced (more than are already there as the 
resultt of the triangular structure). 

Deve lopmentt  of t h e size of the magnet ic moment 

I tt  is the second point, concerning the development of the size of the magnetic moment 
ass we dope with Pd, which the Doniach model tries to deal with. We wil l present an 
alternativee interpretation here. We believe the magnetic structure to have a similar 
originn as the magnetic ordering in Hubbard models for half filling , in that sense much 
moree standard. 

Wee wil l present here a treatment in terms of the Stoner model using the fact 
thatt the density of states at the Fermi energy is similarly shaped as for a small 
hybridizationn between a narrow f-like band and a broad conduction-like band. We 
wil ll  refer to the latter as the "two-branched bandstructure". This density of states 
hass some particular features. It is a narrow peak with a small gap in between. The 
edgess of the gap are sharp. I t is this particular shaped structure which is essential to 
ourr interpretation. 
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Wee will adapt a simple model for itinerant magnetic systems, known as the 
Stonerr model, ([94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107]) 

Inn the appendix the detailed mathematics of this adaptation can be found. 

Stoner'ss criterio n adapted, applied to the particular  situation at hand. 

Wee already discussed the antiferromagnetic preference of heavy-fermion systems. We 
assumee the resulting many-body eigenstates to already reflect this antiferromagnetic 
ordering.. The index a we will use is, therefore, a pseudo-spin index. It reflects that 
forr each magnetic structure two options are open, a = 1 (one with spins in a certain 
configurationn and the other with all spins reversed). For each a, we assume the two 
branchedd density of states as previously mentioned. For the size of the gap between 
thee lower and the upper branch we introduce the parameter 2A. We assume the 
interactionn between the two sets of states, labelled by a = +1 and a = —1, to be 
ferromagneticc (translational symmetry is conserved). The self-consistency equation 

MM^^-TM^^-TM (7-8) 

mustt hold (see appendix). In this case A+i ,- i is the shift in energy between the 
aa = +1 and the a = — 1 density of states. M (A-n^i) Represents the local moment 
presentt on a site as a function of A+i,_i. 

Ass a high density of states at the Fermi level is a characteristic property 
off  heavy-fermion behaviour, already for extremely small values of F (U), Stoner's 
criterium,, Eq. 7.52, is expected to be satisfied. 

Ass a result, any small interaction between the a = +1 and -1 states will cause 
thee two densities of states curves (in zeroth order) to rigidly shift with regard to each 
other. . 

Ass the density of states is known and charge neutrality must be enforced, 
M(A + ii  _i) (the nett local magnetic moment) can be calculated as function of the 
exchangee splitting, A+i.-i , between the a = +1 and a = -1 bands. 

I tt is known that occupation densities of individual f states (properly normal-
ized)) are always slightly less but close to unity for heavy-fermion compounds (0.92 
forr Ce and 0.98 for U compounds). We introduce Anf as a the deviation from unity 
fillingfilling  (0.08 and 0.02 for Ce and U compounds, respectively). As we set A+i,_i = 0 
(thee a — 1 densities of states are not shifted with respect to each other) the Fermi 
levell  must be found just below the lower edge of the gap in the lowest branch both 
forr the a — +1 and a = — 1 bandstructure. 

Inn that case, we shift the a = — 1 density of states to higher energies with 
respectt to the a = +1 density of state. 

Inn Fig. 3, the expected M (A+i t_i) is schematically sketched as function of 
A+i,_i .. Graphically, the solution of Eq. 7.50 is represented as the point of intersection 
betweenn M (A+i,_i) and the line A + i ,_ i /F (U). 
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Figuree 3 Graphical solution of Eq. 7.50 for a model density of states typical of heavy-fermion 
behaviour.. For each a — 1 (antiferromagnetic ordering, a = + 1 , and ordering with all 
momentss anti-parallel to it, a = -1), a similar density of states is assumed rigidly shifted 
byy the exchange splitting, A + l i _ i . As a result of their particular shape with a gap of 2 A , 
thee magnetization, M ( A + l i _ ! ) , versus A + 1 ) _ ! , has an extra plateau at low values of M 
andd A + i , _ i . Also drawn is the line A + i i _ i / F ( f / ) . Solutions of Eq. 7.50 are found where 
MM ( A + X i _ i ) and A+i^/F (U) intersect. A blow up of the low A + 1 > _ j region is depicted. 
Thee inlay represents a larger scale overview. By virtue of an adiabatic argument one can 
convincee oneself that the solution the system will chose is, of all the intersections, the one 
withh the lowest A + 1 > _ ! ^ 0 (see text). In the lower part, the density of states is schematically 
sketchedd for A + i , - ! within the range of this plateau and for A + i ( _ j exceeding it. 
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Startingg from A+^-i = 0, the initial increase of M (A+^-i ) is steep, as the 
densityy of states at the Fermi energy, n (E?), is so large. But already after a small 
shift,, A+] _1? the Fermi energy is within the gap between the lower and upper branch 
off  the er = +1 band (see Fig. 3). A+\ _j is so small as a consequence of Anfff being 
soo small in combination with n (EP) being so large. 

Ass a result, M(A+i,-i ) remains constant until the Fermi energy starts to 
exceedd the upper edge of this gap, 2A. We introduce A^i t_j as A+j>_1 = A + i ^ + 
2A.. For A+l i _i > A+j _l f M (A+i,_i) monotonically increases and saturates at high 
valuesvalues of A+1,-1. 

Forr A+]_! < A+1,-1 < A+j _l t the lower branch of one type is completely 
filledd and the total occupation in each band must stay fixed. It is straightforward to 
seee that for such A+i f_i: 

M<°>> = A^Ari, , (7.9) 

wheree | iB represent the Bohr magneton. 
Sincee Arif is in the order of 0.02-0.08 per site shell, Eq. 7.9 corresponds to 

smalll  moments per site and shell. 
Thee extra feature present in M (A+i (_i) (as compared to the general form of 

Fig.. 4) is this plateau of M (A+i,_i) = M<°> at A ^ j < A+i,_i < Al+\ t_v This 
plateauu is the consequence of a gap present between the + and - part in the heavy 
quasi-particlee density of states for each <7. 

Essentiall  to the Stoner treatment is the rigid shift between the two densities 
off  states. For this to be applicable, A+i,_i must be sufficiently small as compared to 
thee ligand hybridization, \T\. The question arises whether this is the case for A+ j . j 
<< A^füj < A^i _! and the corresponding magnetic moment M  ̂ = /iBA7if)? 

Forr such a solution to be feasible, the range of F (U) values must be sufficiently 
large.. From Fig. 3, it is straightforward to convince oneself that for this range: 

A ( o )) A ( 1 ) 

holds.. Clearly, the size of this range is set by a competition between A+i_! and 

A+ii  ^ i , on one hand, and M^°\ on the other. All three are small numbers. 
Typicall  for a ferromagnetic d-metal that just satisfies the Stoner criterium 

iss an exchange interaction of approximately 0.6 eV and a density of states at the 
Fermii  level that is approximately 10 times enhanced with respect to s-metals. For 
heavy-fermionn behaviour, the density of states at the Fermi energy is at least 100 
timess higher than for s-metals. As for the above d-metals, the Stoner criterium is 
justt satisfied, this sets a lower boundary for F (U) in heavy-fermion compounds of: 

^Lin^o-oeev. . (7.11) ) 
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KW KW 

++ 2 A : 
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F{U)F{U) t t 11 + 
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F(U\ F(U\ (7.12) ) 

Givenn the density of states for standard hybridization bands, Eq. 8.4, we can estimate 
thee ratio A / A ^ f ^ . Assuming the contribution of the conduction density of states, 

nncc,, to be constant over the small energy region 6f-A - A+f _j < e < ef — A, the 
followingg equality can be demonstrated to hold: 

€ f -A A 
6e6e I * + I < ^ (7.13) ) 

An ff is expressed per site and shell, while V represents the volume of the unit cell. 
Introducingg Nc as the total density of conduction states present in one Brillouin zone, 
thiss leads, in combination with Eq. 7.12, to: 

FiU), FiU), 

Ass we assume NrV « 1 

« P^^  + 1™ (7.14) ) 

occup.. denst. 
perr magn. ion site shell 
mang.. moment 
perr magn. ion site shell 
Rangee of exchange int. 
strengthh allowed (eV) 

U-based d 
heavy-fermionn compounds 

0.98 8 

0.02/JB B 

0.066 - 3 

Ce-based d 
heavy-fermionn compounds 

0.92 2 

0.08//B B 

0.066 - 0.7 

•• Expected occupation density and small magnetic moments per magnetic-ion site shell 
forr U- and Ce-based heavy-fermion materials. Also listed is range of exchange-interaction 
strengthss allowed for such small moments. /iB represents the Bohr magneton. 

Thee above-given estimates are rough. Especially the U-based compounds, for 
whichh a large range of allowed F (U) is found, seem suitable candidates for small-
momentt systems. This is consistent with the experimental observations. Small mo
mentss are up to now predominantly found in U-based heavy-fermion compounds. 
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Evenn for F (U) values in the above-listed ranges, A + i , _ i / F (U) versus M (A+i.- i ) 
cann have more than one intersection as A+^- i > 0 (two or even three). 

Too understand why of all such possible options the one with the smallest 
A^^füii  ^ 0 is chosen as the stable solution for the system, we consider F (U) as being 
switchedd on adiabatically. 

I nn terms of the previously discussed mean-field treatment, to lowest order the 
responsee of the system to any F (U) is to rigidly shift the a = +1 versus the a = 
-11 density of states. Whether such a shift occurs, depends on the energy balance 
betweenn the energy involved in the exchange interaction and the change in kinetic 
energyy associated with such a shift. This is the case as soon as the slope of M (A + i ,_ i ) 
inn A+1,-1 = 0 exceeds l/F (U) (Stoner's criterium). As F (U) increases at some point, 
thiss criterium starts to be satisfied and bands start to shift with respect to each other 
byy an amount A ^ _v The amount the two densities of states are shifted with respect 

too one another, A (
+ ^ J, is determined by M ( A J J 3 ) = A j J ^ / F {U) with A ^ ] > 

0.. Since we started with the lowest F (U) for which the Stoner criterium holds, only 

onee A J ^ i is found. Note that at A ^ J , the slope of M ( A $ £ 3 ) is less than F (U). 

AA further increase is energetically not favorable. As F (U) is turned on adiabatically, 

A+1,-11 = A+^f!* ] is the solution the system wil l chose to minimize its total free energy. 

Ass F (U) increases, also A+f^l shifts to higher values. 

Th ee basic idea 

Wee assume that, as we increase the Pd concentration, the f states get more and more 
localizedd and with it F (U) increases. In UPt3, each U atom is surrounded by 6 Pt 
atoms.. If we keep the concentration of the Pd doping low (well below 17 %, i.e. 1/6 
xlOO),, we expect each U atom to have at most one Pd atom as nearest neighbour. 
FF (U) is than some sort of average of the F (U) value for U atoms with no Pd atom 
ass nearest neighbour and the F (U) value for U atoms with one Pd atom as nearest 
neighbour.. In that concentration range, we expect F (U) to grow linearly with Pd 
concentration.. For very low concentrations of Pd (up to 0.6 %), we expect to be in 
thee range of interaction strengths (0.06 to 3 eV) to observe the small moments. As 
wee start to exceed F(U)CTit = 3 eV, the shape of M (Ai,_i ) versus A + i t _ i / F (U) is 
suchh that first the local magnetic moment almost makes a jump and than starts to 
increasee rapidly at further increasing F (U). 

Thee small moment is created by superimposing states on each other with 
oppositee spin directions on individual sites. In slightly more than half of the time, it 
iss in one direction. This translates itself into fluctuating moments. The quasi-linear 
behaviourr observed for m2 (T) in neutron experiments must also be related to the 
peculiarr bandstructure at hand. 

Thiss is basically the second issue to be settled as we described it. 
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7.8.17.8.1 A maximum for the Néel temperature at increasing Pd- concentration 
Wee established the appearance of local moments with a magnetic ordering identical 
too the type of ordering observed for the extremely small moments in UPt3. To this 
antiferromagneticc ordering, a Néel temperature, TN, can be assigned. The last step is 
too understand the appearance of a maximum in TN for increasing Pd- concentration 
(forr x = 0.05). 7JV is taken proportional to the product of the size of the magnetic 
momentss and the exchange coupling constant. 

Dopingg with Pd, causes the appearance of local moments until the full mag-
neticc moment of the localized U atom is reached. This only leads to a monotonous 
increasee in TN. Hence the maximum must be the result of a maximum in the in-plane 
exchangee coupling constant. 

Wee further assume the coupling between two neighbouring magnetic atoms in 
thee basal plane to partly originate from a super-exchange-like mechanism in which 
thee relatively localized d states of the Pt or Pd atom situated in between play a mayor 
role. . 

Imaginee the following situation: two sites F^ and FB , each with a spin (a singly 
occupiedd state). In between is a third site, D, with a doubly occupied degenerate 
state.. Let us denote these states as Df and D|. Imagine site FA to have spin up, F^f, 
andd site FB to have spin down, FB i . The super-exchange mechanism wil l shift the 
statee D; slightly towards the F T̂ and the D-j- state towards FB i . The superexchange 
couplingg constant is at a maximum if the overlap between F ^ state and the region of 
DD states with opposite net spin polarization (Dj,-Df) is at a maximum. If the F^-D-
FBFB sites are close together, there is a large overlap between orbitals, but the Df and 
Djj  have not much room to shift apart. The exchange coupling constant is expected 
too be at a minimum. On the other hand, if the F ^ - D - FB sites are fare apart there 
iss much room for the Df and D| orbitals to be shifted apart (to get a polarization) 
butt the overlap between the F-D orbitals is to small to pull them apart. Also in this 
limi tt we expect the exchange coupling constant to be at a minimum. Somewhere in 
thee middle, there must be an optimal situation. Notice that, instead of dealing with 
orbitalss getting more and more localized (as we expect the effect of Pd doping to be), 
wee changed the distance between states. 

I tt is this handwaving model we want to quantize and demonstrate that indeed 
suchh a minimum exists. 

Shortt  in t roduct io n int o th e super-exchange mechanism 
Inn the super-exchange mechanism, no direct exchange between the different f states 
off  the two magnetic ions is assumed. The interaction between an f state of a magnetic 
ionn and a d state of Pt c.q. Pd, is taken to be of the form: 

AH=AH= f63rJSf(r)Sd(r) (7.15) 

inn which we dropped terms related to the orbital angular moment for clarity reasons. 
S/(r)) and S<j(r) denote the spin-operator at r of an f and a d state, respectively. In 
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thiss expression, the exchange integral is proportional to the energy difference between 
thee triplet and singlet states: 

JJ OC Etriplet — Eginglet (7-16) 

^triplet^triplet and Egingiet are t n e energies associated with a triplet or singlet arrangement 
off  the f and d state, respectively. 

Thiss interaction energy arises from the Coulomb repulsion. In a singlet con-
figurationn two electrons are on the average closer to each other than in a triplet 
configuration.. Therefore, E«nslet > ^triplet- The operator S/Sd is either -3/4 for the 
singlett configuration or +1/4 for the triplet configuration. Consequently: 

AWAW = - {{Eginglet + ^triplet) + {^triplet ~ £«npie*))S/Sd (7-17) 

hass the eigenvalue ü ^ / et in the case of a singlet and Etripiet in each of the three 
triplett states. By redefining zero energy it is straightforward to recognize AH. 

Ann f moment with a certain direction will attract part of the d states with the 
momentt in the opposite direction and repulse the part of the d states with identical 
moment.. It is clear that this leads to an antiferromagnetic coupling between two f 
momentss with such a polarized cloud of d states between them. Of course, the real 
situationn is more complex. The role of the spin operator is replaced by the total 
angularr momentum operator. 

Thiss super exchange mechanism is dependent on the distance between the 
twoo U atoms or the extensiveness of the f and d states involved. To prove that the 
relatedd coupling constant between two neighbouring U moments displays a maximum 
ass function of the distance, or analogously as function of the radii of the orbitals 
involved,, a full size bandstructure calculation is needed for varying distances or radii. 
Suchh an enterprise is far beyond the scope of this thesis. We will therefore only present 
calculationss on a simple model, showing that a bandstructure calculation could be 
useful. . 

AA simple model consideration 

Twoo f orbitals both occupied by one electron, are considered, one orbital at r = R 
andd the other atr = —R. In their middle a d orbital is placed. This d orbital is 
occupiedd by two electron of complementary spin directions. For simplicity reasons 
thee actual wavefunctions, t/>, of the orbitals is replaced by ls-type orbitals, scaled so 
thatt the average radii are sustained: 
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Thee subscript i is either d or f, and u is the radial distance to the corresponding 
nucleus,, p is the spin quantum number, being either | or j . No angular dependence 
iss involved since the angular momentum quantum number is taken to be zero. We 
introducee an interaction of the form: 

&H&H  = / <5 r [Sf-orbital at -R + Sf-orbital at +R\ Sd-orbitais at r=0 (7.19) 

I tt is assumed that the orbitals do not deform. We wil l use a variational principle to 
determinee the ground state energy as function of distance between the f sites. 

Ass a starting point, the spin on ther = —R f site is assumed to be J, while the 
spinn at the r = R f site is j . AH wil l lead to the spin f d states being attracted to 
thee r = - R f site and repulsed from r = R f site. For the spin J. d state precisely 
thee reverse holds. We wil l treat this by just rigidly shifting the corresponding d-wave 
functionn along R by an amount x towards the attracting f site. The net shift is the 
outcomee of the balance of AH, and the normal free atom like energy (associated with 
presencee of the nucleus at the center of the d-orbit), He-atom- The first tends to shift 
thee orbitals while the latter tends to keep the orbitals on their place: 

* ( r ) , tt = 2 g ) f e - z ^ (7.20) 

V<(r)dii = 2 ( j ^ ) V ^ (7.21) 

Thee part of the energy we have to minimize with respect to x for different R is 

EEtottot = AH + Ha_atom (7.22) 

Wee disregard the screening effects due to other (conduction) states. 
I tt is clear that a system like this wil l lead to the observation of a minimum in 

thee ground state energy as function of distance. Enhancing the distance between the 
twoo f sitess wil l leave more room for the d states to polarize. The average magnitude 
off  the moment per unit area of the d states in the overlap region of the f and d states 
increases.. Associated with it, is an extra decrease in energy due to AH. But simul-
taneously,, the area of overlap between the f and d states decreases, counteracting the 
previouss energy tendency. For small distances, the first mechanism wil l be expected 
too be dominant while for large distances the second wil l be expected to be dominant. 
Thiss wil l be more quantified underneath. 

Wee furthermore assume that y = x /r <Cl so that a Taylor expansion in terms 

off  y, 

| r=Fx|| = y/r (cos(0) - yf + sin(0)2 

«« r=Fzcos(0) + ..., (7.23) 
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iss justifiable. 9 is the angle between r and R. It is straightforward to show that 

^-otom^(r)dTT = E*T**  - 2 ^ J , (7.24) 

HHdd-atom^(r)-atom^(r)didi = ^ e -Z d - 2 ^ J . (7.25) 

EdEd is the unperturbed energy of the d state. The expectation value of Ha-atom is: 

(^-atom)) = i - s i n h ( 2 -) (7.26) 
II  X rd 

inn which rd is the radius of the d orbital (as can be found in literature, for a Is state 
rr dd = o.d/Za). 

Forr the f states: 

* M „„  = 2 g ) e-Z'^, (7.27) 

* ( r ) , ,, = 2 ( | i ) e*'*?. (7.28) 

Onlyy those parts are of importance for which the overlap between the f and the d-
statess is significant. A 9max is introduced, for which 9 of all r in the overlap region 
satisfies:: —9max < 9 < 9max. An overestimate of 9max is found as those r- vectors 
havingg a 9 = 9max so that they also are a tangent to the circle of radius 77 around R 
(777 is the expectation value of the radius of the f orbital). This leads to: 

cos(9cos(9maxmax)) = J l - J  ̂ (7.29) 

Iff  all orbitals are not too close together, cos(9max) will be close enough to 1 to justify 
aa Taylor expansion in terms of cos(0) — 1 for |r  R| to make the expressions for 
V>> (r)j more manageable. 

|rr + R| « {R - r) - (cos0) - 1) — — + ... (7.30) 
KK — T 

Withh the help of this approximation we find: 

AHAH = - J(128) ee 2v (1 - c o s ^ ) ) s i n h (2 (£)). (7.31) 
UU + Tf 

Thee x-value which minimize i/*0*  = Hd-atam + AH as function of x, xmin, is: 
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I tt is a matter of simply plotting the expectation value of # t o t as a function of x/rd 

too convince oneself that for the total energy versus distance a pronounced minimum 
iss present (we used rf = lA. ) This could imply that the effective exchange coupling 
betweenn the two f states has an optimum as function of distance. An analogue 
conclusionn could hold for the UPt3 situation. To prove this rigorously a full size 
bandstructuree calculation is needed. 
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7.100 A P P E N D I X : Stoner  theory adapted 

Assumee we start with an Hamiltonian of the form 

ffoffo  = $>-A.(*)4A* - (7-33) 

Inn the case of the Periodic-Anderson Hamiltonian, ep. .̂ (k) would represents eigen-
energiess corresponding to a density of states as previously discussed whereas l^ a and 
£k(Trepresentt the creation and annihilation operators for the many-body eigenstates. 
kk Denotes the symmetry quantum label; i.e. the reciprocal-lattice vector. Assume 
aa magnetic structure present. As i t is required by time-reversal symmetry for each 
magneticc structure two options are open, one option is indicated by a, the other 
optionn is when all the magnetic moments are reversed in sign, indicated by -a. For 
simplee bands a takes the role of the spin quantum number, hence the name pseudo-
spinn index. 

Iff  we would have taken for Eq. 7.33 the standard (non-magnetic) band Hamil-
toniann the now to be presented treatment simply reproduces Stoner's results. The 
advantagee of this treatment is that it can readily be extended to hold for e.g. surface 
magnetism,, small clusters, anti-ferromagnetic ordering etcetera. 

AA Wannier representation for Z£ff can be introduced: 

wheree Ni is the total number of unit cells involved in the periodicity and R* is the 
positionn of one such unit cell. 

A nn interaction between the various states of the form: 
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A + i _ ii (arb. units) 

Figuree 4 Graphical solution of Eq. 7.50 for a model density of states, typical of a d-metal. 

Thee magnetization, M ( A + i , _ i ) , is sketched as function of the exchange splitting, A + i , _ i 

(seee inlay), a = 1 corresponds to the two opposite magnetic structures. Also drawn is the 

linee A + i , _ i / F (U) The solution of Eq. 7.50 is found where A + 1 > _ i / F (U) and M ( A + i _ i ) 

intersect.. Since the slope of M (A+ i ,_ i ) at A + i , _ i = 0 is half times the density of states at the 

Fermii level, n (eF), it is clear that in order to have any solution: l/F (U) < ( l / 2 ) n (eF)Hence, 

Stoner'ss criterium must hold. 
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HHii  = F {V) Y, ui-* ui,-*uLui*  (7-35) 
va va 

iss introduced. The interaction is local and sufficient screening between different 
cellss is present. I t is clear that the origin of F (U) must be the on-site repulsion present 
att individual magnetic-ion site shells. Therefore we expect F (U) to be a function 
off  U. We use the notation F (U) instead of U to indicate that it is this U which is 
alteredd by Pd doping. 

Thee self-consistent mean-field interaction Hamiltonian is expected to be of a 
generall  form: 

HiHi  = F (U) J2 [ ( « U t t t - a) t ^ t n , - ( < f f « i , ^ ) UI^UH,] , (7.36) 
i,<7 7 

wheree F (U) is the strength of the interaction and -a represents the orientation with 
alll  magnetic moments anti parallel to a. 

Wee reduced a two-states interaction, ex u\_aUi^au\(TUi t<j^ into a one-state 

formm (by our mean-field approach) consisting of diagonal elements, oc< u\_aUi t-a > 
uui,tri,tr uui^:i^:  a nd of-diagonal elements, oc - < u!ff

ut,-ff > « t ^ y ^ . Expectation values 
aree expressed as < >. 

Inn what follows, we restrict ourselves to the case where the change in symmetry 
duee to Hi is commensurate with the original symmetries Of H0. In particular we 
aree interested in ferromagnetic, Q = 0, and antiferromagnetic, Q = G/2) ordering 
( GG represents the reciprocal lattice vector related to one unit cell), i.e. ferro- or 
antiferromagneticc with respect to the underlying magnetic topologies. As a result we 
obtain,, with the help of Eqns. 7.34a and 7.36, the expression : 

HiHi  = F (U) £ [ i \ U (0) {l{j ki(, + ll+QJk+Q,} + N.a ( Q) {l[ +QJk,a + llJk+QA 

+r(o)) {'1,-A*  + 4+Q,-aW*}  +T(Q) {4+Q,-A*  + C*+Q,-*} ] > (7-37) 
wheree the following averages are introduced: 

^^ (0) EE £ f c (lljj\  JV„( Q) = £ f c ( < U , A * ) 

TT (o) = - E*  ( 4 A - ) T ( Q) = - £*  ( 'U.A-) 

Thee single elements summed over for T (0) and T ( Q), take a form analogue to the 
raisingg and lowering operators for angular momenta and spins. 
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Thee averages defined in Eq. 7.40 take the role of matrix elements. They still 
dependd on the eigenstates of the initial Hamiltonian, thus defining self-consistency 
conditionss for such matrix elements. 

Wee start with the most general case; Nv (0) ^ 0, Na ( Q) ^ 0, T (0) ^ 0 and 
TT ( Q) ^ 0. In this case the total Hamiltonian, H = HQ+HI, can be represented as 

**  = £4#. matrix 1* * (7.38) ) 

with: : 

LL = 
IkIk  , cr=- l 

lk+Qlk+Q , ff=-l 

and d (7.39) ) 

H, H, matri xx — 

TT = 

MM = 

H H 

22 I 2F{U)T 

==  f T(0) T(Q) \ 
~~ \T(Q) T(0) )> 

^^ / M(0) M(Q)\ 
~~ {M(Q) M(0) )> 

==  ( € p A' 

2F(U)T 2F(U)T 

(H-F(H-F {U) M\ 

(k)(k) + F(U)N(Q) F{U)N(Q) 
F(U)N(Q) F(U)N(Q) eePP..AA.(k+Q).(k+Q) + F(U)N(0) 

))  (7.40) 

Ass such we introduced the definitions: 

NN (0) = Na=+1 (0) + N^-! (0) M (0) = ATff=+1 (0) - i \U_, (0) 
JVV (Q) = Nff=+1 (Q) + AU- i (Q) M (Q) = AU + 1 (Q) - A ^ - i (Q) 

(7.41) ) 

MM and iV take the role of the magnetization and total density of electrons respectively. 
Itt is a matter of straightforward but tedious algebra to determine eigenstates and 
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eigenvalues.. For the eigenvalues we obtain: 

EE (* ) , 2 = \ \ (CP-A. (* ) + ep.A. (fe +Q)) + F (U) N (0) 1\j2F (U) X 

22 ^ \ A e pA - (* ) -fPA. (*  + Q))2 + 4F(U f A* (7.42) 

withh 4 = {N{Q) X^T^T^+
X

M^M^) (7.43) 

a n dXX = ( 4 ( T ( 0 )2 + T ( Q ) 2 ) + ( M ( 0 ) 2 + M ( Q ) 2 ) (7.44) 

++  \/UB + C2)2 + \6D2  + C*f 

BB = . ( T ( 0 )2 - T ( Q ) 2 ) (7.45) 

CC =  ( M ( 0 ) 2 - M ( Q ) 2 ) (7.46) 

DD = ( M ( Q ) T ( 0 ) - M ( 0 ) T ( Q )) (7.47) 

Wit hh the help of the so found eigenstates and eigenvalues can the self-consistency 
criteriaa can be generated from definitions 7.40 and 7.41. Usually we are only interested 
inn simpler cases. 

Assumee that the influence of the interaction (Hi) is such that it conserves a 
ass a good quantum number, i.e. t he quantization axis of the magnetic moments is 
unaltered.. As the similarity of T (0) and T (Q) to the raising and lowering operators 
off  simple spins is apparent, this implies T (0) = T (Q) = 0. In this case, the magnetic 
topologiess of the original states {Vk a) stay conserved by the interaction. 

Stilll  the interaction can be of a ferromagnetic type, only states with identical 
kk interact, or antiferromagnetic type, only states with Ak = Q = G/2 interact, etc.. 

T hee se l f -cons is tency equat ion i n t he case of a fe r romagne t ic i n te rac t ion 

Wee now turn to a discussion of the ferromagnetic case. This corresponds to choos-
ingg N  (Q) = 0. No lowering of the translational symmetry occurs. Furthermore 
NNa=+a=+  (0) 7̂  Na=_ (0). The resulting Hamiltonian can be readily solved to yield: 

EEaa(k)(k) = eR A . ( f c ) + F ( £ / ) AU (7.48) 

== (€P.A. (fc) + ~F (U) N (0)) - sign (a) \F (U) M (0). 

I tt describes a rigid shift of the <r = +1 versus a = -1 cP A (k) band. This self-
consistencyy condition can be re-arranged in terms of this rigid energy shift. As: 

A + 1,_!!  = E+i(k)-E_x(k), (7.49) 

A + i , - ii  = F ( t f ) ( A U + i ( 0 ) - A U - i ( 0 ) ) = F ( £ / ) M ( A + w ) . (7.50) 
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MM (0) s N9=+i  (0) - Na=-i (0) is almost by definition a function of A+i.-i (denoted 
ass M (A-t-^-i)) . From the density of states and the requirement of charge neutrality, 
thee total density of occupied states is fixed, the magnetic moment, M(A + i t_i), as 
functionn of the exchange splitting, A+ l j _i, can be calculated. Given the density of 
statess and F (U) Eq. 7.50 can therefore be solved. 

Stoner'ss criteriu m in case of a ferromagnetic interaction 

Inn general M (A+i,-! ) is a monotonie increasing function which saturates. The exact 
shapee will depend on the density of states of the particular system. 

Ass an example, in Fig. 4 M (A+i,_i) versus A + i ^ for a model density of 
statess of a d metal is sketched. Example of such d metals are Fe, Ni. In fact for 
thee density of states we only considered the d states, i.e. the majority local density 
off  states (as obtained from e.g. a first-principle local density calculation) modified. 
Artificiall yy all states above and below the d bands are removed and the remainder is 
soo scaled that it has the correct number of states. 

Too graphically solve the self-consistency Eq. 7.50 we have to determine the 
intersectionn between M (A+^-i ) and the line A+\-i/F{U)  (in the case of the stan-
dardd Stoner theory F (U) = U). Due to the general shape of M (A+i t_i), it is obvious 
(seee Fig. 4) that a ferromagnetic solution is only guaranteed as the initial slope of 
M(AM(A++ ii ii-i)-i)  at A+i^ i = 0 exceeds l/F(U). This slope is simply 

<5M(A+1,_!) ) 

6A 6A +i,- i i 
==  \n(EF), (7.51) 

A + i , _ i = 00 Z 

wheree n (E?) is the total density of states at the Fermi energy for the non-magnetic 
system.. The condition for a magnetic solution therefore reads as: 

FF)>l.)>l.  (7.52) 

I tt is this criterium which in literature is known as the standard Stoner criterium for 
ferromagnetism m 

Whatt  the Stoner  criteriu m expresses In simple terms the Stoner criterium 
expressess the competition between the exchange interaction, in terms of F(U), and 
thee kinetic energy (n (Ep)~  A small density of states is generally related to a large 
bandwidthh and any spin splitting causes a large increase in kinetic energy. It is F (U) 
whichh is at the basis of the magnetism. 

Note,, as Stoner's criterium is satisfied, basically two solutions of A+i t-i/F (U) 
== M(A + 1_!) exist, i.e. A j j f }  = 0 and A ^ J > 0. At A ^ j = 0 the slope of 
M(A + i t_i)) exceeds 1/F(U). Considering net energies, for A+i.-i =0 it is lucrative 
too increase A+i,_i (shift the a = +1 versus <r  = -1 band) further. A further increase 
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inn A+i.- i wil l only further affect the balance of kinetic versus exchange energy pos-
itively.. This no longer holds at the second intersection, A j£u"j > 0 where the slope 
off  M (A+i,-! ) starts to be less than l/F (U). I t is therefore the latter which is the 
solutionn the system is expected to chose as stable option. 

Thiss is argued within the realm of the mean-field treatment for Hi. In other 
wordss the density of states for each a is rigidly shifted with respect to one another. 

(densitiess of states rigidly shifting). We expect this approximation only to be 
truee for A+h_xjW «C 1, where W represents the bandwidth. If A j ^ is too large 
abovee treatment can only be used to determine whether or not magnetism is to be 
expected.. Sizes of moments (where M (A+1_i) and A+h^1/F(U)) can no longer be 
estimatedd in this case. 

Stoner 'ss cr i ter iu m i n case of an antiferromagnetic interact ion 

Forr the case of an antiferromagnetic interaction we have Na (0) = N-a (0) and Na (Q) 
—— N-<r (Q)- Using these relations the single-state equations can again be solved. 
Wheree for the ferromagnetic case we employed the definition of M (0) to generate the 
self-consistencyy equation, here we have to employ the definition of M (Q). The result 
iss a cumbersome procedure. Clearly the eigenvalues wil l depend on the details of the 
electronicc band structure of the non-magnetic system. States k are coupled to states 
k+Q.k+Q. A simple graphical solution, similar to as for the ferromagnetic case, is not 
possible.. Following a suggestion of Blügel [108] in the case of an antiferromagnetic 
interactionn the analogy of the Stoner criterium (for ferromagnetism) should read as: 

\F(U)\F(U)XQXQ(E(EFF)>1.)>1. (7.53) 

Thee local density of states is replaced by xq (EF)- In our case q = Q. As n (Ep) oc 
(<5M(0)/<5A)) we define Xq oc (6M (Q)/<5A): 

XqXq = ^[qRlx(Ri), (7.54) 
» » 

wheree x (-R*) expresses the correlation of two sites a vector R+ apart. 
Forr ferromagnetism q = 0. Since xq=o =  n {EF) by definition, Eq. 7.52 can 

bee seen as special case of the more general rule Eq. 7.53 
Thee symbol x is used in analogy to the susceptibility. As the susceptibility 

describess the response of the system to an externally applied magnetic field in this 
casee the response is with respect to F(U), the interaction field. 


