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Chapterr  5 
Heavy-fermionn and related compounds 

Generall  introduction 

Untill  now we have demonstrated how to apply a well-known experimental technique, 

measurementt of the specific heat, within more or less standard research on the observed 

featuress of the magnetic anisotropy in UTX single-crystalline compounds. As shown in the 

previouss chapter, bulk magnetic properties obtained on single-crystalline samples provide 

moree satisfactory information than measurements on polycrystalline samples. In the course of 

ourr studies of ternary U compounds of the UTX type, we have found ferromagnetic (F) 

orderingg in compounds with relatively weak 5f-ligand hybridization (e.g.. URhGe, which is 

itinerantt F with complex magnetic structure, displays y = 153 mJ/moluK") and itinerant 

antiferromagnett (AF) order with a low value of the ordered moment and high C/T value even 

inn the ordered state (e.g.. UNiAl with y = 167 mJ/molLK"). Usually, the enhancement of 7 is 

duee to the formation of a heavy-fermion (HF) state, which we will discuss in this chapter. At 

thiss stage, the formation of the HF ground state is prevented in the concentrated UTX 

compounds,, whenever the localization of 5f states leads to the F ground state, whereas for AF 

compoundss a relatively high C/T (e.g.. UNiAl ) is preserved even below T\. We can speculate 

thatt this effect may be connected with generally weaker magnetic interactions in AF 

compoundss (low magnetic-ordering temperature) due to the complete fillin g of the d band. In 

FF compounds with higher T(-, the Coulomb interactions are stronger and magnetic ordering, 

accompaniedd by a removal of part of the 5f states from the vicinity of Ep. can take place 

alreadyy for a relatively broad 5f band. The formation of the narrow band with anomalously-

highh 7 value is thus prevented. 

Thee HF state is one of the major issues in condensed-matter physics and much work has 

beenn done in this field [5.1. 5.2. 5.3. 5.4]. The HF state was first recognized by the presence of 

aa large specific-heat coefficient. 7. at low temperatures. The theoretical understanding is not 

yett complete, but it is generally accepted that the HF state arises from a mixed electronic band 

nearr the Fermi surface composed of conduction-electron states and f-electron states (c-f 

mixing)) giving quasiparticles with large effective mass. This means that the localized 

f-electronn moments on the magnetic atoms such as U and Ce are strongly reduced. The 

Kondo-- and coherent Kondo-effects are believed to play important roles in the formation of 
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thee HF state. Application of a high magnetic field is considered to be effective to investigate 
thee HF state because the magnetic field may destroy the c-f mixing. 

Sectionn 5.1 concerns a variety of high-field specific-heat measurements on the hexagonal 
compoundd UPdjAlj. In Section 5.2, the role of magnetic excitations and the nature of the 
orderedd moment in the tetragonal compound URu^Si: will be explored. To illustrate the 
complexityy of some U phase diagrams, we will discuss the UPt system in Section 5.3. Finally, 
inn Section 5.4. we will present detailed bulk studies of the magnetic properties of the solid 
solutionss UNii ,RhxAl and discuss whether existing theoretical models can account for the 
observedd low-temperature anomalies in U-based compounds. 
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5.1.. UPd2AI., 

Introduction n 

Thee interplay between superconductivity and magnetism is one of the important issues in 

strongly-correlated-electronn systems. In some heavy-fermion (HF) superconductors such as 

UPh,, UPdiAh. UNiiA K and URuiSii, the antiferromagnetic (AF) ordering shows coexistence 

withh superconductivity (Tc < TN) (for a review, see ref. 5.4). In these compounds. HF 

behaviourr arises from the derealization of the U 5f electrons due to the hybridization of the 

5ff  states with the s. p or d states of the ligand atoms (Pt. Pd. Ru etc.). The nature of the 

superconductivityy is of special interest, as these compounds are local-moment systems at 

higherr temperatures and. therefore, appear to be unlikely candidates for superconductivity. 

UPdiAhh is a typical material that exhibits this interplay between the superconductivity 

andd AF ordering. It crystallizes in a hexagonal structure related to the CaCus-type of structure 

(seee Fig. 5.1) with lattice parameters a = 538.2 pm, c = 418.9 pm [5.5], and it was found to be 

aa superconductor below TL = 2 K with coexisting AF order (T\ = 14.5 K) [5.6. 5.7]. The 

electronic-specific-heatt coefficient in the normal magnetically ordered state was estimated to 

bee 150 mJ/mol, K2 and 210 mJ/mol[:K" in the paramagnetic state [5.5]. On the other hand, not 

manyy specific-heat experiments have been done in high magnetic fields, the studies being 

restrictedd to a maximum field of 8 T [5.5, 5.6]. In addition, these studies have been mostly 

carriedd out on polycrystalline samples. Neutron-diffraction studies by Krimmeletal. [5.8] 

havee revealed long-range AF order with an ordered U moment of 0.85  0.03 UB. which is 

largee compared to the small ordered moments in other HF superconductors, for instance 

0.022 uB in UPt, [5.9] and 0.03 uB in URu:Si2 [5.10]. 

OO U © T  Al 

Figuree 5.1. Hexagonal CaCu, crystal structure observed for UT;AK (T = Ni. Pd). 
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T ( K ) ) 

Figuree 5.2a. Specific heal over temperature. C/T. of UPd:Al-, and of the non-magnetic compound 

ThPd:AI ;,, in zero field (the data of ThPd:AI , taken from Geibel et al [5.6)). The anomaly at 14.2 K 

signalss the antiferromagnetic transition while superconductivity sets in at Tc = 1.6 K. 

Severall  experiments using different probes (see refs. 5.1 1. 5.12. 5.13. 5.14 and 5.15) have 

independentlyy suggested that the superconductivity and the AF ordering concern two different 

kindss of 5f-electrons of the U atom. One 5f-eiectron at the Fermi-surface is an itinerant one. It 

stronglyy hybridizes with the conduction-electron states, forming a heavy quasiparticle 

responsiblee for the superconductivity [5.16], Another 5f-electron far below the Fermi surface 

iss a more localized one. It causes the AF ordering under the strong on-site Coulomb repulsion 

UU and its hybridization V with the conduction-electron states is small (see Eq. 2.9). These two 

5ff  subsystems appear to be only weakly coupled to each other. 

Thee other attractive property of UPdiAh is the occurrence of metamagnetism. At liquid-

heliumm temperatures, the high-field magnetization [5.17| and the magnetoresistance [5.18] 

exhibitt a metamagnetic transition at B„, = 18 T for the field along the a-axis. and some 

indicationss for the presence of in-plane anisotropy. However, the lack of an electronic-

structuree study such as specific-heat measurements leaves the nature of the metamagnetic 

transitionn in UPdiAh an open question. To get more insight into this transition and to obtain a 

unifiedd picture of the underlying physics, which we expect to exist, we have performed 

specific-heatt measurements on UPdiAh in magnetic fields up to 20 T. UPd:Al3 perfectly fits 
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thiss purpose: it is one of the most intensively studied U-based HF compounds and its 

metamagneticc transition is relatively easy to access. 

Samplee preparation 

Thee single crystal used in this study was grown in a mirror-image furnace by the floating-

zonee method under Ti-gettered argon atmosphere. Taking into account some loss of Al and Pd 

duringg the crystal growth, the nominal composition of the starting material was adopted to be 

U1.ooPd2.02Al3.03.. The directions of the crystal axes were determined by the Laue method. Two 

piecess of UPd;Ah. with a total mass of about 1.3 gram, were cut by spark erosion along the 

threee principal axes. The specific heat was measured, on both pieces, by means of the semi-

adiabaticc technique in the temperature range of 0.3 K < T < 90 K and in magnetic fields up to 

200 T (see Chapter 3). 

0.3 3 

0.2 2 
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Figuree 5.2b. Specific heat over temperature. CAT, of UPdiAF around the superconducting peak in 
zeroo field and in magnetic fields of I. 2 and 3 T (B//a). The transition temperature Tv decreases with 
increasingg field; the superconductivity is totally suppressed in 3 T. 

Results s 

Thee specific heat has been measured in zero field and in various magnetic fields, to 

investigatee both the superconductivity and the magnetism in UPdjAF. At first, we present in 

Fig.. 5.2a the zero-field specific heat over temperature. CfT. of UPd;AF and ThPd;AF. The 

dataa of ThPd;AF has been taken from Geibel et al. [5.6]. At Ts = 14.2 K. a sharp peak signals 
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thee AF transition, while at low temperatures a superconducting transition is found at 

TC=1.6K.. Fig. 5.2b shows the temperature dependence of the specific heat divided by 

temperature.. C/T. in magnetic fields applied along the a axis. At 3 T. the superconducting 

peakk is completely suppressed, which indicates that 3 T exceeds the critical field B, of the 

superconductivityy in UPcFAl. .̂ In order to see whether heat effects accompany the low-field 

transitions,, we have measured the specific heat of UPdiAF along the a-axis. as well as along 

thee b-axis. in 3 T, see Fig. 5.2b. No difference was observed in comparison with the zero-field 

curve;; only below Tc the suppression of superconductivity is clear in the 3 T curve. 

Thee effect of applied magnetic fields, up to 17.5 T. on the AF transition along the a-axis is 

shownn in Fig. 5.3a. Very similar behaviour is found when the magnetic field is applied along 

thee b-axis (Fig. 5.3b). In 17.5 T. only a small shift is observed, up to about 1.63 K and 1.66 K 

forr fields applied along the a- and b-axis. respectively. 

_jj i i i i  rf > 

122 13 14 15 " W / ' ^~ — 

T ( K )) T ( K ) 

Figuree 5.3. (a) C/T of UPd2AU around the antiferromagnetic ordering temperature in zero field and in 

zeroo field and in magnetic fields of 8, 12. 14. 16 and 17.5 T (B//a). (b) Temperature dependence of the 

specificc heat of UPd^AU measured in various magnetic fields applied parallel to the b-axis. 

Thee field dependence of the specific heat above 17.5 T was measured at the Nijmegen 

Highh Field Laboratory (see Section 3.4) and is shown in Fig. 5.4 for the field applied parallel 

too the a-axis. Application of a magnetic field above the metamagnetic transition. Bm. strongly 

changess the temperature dependence of C/T. A broad peak appears shifting to higher 

temperaturess with increasing magnetic field. We attribute these broad peaks to Schottky-type 

off  anomalies. 
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Figuree 5.4. CAT versus T of UPd2Al., in magnetic fields up to 20 T (B//a). 

Applicationn of a magnetic field along the hexagonal c-axis hardly affects the magnetic 

ordering.. In an applied magnetic field of 15 T. we find a reduction of TN by no more than 

0.155 K as shown in Fig. 5.5. 
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Figuree 5.5. CAT versus T of L'Pd^Ah in zero field and in 15 T applied parallel to the c-axis (hard 

axis). . 
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Inn figure 5.6. we have plotted the magnetic entropy, SM, versus temperature for different 

fieldss applied along the a-axis. At zero magnetic field, a substantial fraction of the magnetic 

entropyy 0.702Rln2 is recovered at the ordering temperature suggesting rather well localized 5f 

electrons.. This value decreases slightly to a value of 0.690Rln2 at the highest field. At about 

255 K, all curves coincide, indicating that the magnetic field merely influences the entropy in 

thee temperature region below 25 K, see Table 5.1 for more details. 

Tablee 5.1. Experimental values of the antiferromagnetic transition temperature T\ and the magnetic 

entropyy SM(TN)/Rln2 of the magnetic order for different magnetic fields B applied along the a-axis. 

B B 

(T) ) 

0.0 0 

12.0 0 

15.0 0 

17.5 5 

TN(B) ) 
(K) ) 

14.21(2) ) 
13.78(2) ) 

12.98(2) ) 

12.57(2) ) 

TN(B)ATN(0) ) 

1 1 

0.970(( 1) 
0.913(1) ) 

0.883(1) ) 

SM(TN)/Rln2 2 

0.702(( 1) 
0.701(1) ) 

0.696(( 1) 

0.690(( 1) 

Thee data points associated with AF transition, as derived from specific-heat 

measurements,, are shown in Fig. 5.7. For comparison, magnetization data are also shown. The 

criticall  field for AF ordering, i.e., the boundary between the paramagnetic (PM) and the AF 

states,, is obtained from the Néel temperatures, TN(B), taken as the maximum of the peak. 

Discussion n 

Thee zero-field data are in good agreement with earlier specific-heat measurements [5.5, 

5.6J.. For Tc < T < TN/2, the specific heat is well represented by C = yT + (3T\ yielding a y 

valuee of 146(l)mJ/mol, K : . The coefficient [3 of the cubic term equals 1.97(l)mJ/molrK
4. 

Fromm this value, we derive a Debye temperature 9D = 94 K. This value agrees well with the 

valuee deduced from the temperature dependence of the resistivity by Caspary et al. [5.19], 

whichh can be represented by 

PP = P(, + AT-+p i 
TT ^ 

(5.1) ) 
VV  u » ) 
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Figuree 5.6. Magnetic entropy of UPd2Al3 (see text) versus temperature in zero field and in magnetic 

fieldss of 12, 16 and 17.5 T. applied along the a-axis. 
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Figuree 5.7. Phase diagram deduced from specific-heat (z) and magnetization ) experiments. The 

dataa of the maenetoresistance have been taken from de Visser et al. [5.1 l ]. 
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wheree p(l = 9.2 (iQ-cm and A = 0.26 u.Q-cm/K:. The Grüneisen function p, implies s 

9 D = 9 0 K.. which is close to the value derived from the specific-heat results. From the 

specific-heatt and the resistivity data, we may estimate the ratio A / y : . Given 

YY = 146(l)mJ/mol[.K:. we obtain A / y : = 1.219x10 s u.Q-cm (molrK/mJ): which is 20% 

largerr than predicted by Kadowaki and Woods (Section 2.3). An obvious source of error in 

determiningg this ratio is the geometric factor needed to convert resistance to resistivity. 

Satoo et al. [5.20J reported that the critical temperature of superconductivity, T,.. is strongly 

samplee dependent, varying between 1.5 K and 2.0 K with a slight off-stoichiometry and/or 

heatt treatment of single-crystalline samples. Therefore, our T,. value of 1.6 K is consistent 

withh the reported values. Terashima et al. [5.21| have estimated a B, value of 3.3 T from 

magnetizationn data. Gloos et al. [5.22] observed a value between 3.0 and 3.2 T from thermal-

expansionn and magnetostriction measurements and suggested that the HF superconductor 

UPd:Ahh has a transition from the normal state to an inhomogeneous superconducting state. 

Fuldee and Ferrel and Lark in and Ovchinnikov [5.23] have predicted the existence of a non-

uniformm superconducting state (the so-called FFLO state) in the presence of a magnetic field 

actingg on the electron spins, followed at lower fields by a first-order phase transition to the 

usuall  flux-lattice state. We argue that our present upper critical value ranks relatively low 

amongg the above-mentioned values, which indicates good sample quality. 

Wee have determined the AF phase diagram of UPd2Ah for B//a. The present specific-heat 

dataa are consistent with the AF phase boundary up to 17.5 T. as the low-field data points are 

smoothlyy connected. The corresponding boundaries, which are absent for B//c. manifest 

themselvess in the results of the specific-heat, magnetization [5.11], magnetoresistance [5.12] 

andd magnetostriction [5.24] measurements. 

Forr high fields applied (up to 17.5 T) in the a- and the b-direction. we find that the value 

off  the electronic-specific-heat coefficient y increases quadratically with field: y = y(())+j;B: 

withh c = 0.04 mJ/molj K T . This quadratic behaviour follows in a straightforward manner 

fromm thermodynamics (Section 2.3). In the c-direction this effect is. if present, so small that it 

remainss within the experimental error. 

Analysiss of the field dependence of the Néel temperature reveals the dependence: 

B B 

B, , 
(5.2) ) 

withh T\-(0) = 14.2 K and B(1 = 30.5 T is the critical field for suppression oi AF order. 

Remarkably,, this relation holds very well up to a field of 17.5 T. which is rather close to the 

observedd metamagnetic-transition field. This fourth power law may indicate that biquadratic-

exchangee plays an important role in this compound as linear exchange would give rise to 
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aa quadratic field dependence. The high magnetic entropy 0.702Rln2 released at Ts of UPdiAh 

iss in remarkable contrast to 0.12Rln2 at T\ for UN12AI3 [5.25]. suggesting that 5f electrons in 

UNi2Ahh are more delocalized compared to the ones in UPd^Ah. 

Inn a simple molecular-field picture, we may estimate the anisotropy field (Ban,J which 

keepss the magnetic moments in the basal plane, from the small reduction of T\ found for the 

fieldd applied along the c-axis. Knowing that T\ scales with the exchange field, we assume that 

thee relative change of the TN is proportional to the ratio B/B;lms. The field where the 

magnetizationn vector rotates from the easy axis to the hard axis may be estimated by means of 

expressionn [5.26]: 

B-H H 
kBATN N 

(5.3) ) 

Here.. B is the applied field, (i = 0.85 (IB is the ordered U moment in UPd^Ah and ATN is the 

reductionn of T\ upon application of a field of 15 T. From this, we find a value for the 

anisotropyy field of about 830 T. This high value agrees well with the very high values in other 

UU intermetallic compounds. 
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Figuree 5.8. The field dependence of the temperatures of the maxima Tm„  observed in the C/T curves 

ofUPd,Ak k 
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Thee most remarkable result that can be deduced from the specific-heat experiments is the 
presencee of the broad peak in magnetic fields above the metamagnetic-transition field. Bm. for 
thee magnetic field applied along the a-axis. This finding, apparently, is a key to draw a 
definitee conclusion about the nature of the metamagnetic transition in UPd2Ah. At first 
glance,, this behaviour seems consistent with the phase diagram proposed by 
Sugiyamaa et al. [5.27] that was derived from high-field magnetization measurements. These 
authorss claim the existence of nearly temperature independent phase (up to about 30 K) at a 
fieldd of about 18 T. However, a tentative interpretation would be that for temperatures just 
beloww TN and thereabove, the transition fields obtained by Sugiyama et al. [5.27] are 
connectedd to a gradual suppression of the magnetic fluctuations persisting above T\ and above 
Bm,, as inferred from the steady decrease of p (B) at high fields and high temperatures [5.12]. 
Inn Fig. 5.8. we have plotted the field dependence of the temperature of the maximum (Tmax) 
versuss the magnetic field. A clear linear dependence is observed with a slope of 
2.2711 5 K7T as a best fit. This linear dependence suggests that the lowest crystalline-
electric-fieldd (CEF)-split state is an isolated level. The application of an external magnetic 
fieldd will lif t the degeneracy of the CEF-split states, and for an isolated doublet ground state, 
onee expects a Schottky type anomaly at a temperature Tmax that increases proportionally to the 
magneticc splitting of this ground-state doublet. The latter splitting is given by Eq. 2.22 where 
forr simplicity one can assume a two-level system. To adopt this splitting, one would assume 
thee type of ground state that fits this linear dependence. One further problem is the valence 
statee of U. In the case of localized 5f electrons, U can adopt the U,+, U4+ or U5+ states 
correspondingg to the configurations 5f (J = 9/2), 5f2 (J = 4) or a 5f' (J = 5/2), respectively. 
Thee discrimination between configurations 5f and a 5f' is difficult and the difficulties being 
withh the unknown occupation number of the 5f shell. If one assumes that the Schottky peak in 
thiss two-level system occurs at a temperature of about one third of the level splitting and given 
thee gj values (8/11, 4/5 or 6/7) for the U3+, U4+ or U5+ state, one finds (dTmax /dB) = 2.11,1.43 
orr 0.96, respectively. This finding shows a remarkable correlation with the 5f configuration 
off  U'1+ (J = 9/2) and makes the tetravalent 5f~ (J - 4) state suggested by inelastic-neutron-
scatteringg (INS) experiments [5.28] unlikely. We state that this finding is a good indication for 
thee existence of a U + state in UPd2Al3, but fit to the specific heat alone is not sufficient for a 
definitee assignment. The lack of INS studies higher than the metamagnetic transition in 
UPdiAhh (Bm = 18 T) makes it difficult to draw such a conclusion. 

Thee preliminary explanations for the metamagnetic transition in UPd2Ah are as follows: 

1.. At the metamagnetic transition in UPd^Ah. the 5f-electrons remain itinerant and the 
metamagneticc transition is a AF to F transition within the framework of band magnetism. 
Thiss interpretation has previously been suggested by Sandratski et al. [5.29] on the basis 
off  band-structure calculations. These authors suggest that the difference in energy between 
thee AF and F moment configurations may be very small if the spins lie in the basal plane. 
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2.. Another scenario to interpret the metamagnetic transition in UPd:Ah is proposed by 

Odaetal.. [5.30] and is based on high-field magnetization measurements. These authors 

suggestt that the high-field state above Bm is a localized 5f state with a moment of about 

1.55 (is and that the metamagnetic transition is a transition from the itinerant to the 

localizedd state. 

3.. Very recently. Sakon et al. [5.31] have performed detailed magnetization measurements 

onn UPd2Ah in static fields up to 27 T for B//a. These authors observe a broad feature 

peakedd in UPd2Ah with increasing field, above the metamagnetic transition, and 

constructedd a new B-T phase diagram. They suggest a "'cross-over" region, which 

separatess a state with a large magnetic moment (characterized by moment of 1.3 (in) and a 

statee with a small magnetic moment (with a staggered moment of 0.85 (iB). They also 

suggestt that a "critical point" exists around 12 K. The sharp step in the magnetization 

beloww 11 K corresponds to a first-order transition, while the smooth curvature higher 

temperaturess suggests that above 13 K the transition is second order. 

Too summarize, we may conclude that our specific-heat data clearly indicate a fingerprint 
off  5f localized states, on the basis of CEF effects pointing at a 5f? configuration of U +. For a 
fulll  understanding of the nature of the metamagnetic transition in UPd:Al3, it is necessary to 
performm magnetic-field-dependent band-structure calculations. 
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5.2.. URu2Si2 

Introduct ion n 

Inn UPcbAh, we have seen the unusual coexistence of superconductivity and 

antiferromagnetism.. The discovery of superconductivity in URu2Si; [5.32J constituted the 

firstt example of long-range AF coexisting with superconductivity in an heavy-fermion (HF) 

material.. At the magnetic-ordering temperature TN = 17.5 K, the system undergoes an 

antiferromagneticc (AF) phase transition which is accompanied by a shaip peak in the specific 

heatt |5.33] and in the thermal expansion [5.34]. The pronounced anomalies in the specific 

heatt and electrical resistivity at TN [5.33. 5.34] indicate that the AF order is of spin-density-

wavee type with a gap (A = I 15 K) opening up over a part of the Fermi surface. The formation 

off  an energy gap in the magnetic-excitation spectrum is reflected by an exponential 

temperaturee dependence of the specific heat [5.33]. the thermal expansion [5.35] and the 

NMRR and nuclear quadrupole-resonance (NQR) relaxation rates [5.35] in the ordered state. 

Electrical-resistivityy [5.36] and point-contact-spectroscopy [5.37] measurements show a 

similarr energy gap, indicating a strong scattering of the conduction electrons by the magnetic 

excitations. . 

*%^\*%^\ i^t-j^ 

• • 

O uu Q R U OO Si 

Figuree 5.9. Diagram on the left shows the crystal structures of URu2Si;. The one in the right shows the 
antiferromagneticc structure of the U atoms below TN = 17.5 K. 

Beloww T%, pronounced electronic interactions persist, which give rise to an enhanced 

valuee of the coefficient of the linear electronic term in the specific heat: y = 65 mJ/moluK". 

Thiss value is certainly much larger than in a normal metal, but nearly an order of magnitude 

smallerr than in other HF systems. In addition, just above T\ URuiSi: has a large electronic 
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specificc heat, which is approximately linear in temperature and which corresponds to: 
y== 180 mJ/moU K~ [5.33]. A second transition in URu:Si: occurs at T,= 1.2K and 
correspondss to the onset of superconductivity which coexists with the AF order. In the present 
investigation,, we have concentrated mainly on aspects of magnetism studied on a single-
crystallinee sample. We will not go into the superconductivity and the HF behaviour, which are 
treatedd in detail in several specialized reviews (See refs. 5.2, 5.38 and 5.39). 

Att 4.2 K, URu:Si: has the body-centred tetragonal ThCnSî  crystal structure with lattice 
parameterss a = 412.4 pm. c = 958.2 pm at 4.2 K (see Fig. 5.9). Neutron-diffraction (ND) 
measurementss [5.40, 5.41] have revealed a simple AF structure with a tiny ordered moment of 
0.033 1 (iB. oriented along the c-axis of the tetragonal crystal structure. Magnetization 
measurementss in high magnetic fields [5.42, 5.43 j show a suppression of the HF state in three 
subsequentt steps at 35.8. 37.3 and 39.4 T for fields along the easy axis (B//c). Though 
measurementss of the high-field resistance and Hall coefficient [5.44] and the thermal 
expansionn [5.45] indicate that the order parameter is destroyed by a field of 40 T, the ND 
resultss suggest that the magnetic order may disappear at a much lower field strength [5.46], 
Furthermore,, although the magnetic-excitation spectrum is known, the nature of the magnetic 
orderr is still unclear. The large anomalies in the specific heat and the thermal expansion at TN 

aree hard to reconcile with the small ordered moment. The energy gap in the magnetic-
excitationn spectrum can qualitatively be described with a singlet-singlet model [5.39, 540, 
5.47]]  for the 5f2 configuration (U4+), but the estimated ordered moment is considerably larger 
thann the observed value. A comparison of the scaling behaviour of the excitation gap [5.37] 
andd the ordered moment [5.45] as a function of magnetic field indicates that the ordered 
momentt shows a stronger suppression than the excitation gap in magnetic fields up to 8 T. 
Thiss suggests the existence of two distinctly different critical fields for the disappearance of 
thee magnetic-excitation gap and the ordered moment. However, recent inelastic-neutron-
scatteringg (INS) experiments [5.48] in a magnetic field of 12 T do not indicate a substantial 
differencee between the critical temperatures of the magnetic-excitation gap and of the ordered 
moment. . 

Wee have performed specific-heat measurements on a single crystal of URu2Si2 in 
magneticc fields up to 17.5 T in order to study the field dependence of the energy gap in the 
magnetic-excitationn spectrum. Previous specific-heat measurements in magnetic field were 
performedd in magnetic fields up to 5 T on single-crystalline samples [5.35] and up to 7 T on 
polycrystallinee samples [5.49]. We will use the characteristic features of the magnetic-
excitationn spectrum to describe the specific heat in the AF ordered state. 

Samplee preparation 

Specific-heatt measurements were performed on a single crystal of URu:Si;. grown in a 
tri-arcc furnace with the Czochralski method and annealed for 8 days at a temperature of 
9500 flC. Dr. H. Amitsuka has grown the ThRu^Si: single crystal at the Division of Physics. 
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Hokkaidoo University. The sample, with a mass of 1.34 g, was mounted with the c-axis of the 

tetragonall  crystal structure along the field direction of a 17.5-T superconducting magnet. We 

havee measured the specific heat of URU2S12 with the semi-adiabatic technique (see Chapter 3) 

inn zero field and in constant magnetic fields of 8. 12. 15, and 17.5 T in the temperature range 

fromm 0.5 to 50 K. 
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Figuree 5.10. Temperature dependence of the specific heat. C[T. of URu2Si2 and ThRibSi: in zero 
field.. The anomaly at TN = 17.5 K signals the antiferromagnetic ordering, while superconductivity 
setss in at Tc = 1.2 K. The specific-heat data of ThRu2Sii has been measured by Dr H. Amitsuka at the 
Divisionn of Physics. Hokkaido University. 

Resul ts s 

Inn Fig. 5.10, the zero-field specific heat of URuiSi: and ThRu2Si2 single crystals is shown. 

Att the magnetic-ordering temperature TN= 17.5 K. a sharp /v-type of anomaly signals the AF 

transition,, while at low temperatures the electronic specific heat shows a continuous increase 

untill  superconductivity sets in at Tc = 1.2 K. Extrapolation of the low-temperature regime 

yieldss a value for y = 63 mJ/mol, K :. For comparison, the specific heat of the non-magnetic 

referencee system ThRu^Si: is shown. The phonon contribution to the specific heat of URuiSii 

iss determined from the specific heat of the non-magnetic reference system ThRu^Si:. At low 

temperatures,, the specific heat of ThR^Si: is well described by an electronic term with 

coefficientt y = 5.53 mJ/mol, K : and with a Debye temperature of 9D= 184 K. The magnetic 
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specificc heat CM/T of URi^Sb was obtained after subtraction of the phonon and electronic 

contributionss of the non-maenetic ThRuiSi .̂ 
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Figuree 5.11. Specific heat over temperature. C/T. of URu2Si2 around the antiferromagnetic ordering 
temperaturee in zero field and in magnetic fields of 8. 12, 15, and 17.5 T (B//c). The transition 
temperaturee TN decreases, while the jump in the specific heat is approximately constant in magnetic-
fields. . 

Att increasing magnetic field applied along the c-axis (Fig. 5.11), the transition 

temperaturee TN is gradually suppressed, while the jump in the specific heat at the transition is 

nearlyy independent of the magnetic field. In Fig. 5.12, the low-temperature specific heat is 

shownn in zero field and in a magnetic field of 17.5 T after subtraction of the phonon 

contribution.. Below TN, the specific-heat coefficient y is not significantly changed by the 

appliedd field of 17.5 T. 

Tablee 5.2. Experimental values of the AF-ordering temperature TN, and the magnetic entropy 
S.vi(TN)/Rln22 of the magnetic order at different values of the magnetic field B, applied along the c-
axis. . 

B B 

(Ti i 

0.0 0 

8.0 0 

12.0 0 

15.0 0 
17.5 5 

TN(B) ) 

(K) ) 

17.54(1) ) 

17.06(1) ) 
16.46(1) ) 

15.85(1) ) 
15.26(1) ) 

TN(B)/TN(0) ) 

1 1 

0.973(1) ) 

0.938(( 1) 
0.904(( 1) 

0.870(( 1) 

SM(TN)/Rln2 2 

0.219(2) ) 

0.214(2) ) 

0.219(2) ) 

0.214(2) ) 

0.212(3) ) 
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Figuree 5.12. Low-temperature specific heat of URihSii in zero field and in a magnetic field of 17.5 T 

afterr subtraction of the phonon contribution. 
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Figuree 5.13. Magnetic specific heat. CM/T. of URuiSi2 in zero field and in a magnetic field of 17.5 T 

(leftt scale). The solid curves correspond to a fit of magnetic excitations in the antiferromagnetically 

orderedd state (see text). The open symbols represent the temperature dependence of the magnetic 

entropyy S\,/R (right scale). 
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Afterr integration of CM/T, we obtain the magnetic entropy SM. The total magnetic entropy, 
inn zero field, at 17.5 K equal 0.22Rln2, see Table 5.2. In Fig. 5.13. the field dependence of the 
magneticc entropy is shown. In an applied magnetic field, the entropy related to the magnetic 
orderr SM(TN) is found to be field independent. Above TN, a strong field dependence is 
observedd with a crossing of the SM/R curves in zero field and in a magnetic field of 17.5 T 
aroundd 25 K. 

Discussion n 

Thee zero-field specific-heat measurements are in good agreement with earlier results 
[5.50).. If one assumes that the specific heat, besides the anomaly at TN, has a linear 
(electronic)) contribution yT and a phonon contribution fiT \ then the linear term can be 
estimatedd to be about 160 mJ/moluK2 above TN and 63 mJ/moli K2 below Js 

(Maplee et al. [5.51] obtained 180 and 65 mJ/moluK2, respectively). However, above 20 K the 
T11 approximation for the phonon contribution is not realistic and, furthermore, it is much 
strongerr than in the non-magnetic reference compound ThRu2Si2. The electronic specific heat 
off  URu2Si2 shows a moderate mass enhancement, which increases with decreasing 
temperaturess and is insensitive to the applied magnetic field up to 17.5 T (above TN). This is 
consistentt with the situation in other HF systems as UPh [5.52] and CeRu2Si2 [5.53], in which 
farr below the metamagnetic transition the electronic specific heat is independent of the 
appliedd magnetic field. 

Inn Fig. 5.14, we present a more complete phase diagram derived from magnetization data 
takenn at 1.3, 4.2, 12 and 16 K by Sugiyama et al. [5.44], magnetoresistance data at 1.5 K from 
dee Visser et al. [5.43] and Mentink et al. [5.37] and our present specific-heat data. The 
metamagneticc transition in URu2Si2 occurs in three subsequent steps near 40 T [5.43-46], 
whichh is far above the field range of our experiment. The relative field dependence of T\ is 
foundd to follow the simple relationship 

TN (B)= 11 ( B 
TN(0) ) 

(5.4) ) 

wheree TN(0) = 17.54( 1) K and B0 = 48.5( 1) T. This value for the scaling field is comparable to 
thee value B(1 = 400 T obtained from magnetoresistance measurements [5.45] in magnetic fields 
upp to 25 T. Recent measurements of the thermal expansion in magnetic fields up to 25 T 
[5.54]]  and the magnetization up to 20 T [5.55] confirm the existence of this simple scaling 
relationn for T\ with scaling fields of B0 = 37 T and B0 = 44 T, respectively. 

Measurementt of the specific heat in the normal state (2 < T < T\) can be well fitted by an 
empiricall  fitting function supported by Maple et al. [5.51] 

CM(T)) = A e x p [ -- |. (5.5) 
(•!} } 
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Figuree 5.14. Magnetic phase diagram of URu^Sii with field parallel to the a-axis (open symbols) and 

thee c-axis (closed symbols), composed of magnetization data ( A , ) taken at 1.3. 4.2. 12 and 16 

KK by Sugiyama et al. [5.43], magnetoresistance data at 1.5 K (»,o) from de Visser et al. [5.42] and 

Mentinkk et al. [5.36J. respectively. Our present specific-heat data (* ) and the results (+) from 

Sugiyamaa et al. [5.43]of the AF and superconducting transitions measured along the c-axis are shown 

inn the lower left corner. 

Thee values of A and the energy gap A, obtained by fitting this function are 246 J/moluK and 

95(1)) K in zero field and 236 J/moli K and 97(1) K in a magnetic field of 17.5 T (Fig. 5.13). 

Thee energy gap A may be attributed to opening of an energy gap over at least part of the Fermi 

surface.. It is interesting to note that the value of the energy gap is comparable to the energy 

gapp that was derived from INS measurements of Walter et al. [5.56). Evidence of a 

comparablee energy gap in the AF state has also been provided by NMR and relaxation studies 

onn 2ySi nuclei by Kohara et al. [5.57] and Benakki et al. [5.58]. and by the far-infrared 

reflectancee measurements of Bonn et al. [5.59], The electrical resistivity of URu:Si2 15.33, 

5.34]]  has been analyzed with a simple model [5.60] applicable to an energy-gap 

antiferromagnett with an additional T term appropriate for Fermi-liquid behaviour. In the low-

temperaturee limit (T <s A), the electrical resistivity is described by a considerably smaller 

valuee and by a strongly anisotropic energy gap of A = 73 K for I//a and A = 5 1 K for I//c [5.33. 

5.34].. Thus, the empirical fitting function of Eq. 5.5 is adequate since it reproduces the 

temperaturee dependence of the specific heat in the magnetically ordered state and gives a 

realisticc value for the gap in the magnetic-excitation spectrum. The electrical-resistivity 
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measurementss have been analyzed in terms of a physical model, but the assumption 

concerningg the low-temperature limit is not fulfilled in the temperature range of the fitted 

data.. INS measurements by van Dijk et al. [5.48) indicate even smaller gap. The observed 

magneticc excitations of URu^Si: are polarized along the tetragonal c-axis and show two 

minimaa in the dispersion curve, that are both located at the zone boundary. The first minimum 

correspondss to an excitation gap of 2.5 meV (29 K) and is found at Q = (1 0 0). which 

correspondss to the magnetic Bragg reflection of the AF structure. Around this minimum, 

aa linear dispersion is observed along all principal directions for the relevant energy range of 

thee thermal excitations (A < Ts). The second minimum is located at Q = (1.40 0) and 

correspondss to an excitation gap of 4.5 meV (52 K). 

Thee discrepancy in the description of the magnetic-excitation gap and the observed 

orderedd moment has led to the suggestion that the dipolar-ordered moment may not be the 

(main)) order parameter that drives the magnetic phase transition [5.61 ]. The order parameter 

mayy be of non-dipolar nature (e.g., quadrupolar). as suggested by a strong signal in the non-

linearr susceptibility at the magnetic phase diagram [5.62]. Alternatively. Barzykin and 

Gor'kovv [5.63] have proposed an order parameter which involves triple-spin correlators. 

Additionall  polarized-neutron-scattering experiments [5.64] have shown that the AF Bragg 

peaks,, observed at low fields, are of purely dipolar order. It has been suggested that there may 

bee two successive phase transitions [5.52, 5.65], the first being quadrupolar and the second, at 

aa slightly lower temperature, dipolar. 

Thee magnetic entropy in the paramagnetic state corresponds to a simple Schottky curve 

centredd around 25 K (Fig. 5.13). Our findings are consistent with results for the specific heat 

reportedd by Renker et al. [5.66] who could excellently fit the data below !()() K by two CEF 

doubletss split by A = 73 K. These results are also consistent with results of INS on URu:Si: by 

Holland-Moritzz et al. [5.67] who found an inelastic transition at low temperatures with A = 75 

K.. We think that the most likely interpretation is the presence of a localized 5f ground state 

forr URu:Si:. most probably a IT*  state with J = 9/2. as in UBep, [5.68], Therefore, we argue 

thatt a singlet-singlet model explains the low entropy change of 0.22Rln2 corresponding with 

thee 17.5 K transition. Remarkably, this may also explain the apparent jump in y. or in other 

words,, the jump might be an artifact of the restricted temperature range and the Schottky 

contributionn of the single-ion singlet-singlet system. 

Thee presence of a large jump in the specific heat at the AF transition seems hard to 

reconcilee with the small, dipolar-ordered, moment. This suggests that the magnetic-order 

parameterr in UR^Si: may involve both dipolar and quadrupolar components, where the well-

definedd magnetic excitations are related to the quadrupolar component. From the existence of 

thee Schottky-type of anomaly in the 5f-derived specific heat of URu:Si:. we infer that 

URu:Si:: is likely to possess strongly localized 5f electrons. Our assumption is further 

corroboratedd by the fact that URu:Si: shows a Curie-like magnetic susceptibility at 

sufficientlyy high temperatures with jictT = 3.5 |in |5.33]. 
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5.3.. UPt 

Introduction n 

Inn most of the U-Pt compounds (UPt. UPt;. UPt? and UPts). the values of the coefficient 
off  the linear term in specific-heat y are large which points to a strong hybridization of f and d 
electronn states. These materials can roughly be divided into three categories: one group shows 
itinerantt magnetism, a second group clearly exhibits localized behaviour and a third group has 
propertiess in between the two above extremes. Magnetic order in this series of compounds has 
beenn reported for UPt. UPt;. UPt; and UPts (see ref. 5.69 for more details). A closer 
inspectionn of the magnetic data reveals that UPt: and UPu are both paramagnetic. 
Ferromagnetism.. possibly of itinerant nature, is observed for UPt and superconductivity for 
UPt,.. Although the itinerant-ferromagnet UPt has been a subject of intensive studies for three 
decadess [5.70. 5.71. 5.72. 5.73. 5.74|, a large uncertainty about the size of the U magnetic 
moments,, the type of magnetic anisotropy and other physical properties still persists. The 
compoundd has attracted considerable attention due to the strong pressure dependence of the 
magnetization,, whereas the magnetic-ordering temperature of about 27 K was reported to 
remainn unchanged [5.71, 5.73, 5.74]. Several studies have shown that the saturation 
magnetizationn at ambient pressure is strongly sample dependent, scattering significantly 
aroundd 0.45 uB [5.72, 5.73]. The neutron-diffraction (ND) work of Frings et al. [5.74] has 
revealedd a much higher moment of 1.1  0.4 uB. 

Thee main obstacle in attempts to determine the intrinsic physical properties of UPt more 
preciselyy are the serious metallurgical problems because this system is formed by a solid-state 
reactionn between U and UPt; [5.751. UPt was first reported to adopt the orthorhombic CrB-
typee of structure [5.70-73, 5.76. 5.77]. Later on, Dommann et al. [5.78, 5.79] have suggested 
thatt UPt forms, like Ulr, in the monoclinic PdBi-type of structure. ND studies of 
Fringss et al. [5.74] have shown that, at room temperature, two sets of Bragg peaks are present. 
Onee of them is consistent with the PdBi-type of structure and the second one can be 
interpretedd in terms of superstructure reflections of the CrB type. Recently, it has been 
reportedd that high-resolution ND experiments are not fully in agreement with both the PdBi 
andd the CrB structure [5.80]. The fact that, in most of the cases, the samples prepared by 
meltingg of the constituent elements consist of two phases, depending on the heat treatment and 
pressuree history, is the reason for rather controversial reports on the magnetic properties of 
thiss appealing material. Due to the presence of two structural phases, two magnetic-ordering 
temperaturess to ferromagnetic (F) order at 19 K and 27 K were reported [5.71, 5.73]. It has 
beenn suggested by Dommann et al. [5.78] and later shown by Franse et al. [5.75 j by means of 
NDD that the "27 K" magnetic phase transition is connected with F ordering of the PdBi-type 
UPt.. The "19 K" transition was shown to be most probably connected with ordering in some 
otherr structure (probably FeB type). It has been suggested that this other structure transforms 
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underr pressure to PdBi type, resulting in a decrease of the magnetic moment which is 

consistentt with magnetization measurement [5.74]. 

Thee strong magnetic anisotropy and the complex magnetic structure of UPt point to a 

localizedd type of magnetism. The ratio of the effective and the spontaneous magnetic moment, 

thee large electronic contribution to the specific heat and the small value of the magnetic 

entropyy suggest an itinerant nature of the magnetic-moment carriers. We have performed 

specific-heatt measurements in order to characterize the type of magnetism in a UPt single 

crystal,, which was prepared by a novel method. 

Figuree 5.15. The temperature dependence of the specific heat of UPt in zero field and in magnetic 

fieldss of 5 and 15 T in the CfY versus T representation. The solid line through symbols is the best fit 

too expression given in text (the same type of fit was used to lit data in Fig. 5.16). The broken line-

denotess the sum of the Debye function, which was used to approximate the phonon contribution, and 

off  the electronic term yas described in the text. 

Samplee preparation 

Ass has been mentioned above, all samples prepared by arc-melting of appropriate 

amountss of constituting elements consist of two phases depending on the heat treatment and 

onn whether the sample has been exposed to external pressure. The reason for this can be found 

inn the fact that UPt forms in a peritectoid solid-state reaction between U and L ' PK We have 
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triedd to prepare UPt by a novel method, namely by evaporating In from a melt which contains 

ann appropriate amount of this element. An electrical arc in a continuously gettered Ar 

atmospheree and water-cooled Cu crucible were used. After evaporation of the In. we 

continuedd to arc the ingot for about five hours keeping only a small part of it liquid. No 

additionall  heat treatment was given to the obtained ingot. 

Thee quality of the resulting material has been inspected by electron microprobe analysis 

(EPMA).. The material was found to consist of two phases. The matrix (97.4 vol.%) was found 

too be homogeneous with composition deviating from the ideal stoichiometry of UPt by no 

moree than 1 at. c/c (the resolution limit of EPMA). The second phase (2.6 vol.%) was found to 

bee U-rich, most probably U02. U or U(Pt) with 4 at. % of Pt (UPt forms, if prepared by an 

ordinaryy way, by a solid-state reaction from U(Pt) and UPt^). Due to the distribution of the 

secondd phase within the matrix, we were unable to determine unambiguously its composition. 

Wee note that no traces of In were found. 

0.16 6 

~o ~o 
E E 

P'' 0.12 
U U 

00 2 4 6 8 10 

T ( K ) ) 

Figuree 5.16. The low-temperature part of the temperature dependence of CAT of bulk UPt, measured 

inn fields up to 15 T. The solid lines through symbols are the fit to the expression given in text 

involvingg a gap in the dispersion relation of ferromagnetic magnons. 

Results s 

Thee specific heat was measured by a standard semi-adiabatic method by means of two 

experimentall  set-ups. The first one was used to measure the specific heat in zero field between 

22 and 90 K while the second one has been used for measurements between 0.4 K and 40 K in 
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zeroo field and in magnetic fields up to 15 T. The zero-field results agree well in the region of 
overlap.. It should be noted that in the former equipment, at low temperatures, the signal due to 
thee sample was about ten times larger than the signal due to the addenda. However, at 30 K, 
thee signal of the sample amounts to only 10 % of the total measured specific heat which 
accountss for the appreciable scatter of data at higher temperatures (and in magnetic fields) 
obtainedd in this equipment (see Chapter 3). 

Inn Fig. 5.15, we show the temperature dependence of the specific heat in zero field in the 
C/TC/T versus T representation in zero field and in magnetic fields of 5 and 15 T. As can be seen, 
thee zero-field data are dominated by a very well defined peak at 28 K suggesting a magnetic 
phasee transition. Nothing is seen around 19 K, which suggests that the amount of the "19 K" 
phasee is small. The peak which appears at zero field at 28 K is very sensitive to an applied 
magneticc field. It is smeared out already at 5 T and the magnetic entropy is shifted to higher 
temperatures. . 

Inn Fig. 5.16, the low-temperature part of the temperature dependence of C/T is shown, 
measuredd in zero field and in magnetic fields of 5, 10 and 15 T. 

Discussion n 

Thee specific heat, C/T, shown in Fig. 5.15 cannot be satisfactorily described by a 

yy + aT2 dependence, which contains only the electronic part y and the phonon contribution and 

neglectss the contribution due to magnetic order. For a good description, a term that involves 

magneticc excitations with a gap in the dispersion relation has to be introduced. Such a term 

hass been used in the literature [5.81, 5.82] to describe the contribution of magnetic excitations 

withh an energy gap to the low-temperature specific heat of rare-earth elements. In Fig. 5.15, 

thee best fits are shown by solid lines of C/T against T in the temperature range 0.4 to 9 K at 

variouss magnetic fields to the expression: 

:yy +aT" +f T1- exp -— |, (5.6) 
T T 

wheree A denotes a gap in the dispersion relation of F magnons. It is clear that the experimental 

dataa and the fits agree rather well. The low-temperature specific-heat coefficient y at zero field 

off  about 105 mJ/moIuK2 is either comparable with values published in literature [5.72, 5.73, 

5.83],, slightly smaller than the published value by 10mJ/molLK2 [5.75] or higher by 

255 mJ/molL K2 [5.84]. From the numerical results given in Table 5.3, it follows that while the 

numericall  factors a and f and the value of the gap of about 22 K are practically unaffected by 

thee applied magnetic field, the low-temperature specific-heat coefficient decreases with 

increasingg field. At 15 T, the decrease amounts to 12.5 % of the zero-field value. Such a 
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decreasee of C/T with increasing field suggests that at least a part of the low-temperature 

specificc heat is of magnetic origin. 

Inn order to determine the magnetic entropy we need to estimate the phonon and electronic 

contributionss to the specific heat. Several attempts have been proposed in the literature [5.72-

75.. 5.83. 5.841. The non-magnetic isostructural compounds ThPt. NiPt or Debye functions 

havee been used to estimate the lattice contribution. To account for the phonon contribution, 

whichh is shown in Fig. 5.15 by broken line, we have used the Debye function with 9D = 195 K 

whichh provides good agreement with the experimental data in the high-temperature limit . 

Debyee temperatures between 197 K and 203 K have been obtained according to Eq. 2.1 at 

differentt magnetic fields (see Table 5.3). all close to 9D = 195 K used in the analysis and in 

thee literature. The temperature dependence of the magnetic entropy SM, which is shown in 

Fig.. 5.17. has been then calculated up to 85 K by integrating C/T and amounts to 

33 mJ/mol̂  K2 at 85 K. This value which can be expressed as 0.91Rln2 agrees well 

withh the value derived by Luengo et al. [5.72] but it is significantly higher than values 

reportedd by other authors [5.73-75, 5.83, 5.84]. In applied magnetic field, the magnetic 

entropyy is shifted towards higher temperatures. At 15 T. 91% of magnetic entropy is attained 

att 40 K, the highest temperature measured in high magnetic fields. A similar result has been 

obtainedd by Podesta et al. [5.84]. The value of 0.91 RIn2 in 15 T. is too small for a localized 

systemm but too large for a system with magnetic order purely of itinerant origin [5.85]. 
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Figuree 5.17. The temperature dependence of the magnetic part C\/T (left scale) of UPt and the 
resultingg magnetic entropy SM (right scale). 
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Tablee 5.3. Fit parameters of the low-temperature specific heat of UPt at various magnetic fields 
togetherr with the calculated Debye temperature. 

B B 

(T) ) 

0'' ' 

0 0 

5 5 

10 0 

15 5 

Y Y 
(mJ/moKK2) ) 

104.77(21) ) 

104.99(15) ) 

98.54(14) ) 

94.10(10) ) 

91.93(11) ) 

a a 

(104mJ/molL) ) 

4.66(18) ) 

5.07(18) ) 
4.60(18) ) 

5.08(27) ) 

4.85(13) ) 

f f 

(mJ/molLKV2) ) 

0.159(4) ) 

0.165(4) ) 

0.143(4) ) 
b b 

0.148(3) ) 

A A 

(K) ) 

22.11 (2) 

23.44 (4) 

21.9(2) ) 
b b 

22.0(2) ) 

eD D 
(K) ) 

203(2) ) 

197(2) ) 

203(2) ) 
197(2) ) 

200(2) ) 

**  Fit of data between 2 and 20 K obtained in different experimental set-ups 

Noo reliable data obtained due to lack of data above 5 K; at low temperatures the exponential term 
doess not contribute substantially to the specific heat. 

Too obtain the Kadowaki-Woods ratio (A /y 2) and the Wilson ratio (Rw) (see Section 2.3) 

whichh account for the relation between (y and A) and (y and x<))> respectively, 

Prokess et al. [5.86] have recently measured the resistivity and the magnetization on the same 

UPtt crystal. They describe the low-temperature part of the resistivity by 

pp = p0+ A T 2 + EAT ll  + ^ ] e x p [ - | | , (5.7) 

wheree E depends on the spin-disorder resistivity and the electron-magnon coupling constant 

andd A denotes the gap in the dispersion relation of magnons. This expression has been derived 

forr describing the electron-magnon interaction in rare-earth elements [5.81, 5.82] and above 

wee have used a similar expression derived by Anderson and Smith [5.81] for the description 

off  the specific heat (Eq. 5.6). The best fit to the data below 12 K yields p0= 34.663  0.003 

uQ-cm,, A = 0.1827  0.0004 uQ-cm K 2, E = 0.226  0.005 pQ-cm K~2 and A = 34.2  0.4 K. 

Thee temperature independent part of the magnetic susceptibility. j£o, yields a value of 

1.722 x 10"*  nr mol"1 [5.86]. It is expected that the Kadowaki-Woods ratio wil l be close to a 

universall  value of 1.0x10 "5pQ-cm (molLK/mJ)2 if the same quasiparticles participate in both 

thee electrical conduction and the low-temperature specific heat. The Wilson ratio (Rw) is of 

thee order of unity for a free-electron gas and can be enhanced due to electron-electron 

correlationss if the enhancement of y and x<> n as the same origin. From the values 

(A/yy 2) = 1.65 x 10° pQ-cm (molLK/mJ)2 and Rw = 1.0, we can conclude that the magnetism 

inn UPt is governed mainly by itinerant-electron states which participate in both transport and 

magneticc properties. 
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5.4.. UNi i . x RhxA I 

In t roduct ion n 

Ternaryy intermetallic compounds with the general formula UTX (T is a late transition 

metall  of the 3d. 4d or 5d series and X is a p-metal of the 3rd, 4lh or 5lh group of the Periodic 

Table),, crystallizing in the hexagonal ZrNiAl-type of structure (see Fig. 5.18). exhibit a large 

varietyy of magnetic properties. 

(55 U ©T » X 

Figuree 5.18 Schematic representation of the hexagonal ZrNiAl-type of structure. 

Thee magnetic properties of all UTX compounds are governed by the behaviour of the U 5f 

magneticc moments. The T-metal atoms do not carry substantial moments in these materials 

exceptt for the contribution of partially polarized d-band states induced by the 5f-d 

hybridizationn [5.87. 5.88]. The fact that the T-metal d-electron states strongly hybridize with 

thee U 5f-electron states makes the T atoms considerably involved in the UTX magnetism. In 

fact,, the 5f-d hybridization plays a dual role in the magnetism of U compounds with T metals 

[5.891.. On one side, it causes derealization of the U 5f-electron states and consequent 

washoutt of the U magnetic moments. On the other side, the 5f-d hybridization mediates 

magneticc coupling between moments on U atoms between which a T-metal atom is located in 

thee lattice. Also the role of the 5f-p hybridization, involving the p-electron states of the X 

atoms,, should be considered. In particular the 5f-p hybridization seems to be effective by 

mediatingg antiferromagnetic (AF) coupling along directions of U-X-U chains (the c-axis in 

casee of the ZrNiAl-type of compounds). 

Thee effects of the 5f-ligand hybridization are particularly well manifest in the variety of 

magneticc ground states within the UTX family [5.90. 5.91], see Fig. 5.19. They are ranging 

fromm Pauli paramagnetic in the strong-hybridization limit (UFeAl) across spin-fluctuation 
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featuress (UCoAl. URuAl) to various types of magnetic ordering of nearly localized U 

moments.. An important parameter controlling this evolution seems to be the occupation of the 

dd band of the T metal. The UTX compounds with the latest T metals. Ni. Pd and Pt are 

frequentlyy AF, which may be due to predominantly AF coupling along the c-axis mediated by 

thee 5f-p hybridization whereas the 5f-d hybridization, which usually mediates ferromagnetic 

(F)) coupling, is considerably reduced in this limit . 

UNiA ll  and URhAl belong to this large isostructural group of UTX compounds. UNiAl is 

ann itinerant antiferromagnet with Néel temperature TN = 19.3 K. At a critical field of about 11 

TT (at 1.7 K) applied along the c axis, the AF coupling is destroyed in a metamagnetic 

transitionn [5.92], Just above this metamagnetic transition, the U magnetic moment amounts to 

uLL = 0.9 (iB (at 1.7 K) [5.93]. URhAl is a ferromagnet with Curie temperature Tc = 27 K and 

(J.u== 1.0 uB at low temperatures [5.94]. UNiAl and URhAl as well as the other UTX 

compoundss with the hexagonal ZrNiAl-type of structure exhibit a huge uniaxial magnetic 

anisotropyy with the easy-magnetization direction along the c-axis. 

Figuree 5.19. Schematic diagram illustrating the systematics of some electronic properties of UTX 

compoundss crystallizing in the ZrNiAl type of structure. The type of the ground state is abbreviated as 

P:: Pauli paramagnetic, P/SF: Paramagnetic with Spin Fluctuations, F: Ferromagnetic and AF: 

Antiferromagnetic.. The magnetic moment measured at 35 T along the easy magnetization direction is 

U.35T,, the magnetization value extrapolated from high fields to 0 T is p„  and y represents the coefficient 

off  the linear term to the specific heat (taken from 5.90). 

Thee evolution of magnetism within a series of solid solutions UTKx TxA l [5.95. 5.96. 

5.97]]  can largely be explained within simple model considerations involving the above 

discussedd effects of the 5f-ligand hybridization. This holds for the class of materials with 

TT = Ni and T = Co. Fe. Ru. Pd [5.98. 5.99. 5.100. 5.101], In order to test the model 
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considerations,, we performed a further study of alloying effects, in particular on a series of 

solidd solutions L'Nii xRhxAl between the antiferromagnet UNiAl and the ferromagnet URhAl. 

Here,, we present results of magnetic and specific-heat measurements on UNi|.xRhxAl 

compounds,, and discuss them in the context of a varying strength of the f-d hybridization. 

Samplee preparation 

Thee quasiternary UNii_xRhxAl compounds were prepared by melting the corresponding 

amountss of the elementary metals (99.9% purity of U and higher purity for other metals) in an 

arcc furnace under protective Ar atmosphere. The ingots (of about 2 g mass) were turned 

severall  times and remelted to assure good homogeneity. Two compounds with x = 0.33 and 

0.677 were prepared independently in a similar way from appropriate amounts of the terminal 

ternaryy compounds UNiAl and URhAl. All samples were annealed for one week at 700°C in 

vacuum.. Phase purity, crystal structure and lattice constants were checked by standard X-ray 

powder-diffractionn methods. 

Thee temperature dependence of the d.c. susceptibility was measured in a SQUID 

magnetometerr (Quantum Design) between 1.7 and 320 K in fields up to 5T on a sample 

consistingg of powder that was fixed in random orientation. Electrical-resistivity measurements 

weree performed in the temperature range 0.05 - 300 K on a bar-shaped sample by means of 

thee standard four-probe method. The temperature dependence of the specific heat was 

measuredd between 0.4 and 40 K by means of a semi-adiabatic heat-pulse method in magnetic 

fieldss up to 15 T. The magnetization was measured on powder fixed in random orientation in 

pulsedd magnetic fields up to 30 T with a 25 ms pulse duration. 

0.16 5 5 

0.16 00  c 

0.15 5 5 
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0.6? ? 

0.60 0 

Figuree 5.20. Concentration dependence of the lattice parameters a and c of quasiternary UNiMRh,AI 

solidd solutions. The squares correspond to two compounds prepared independently of the terminal 

ternaryy compounds. 
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Resul ts s 

Thee X-ray powder diagrams showed that the hexagonal ZrNiAl-type of structure is 

preservedd in all the quasiternary UNii_A-RhvAl solid solutions. The concentration dependence 

off  the lattice parameters a and c is presented in Fig. 5.20. 

Thee high-field magnetization at 4.2 K of the UNii_vRhvAl compounds (Fig. 5.21) was 

recentlyy measured by Andreev et al. [5.1021. The metamagnetic transition in UNiAl at 

Bnll = 11.4 T is somewhat smeared out and pushed to lower fields with increasing Rh doping. 

Inn order to derive Bm behaviour from the experimental curves measured on UNii_xRhxAl 

compounds,, we define the critical field Bm as the crossing point of the extrapolated straight 

liness visualized in Fig. 5.21 for the UNiAl curve. The thus defined value of Bm for 

polycrystallinee UNiAl corresponds well to the Bm value determined for a single crystal [5.92]. 

Thee metamagnetic transition is less pronounced at lower and higher Rh contents. In 

Fig.. 5.21, one can see that Bm decreases particularly fast upon the initial Rh doping (x < 0.15) 

andd also with increasing Rh concentration beyond x = 0.4, whereas a much smaller change is 

observedd for 0.2 < x < 0.4. For higher x (Fig. 5.21), a spontaneous magnetization is observed 

att low temperatures which is rapidly growing with increasing Rh content (see the 

concentrationn dependence of the spontaneous moment in Fig. 5.22), which suggests a F 

groundd state in Rh-rich compounds. It should be noted that by spontaneous magnetization we 

meann non-zero magnetization extrapolated from moderate fields (0.5 - 3 T, depending on 

sample)) to zero field. The critical Rh concentration for the disappearance of the metamagnetic 

transitionn (Bm —> 0) can be estimated as xc = 0.6 (Fig. 5.22). 

(Random-orientedd fixed powders) 

TT ' 1 > r 

B ( T ) ) 
Figuree 5.21. Magnetization at 4.2 K of UNi,.,Rh,Al compounds with 0 > x > 1 [5.102]. 
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UNi,.NRhv\l l 

0.44 0.6 

Rhh content x 

Figuree 5.22. Concentration dependence of the spontaneous magnetic moment ps and the magnetic 

momentt in the maximum field of 30 T u (30 T) at 4.2 K (top) and the critical field of metamagnetic 

transitionn Bm (bottom) of UNiMRh,Al compounds at 4.2 K. Note, that the results were obtained on 

powderr samples with randomly oriented fixed fine particles which represents an ideal polycrystal. In 

thee case of our materials showing easy-axis anisotropy. the measured ps values represent 50% of the 

value,, which would have been measured on a single crystal along the easy-magnetization direction (c-

axiss in case of UTX compounds with the ZrNiAl-type of structure). 

Thee temperature dependence of the susceptibility of UNio.33Rho.67Al compound is shown 

inn Fig. 5.23. It exhibits a local maximum at Tmax on the ^(T) curve followed by a steep 

increasee at lower temperatures. 

Thee temperature dependence of the electrical resistivity of several UNiUlRhAAl 

compoundss is displayed in Fig. 5.24. Whereas the F compounds UNio.25Rho.75Al and URhAl 

exhibitt a typical sharp decrease of resistivity below Tc, UNio.40Rho.60AI shows an upturn with 

decreasingg temperature around 16 K. which is reminiscent of antiferromagnetism below T\. In 

UNio.30Rho.70Al,, a similar upturn with decreasing temperature, observed around 17 K. is 

followedd by a sharp drop below 10 K that corresponds well to the Tc value of this compound. 

Thiss means that the resistivity behaviour supports descriptions based on antiferromagnetism at 

higherr temperatures followed by F ordering at lower temperatures. Ferromagnetic ordering is 

accompaniedd by a pronounced anomaly in the specific heat, as seen in Fig. 5.25 where the 

resultss for UNio.25Rho.75Al are presented. 

http://UNio.33Rho.67Al
http://UNio.25Rho.75Al
http://UNio.40Rho.60AI
http://UNio.30Rho.70Al
http://UNio.25Rho.75Al
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Figuree 5.23. Temperature dependence of the magnetic susceptibility %(T) and the magnetic moment 

u(T)) in 0.1 T (inset) of UNio.33Rho.67Al. 
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Figuree 5.24. Temperature dependence of the electrical resistivity p of UNio.40Rho.60Al, 

UNio.30Rho.70Al,, UNio.25Rho.75Al and LRhAl. The inset shows low temperature details. 

http://UNio.33Rho.67Al
http://UNio.40Rho.60Al
http://UNio.30Rho.70Al
http://UNio.25Rho.75Al
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figur ee 5.25. Temperature dependence of the specific heat. C/T. of UNio.25Rho.75Al in comparison with 

p(T). . 

UNI^R^AI I 

T(K) ) 

Figuree 5.26. Temperature dependence of the magnetic susceptibility x(T) of UNi^Rh^Al compounds 

withh x < 0.5. 

http://UNio.25Rho.75Al
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UNi^R^AI I 
300 | . , , , , , , 

Rhh content x 

Figuree 5.27. A tentative x-T magnetic phase diagram of the UNiMRh,Al system. The empty circles 
representt the temperatures of the susceptibility maximum TI1IIX. the full circles correspond to the Néel 
temperaturee TN, the full squares to the Curie temperature T(. The compound UNi(i.67Rh„„A l does not 
seemm to be magnetically ordered. 

Ass can be seen in Fig. 5.26. the temperature dependence of the susceptibility of 

UNii-xRh^All  compounds with x < 0.5 is characterized by a clear maximum in the %(T) curve. 

Att first, the temperature of the maximum Tmax gradually shifts to lower temperatures for Rh 

dopingg up to x = 0.3. where Tmax reaches a minimum value (see Fig. 5.27) and then Tmax 

increasess with further Rh doping. The values of the Neél temperature TN, which are displayed 

inn the x-T phase diagram (Fig. 5.27). have been determined by a standard procedure, i.e. as the 

temperaturee of the maximum of 3(%T)/3T. Fig. 5.27 includes also the Tc values, taken as the 

temperaturess of the onset of a spontaneous magnetization in the compounds with x > 0.63. In 

thee region with 0.33 > x > 0.63. indicated by "?" in the phase diagram (Fig. 5.27). the ground 

statee is generally AF because of absence of spontaneous moment. However, the particular 

momentt configurations are unknown and are acting different from the antiferromagnetism in 

UNiAl . . 

Fromm Fig. 5.27. the compound UNio.67Rho.33A] does not seem to order magnetically. 

However,, the magnetic and specific-heat properties of this compound show rather anomalous 

low-temperaturee behaviour. In Fig. 5.28. we present the temperature dependence of (a) the 

magneticc susceptibility measured in 0.1 T both in zero-field cooled (ZFC) and in field-cooled 

(FC)) mode, (b) the specific heat in the absence of a magnetic field and (c) the electrical 

resistivity.. At low temperatures, the FC susceptibility diverges and the ZFC curve exhibits a 

http://UNio.67Rho.33A
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clearr maximum at 10 K above which the FC and ZFC curves coincide. C/T has a minimum at 

100 K and shows increasing behaviour at higher temperatures. At high temperatures, as in 

normall  metals, the electrical resistivity of UNio.67Rho.33A] decreases with decreasing 

temperature.. The resistivity has a minimum near 10 K and shows a pronounced increase 

beloww this temperature. At a much lower temperature of 330 111K. a distinct step-like decrease 

off  the resistivity is found (see Fig. 5.29). 

Thee specific heat of UNio.67Rho.33A] is shown in the form C/T vs log T for different 

magneticc fields in Fig. 5.30. In an applied magnetic field of 4 T. C/T has changed very slightly 

withh respect to the zero-field result. In a field of 8 T, an enhanced C/T is observed below 4 K. 

Thiss enhancement is also seen in a field of 15 T at temperatures below 2.5 K. 

0.90 0 

0.4 4 

oo experimental 

a(T/Tn)
n n 

10 0 
Temperaturee (K) 

Figuree 5.28. (a) Temperature dependence of the magnetic susceptibility, (b) specific heat and (c) the 

electricall  resistivity of UNio.67Rho.33Al. The lines through the symbols denote the best fits to 

expressionss given in the text. 

http://UNio.67Rho.33A
http://UNio.67Rho.33A
http://UNio.67Rho.33Al
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Figuree 5.29. The low-temperature detail of the electrical resistivity of UNio.67Rho.33Al. 

Discussion n 

Thee slight deviation from linearity of the a(x) curve (Fig. 5.20) resembles the variation of 

thee lattice parameter a in UNi]_xRuxAl compounds [5.100]. although the deviation is much 

largerr in the latter system. The linear decrease of c(x) in UNii- xRhxAl (Fig. 5.20) differs 

considerablyy from the well-pronounced minimum of the c(x) curve for UNi].xRuxAl [5.100]. 

Thesee non-linearities (the positive deviation of the parameter a and the negative one for c) that 

arcc observed in several UT|.XTXX systems (UCo,-xFexAl and UNi,.xFexAl [5.95]. 

UCo,.xNixA]]  [5.103]. UCoi_xRuxAl [5.96]. UCo,.xRuxSn [5.104]) are usually attributed to 

preferentiall  occupation by the T-metal atoms of the two crystallographic positions T| and TT. 

Thee atoms of larger size prefer to occupy the Ti positions. This idea has been confirmed for 

UCo].xFexAll  and UNi|_xFexAl by a Mossbauer-effect study |5.95|. The nearly linear a(x) and 

linearr c(x) dependencies in UNii_xRhxAl (Fig. 5.20) can be considered as indication of a more 

statisticall  distribution of the Ni and Rh atoms over the T| and T2 crystallographic positions 

thann in the above mentioned systems. Indeed, recent X-ray and neutron-diffraction studies 

suggestt a random occupation of the Ni and Rh atoms of the sites in the crystallographic plane 

thatt does not contain U atoms [5.105]. 

Thee concentration dependence of the spontaneous moment shown in Fig. 5.22 suggests a 

FF state in Rh-rich compounds. This means that the ground state may be characterized by an 

uncompensatedd AF structure with resulting spontaneous magnetization rather than by pure F 

orderingg (URhAl. however, exhibits a magnetization curve typical for a ferromagnet). An 

analogyy should be considered with the mixed state characterized by a partial spontaneous 

http://UNio.67Rho.33Al
http://UNio.67Rho.33Al
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magnetizationn and a metamagnetic transition in low fields as observed in UCoo.99Feo.01A] 

[5.96].. UCoAli.xGa, with 0 < x < 0.3 (5.97] and off-stoichiometric Co-rich UCoAl 

compoundss [5.106]. In this case, the metamagnetic transition occurs in the paramagnetic (PM) 

statee not in the AF state. The latter picture seems to be corroborated by the temperature 

evolutionn of the magnetization in the UNio.33Rho.67Al system shown in Fig. 5.31. Spontaneous 

magnetizationn is found below 8 K. whereas a metamagnetic transition appears at higher 

temperatures.. The characteristic S-shape of the magnetization curve, which appears when the 

spontaneouss moment has vanished is smeared out and pushed to higher fields with increasing 

temperaturee of measurement, similar to what has been found for UCoAl-type compounds. 
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Figuree 5.30. Specific heat divided by temperature. C/T. versus logT in 0. 4. 6. 8 and 15 T for 

UNin.67Rho.3jAl.. The absolute error of C (mainly instrumental error) is about the same for all 

measurementss (5%). 

Forr higher Rh concentrations up to x = 0.9. the magnetization data do not allow an 

unambiguouss interpretation although it is clear that the system transforms from AF to F. 

whichh is observed clearly for the terminal compound URhAl. Although the details of magnetic 

phasess for the intermediate concentrations are not known, this transformation may be 

understoodd in terms of a description involving the evolution of the 5f-ligand hybridization, 

whichh mediates the exchange interactions [5.93]. 

Thee tentative x-T magnetic phase diagram of UNi|_vRh\Al which is shown in Fig. 5.27 is 

ratherr unusual even for a system of solid solutions between an AF and a F terminal 

compound.. To determine the individual magnetic phases in this system, neutron-diffraction 

experimentss are highly desirable. 

jt_ jt_ 

http://UCoo.99Feo.01A
http://UNio.33Rho.67Al
http://UNin.67Rho.3jAl
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Figuree 5.31. Magnetization of UNio.33Rho.67Al at different temperatures. 

Forr the compound with x = 0.33, it is clearly seen in Fig. 5.28 that all three investigated 

physicall  properties deviate from the temperature dependencies expected for Fermi-liquid (FL) 

systems.. The clear maximum in the ZFC susceptibility at 10 K (Fig. 5.28a) suggests the 

presencee of AF correlations and the difference between the FC and ZFC curves reminds of a 

spin-glasss (SG) system. For a SG. some type of disorder in the compound is required. In 

Fig.. 5.28b. both logarithmic (dashed lines. Eq. 2.11) and power law (solid lines. Eq. 2.12) 

temperaturee dependencies have been fitted to the data between 0.3 and 6 K. These data exhibit 

aa logarithmic divergence of C/T that can be described by a ln (T /T0) dependence with 

T()== 10 K, signalling non-Fermi liquid (NFL) behaviour. In an analysis following the two-

channell  Kondo model (Section 2.2). the low-temperature specific-heat data can be described 

by y 

CC = -0.25 
T T 

T, , 
In n 

T T 

0.41.. T. 
(5.9) ) 

Applyingg a least-square fit. we obtain TK = 22.6 K and a background coefficient 

dd = 208 mJ/molL-K". However, the specific-heat data are equally well described by the 

expressionn C/T = T with X = 0.94. Therefore, the low-temperature behaviour of 

UNio.67Rho.33All  may also be explained in term of the concept of the Griffiths phase (see 

http://UNio.33Rho.67Al
http://UNio.67Rho.33Al
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Sectionn 2.2). In order to confirm the Griffiths phase in the UNio.fjRho.̂ Al system, 
measurementss should be extended to lower temperatures. 

Thee electrical-resistivity curve shown in Fig. 5.28c can be fitted to the relationship: 

PP = P„+a 
(( T Ï 

(5.10) ) 

whichh leads to po = 2.54 p.Q cm. a = - 0.07 |iQ cm and n = 0.96. The best fit is shown in 
Fig.. 5.28c by the full line. Such an almost linear temperature-dependence substantiates further 
evidencee for a NFL ground state. We attribute the clear step-like decrease (6 c/c) of the 
resistivityy at 330 mK to a small amount of UNi2Ah that becomes superconducting around this 
temperaturee [5.7]. 
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