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4 4 Non-Ferm ii  liqui d behaviou r in 

U2Pt2ln n 

4.1.4.1. The U2T2X family  of  compounds 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

[41. . 

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

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

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

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

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

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

microscopyy tSEM). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

rare-earthh based ones [8,9]. 

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

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

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

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

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

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

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

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

OO v r\ ( 

r\r\  ( X(2a a 

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

oo c n 

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

Figuree 4.2 - Unit cell of the Zr-.AI;-type of structure. Each unit cell contains 4 formula units. 
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Inn the Zr.;Al;-type of structure, the U atoms do not form linear chains as is the case for the 

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

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

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

atoms. . 

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

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

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

latticee parameters a = 7.654 A and c = 3.725 A. However, U2Pt2In single crystals form in the 

superstructuree of the ZnAl2-type with lattice parameters a = 7.695 A and c = 7.368 A. 

Thiss polymorphism of U2Pt2In shows that the stability of the crystallographic structure 

dependss on the experimental conditions, like pressure and temperature, during the sample 

preparationn process. While preparing the arc-melted polycrystalline sample, the temperatures 

attainedd are well above the melting point of U2Pt2In and the cooling process is rather fast. This 

leadss to the formation oi' the U;,Si2-type of structure. During the single crystal growth, i.e. the 

mineralizationn process, the temperature range is much reduced (up to 2()°C above the melting 

point)) and the cooling takes place very slowly. Under these conditions, which are closer to 

equilibrium,, the preferred structure is the tetragonal ZnAl2-type of structure. 

Thee interatomic distances and near-neighbour (<r/<4.2A) positions, calculated for the 

U2Pt2Inn single- and polycrystals. are listed in Table 4.1. The number of nearest neighbours for 

eachh atom is the same in both structures (since the main effect is the doubling of the c-axis). The 

averagee interatomic distances do not change significantly. For the U atoms, the in-plane 

U(4f)-U(4f)) distance decreases, while the in-plane U(4g)-U(4g) increases when moving from 

polycrystalss to single crystals. 

Ass mentioned before, several magnetic ground states are found in the 2:2:1 family of 

compounds.. A review of the properties of the U2T2X compounds has been given in Ref. 1 1 and 

somee of the results are summarized in Table 4.2. Among these compounds. U2Pt2In and U2Pd2In 

presentt heavy-fermion behaviour, as can be concluded from the large value of the linear 

coefficientt of the low-temperature specific heat, which is indicative of an enhanced effective 

mass. . 
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Tablee 4.1 - Interatomic distances and near-neighbours numbers (N\) in polv- and sinsle-crystalline 
U2Pt;In. . 

U,Si i 

nd d 

-U U 

-u u 
-U U 

Pt t 

Pt t 

X X 

-typee ( 

NN N 

-> > 
1 1 

4 4 

2 2 

4 4 

4 4 

P° ° ycrystal) ) 

d(X) d(X) 

3.725 5 

3.738 8 

4.006 6 

2.835 5 

2.990 0 

3.390 0 

L'; ; 

u u 
U U 

u u 

ZnAP-type e 

bond d 

-U;; | L';-U; 

L'[-U2 2 

U r U ; ; 

U|-U2 2 

-Ptt | U:-Pt 

-Ptt | L":-Pt 

-XX | LN-X 

(sing g 

NN N 

1 1 
i i 

-> -> 

i i 

-> -> 
4 4 

4 4 

lee crystal 1 

dik) dik) 

3.5833 | 3.925 

3.687 7 

3.913 3 

4.144 4 

2.8288 | 2.838 

3.0133 [2.975 

3.4144 |3.372 

U,=U(4f).. U2=L'(4g) 

Thee electronic structure and related properties of the U2T2X compounds mainly originate 

fromm the band fillin g of the transition-metal ^-states and from the 5/:moments of the U atoms. A 

decreasee of the f-d hybridization strength occurs when the J-band is gradually filled, as evidenced 

byy theoretical calculations based on the local density approximation (LDA) [12,13]. Also the 

evolutionn of magnetism across the 2:2:1 series (for In and Sn compounds) is shown to be related 

too the strength of the 5/-c/-ligand hybridization [14]. As shown in Table 4.2, in the U2T2In 

series.. l^Pdiln and U2Ni2In order antiferromagnetically with Néel temperatures of 37 and 14 K, 

respectively,, while in the U2T2Sn series, the compounds with Pd, Rh, Ni and Pt have 

antiferromagneticc transitions at 77N = 41, 28, 26 and 15 K, respectively. 

Inn all other U 2:2:1 compounds, no anomalies have been found in the temperature 

dependencee of the magnetic susceptibility, resistivity and specific heat down to 1.2 K, suggesting 

paramagneticc ground states. The strong hybridization effects are reflected in reduced effective-

momentt values with respect to the U1+ and U4+ free-ion values, as calculated from the Curie-

Weisss behaviour of the magnetic susceptibility. 

Thee transition elements in the U2T2X compounds do not carry magnetic moments, except 

forr the cases T = Co and Fe. Detailed LDA band-structure calculations on U2T2Sn (T = Fe. Co. 

Ni)) compounds [ 15] show an hybridization-induced magnetic polarization on the transition-metal 

atomss in both U2Fe2Sn and U2Co2Sn (with a magnitude that is almost twice as large for the 

former).. This is considered as indicative of a strong covalent interaction between Fe and U and, 

too a lesser extent, between Co and U. The polarization of Ni in U2Ni2Sn is found to be very 

small.. A negligible polarization characterizes the Sn atoms. 
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Tablee 4.2 - Magneticc grou 

U2Fe2Sn n 

L'2Co2Sn n 

U:Ni ;Sn n 

U;Ru:Sn n 

U:Rh:Sn n 

U2Pd2Sn n 

tJ2Ir2Sn n 

U2Pt2Sn n 

U;Co:In n 

U:Ni :In n 

U;RU;Ill l 

U;Rh;In n 

U2Pd2In n 

U2Ir2In n 

L',Pt,In n 

idd states in the U2T2X famih 

groundd state 

PP P 

SF F 

AF F 

PP P 

AA F 

AF F 

SF F 

AF F 

PP P 

AF F 

PP P 

SF F 

AF F 

PP P 

NFL L 

7\<K) ) 

--
--

26 6 

--
28 8 

41 1 

--
15 5 

--
15 5 

--
--

37 7 

--
--

off  compounds 

ML L ) ) 

--
--

1.05 5 

--
0.53 3 

1.89 9 

--
n.d. . 

--
0.92 2 

--
--

F40 0 

--

Y(mJ/mol|_K~) ) 

n.d. . 

130 0 

85 5 

10 0 

65 5 

100 0 

65 5 

185 5 

30 0 

1055 ; 

n.d.. | 

140 0 

205 5 

n.d. . 

4 1 0* * 

AF=antiferromagnet.. PP=Pauli paramagnet. SF=spin fluctuator, NFL=non-Fermi liquid 
n.d.=nott determined. * value of c/T n\ T - 1 K 

Tablee 4.3 - Lattice parameters of the LNT ;X family of compounds. 

U,Si:-type e 

U;Fe2Sn n 

U2Co2Sn n 

U2Ni2Sn n 

U2Ru2Sn n 

U2Rh2Sn n 

L'2Pd2Sn n 

U2Co2ln n 

U:Ni :In n 

U2Ru2ln n 

U:Rh:ln n 

U2Pd2ln n 

i: :Ir :In n 

ü2Pt2In n 

Zr:,Al2-type e 

Lf2Ir2Sn n 

U2Pt2Sn n 

U2Pt2ln n 

aa (A) 

7.296 6 

7.208 8 

7.263 3 

7.482 2 

7.534 4 

7.603 3 

7.361 1 

7.374 4 

7.505 5 

7.553 3 

7.637 7 

7.596 6 

7.654 4 

aa (A) 

7.557 7 

7.668 8 

7.695 5 

c(A) ) 

3.446 6 

3.606 6 

3.691 1 

3.558 8 

3.625 5 

3.785 5 

3.431 1 

3.572 2 

3.545 5 

3.605 5 

3.752 2 

3.582 2 

3.725 5 

cc (A) 

7.195 5 

7.389 9 

7.368 8 

c/a a 

0.472 2 

0.500 0 

0.508 8 

0.476 6 

0.481 1 

0.498 8 

0.466 6 

0.484 4 

0.472 2 

0.477 7 

0.491 1 

0.472 2 

0.487 7 

c/a a 

0.952 2 

0.964 4 

0.958 8 

VV (A3) 

183.436 6 

187.351 1 

194.705 5 

199.178 8 

205.759 9 

218.794 4 

185.906 6 

194.231 1 

199.672 2 

205.657 7 

218.831 1 

206.679 9 

218.224 4 

V(A 3) ) 

410.894 4 

434.460 0 

436.282 2 

Whenn comparing the magnetic properties of the 2:2:1 compounds (Table 4.2) with their 

latticee parameters (Table 4.3). the following trends are noticeable: i) the ordering temperature 

increasess within each T series (from Fe to Ni. Ru to Pd and Ir to Pt). together with the volume 
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andd the c/a ratio: ii) the In compounds have less tendency to magnetic order than the Sn 

compounds,, which may be related to the corresponding decrease of the c/a ratio since the volume 

remainss the same in both series. 

High-fieldd magnetization studies have been carried out on several polycrystalline samples 

[16|| in order to study the evolution of the magnetocrystalline anisotropy in the U2T2X series. In 

alll  cases, the magnetization at 4.2 K does not saturate, not even at the highest fields (quasi-static 

fieldss up to 38 T [17] and/or pulse fields up to 57 T 118]). which makes it difficult to determine 

thee type of magnetic anisotropy by comparing values of the saturation magnetization for free- and 

fixed-powderr samples. This lack of saturation and the large high-field magnetization values 

observedd in the paramagnetic U2T:X compounds may be an indication of field-induced moments 

onn the U or transition-metal sites. At relatively high magnetic fields, the antiferromagnetically 

orderedd compounds undergo metamagnetic transitions. However, the magnetization steps 

correspondingg to these transitions are small and therefore other metamagnetic transitions at even 

higherr fields can not be excluded (e.g. L^NiiSn has 3 metamagnetic transitions at 30. 39 and 

511 T). 

4.1.2.. Doniach diagram 

AA quantitative estimate of the importance of /-ligand hybridization in complicated 

structuress can be obtained by means of a tight-binding approximation. The tight-binding 

approximationn has been frequently used to calculate e.g. structural properties, structural stability 

andd the electronic structure of ionic, covalent and metallic systems. 

AA generalized method based on a muffin-tin orbital model with transition metal 

pseudopotentiall  model can be applied to calculate the coupling between atomic orbitals of 5, p, d 

orr ƒ symmetry, mediated by the free-electron states [19,20]. The parameters are the atomic radii 

off  the respective atoms r;. the interatomic distance d. the angular momentum / (1 - 0, 1,2 and 3 

forr s, p. d and ƒ orbitals. respectively) and the symmetry of the bond m (m = 0, 1.2 and 3 for G. K. 

55 and cp bonds, respectively). The general hybridization-matrix element Vum is written as [21J 

wheree the coefficients r\Um [22] are given by the expression (see Table 4.4) 
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%,„„  = 
(- l) r"- l (// + /,)!(2/)!(20! 

6JI2W ' / ! / 1 1 

(2// + l)(2/' + l) 

{l{l  + m)\{l-m)\{ï + m)\{l'-m)\ 
(4.2! ! 

Tablee 4.4 - Bond coefficients r\ in„  defined in Equation 4.2. 

m m 
G G 

Jt t 

5 5 

9 9 

//" " 
P.f P.f 

-15V'77I/7r r 

if if 
75V-W71 1 

-75V35/2/TI I 

ff ff 
2()(525/2JI) ) 

-15(525/2IC) ) 

6(525/2TI) ) 

-- (525/271) 

Thee covalent energy of the coupling between the / and /' states is related to the trace of the 

hybridizationn matrices [23] 

V„. V„. 
N, N, 

2121 + 
ŝ  ^ 2l2l + \ 

fe+2V^fe+2V^ + 2V„\+2^J (4.3; ; 

wheree Ntr is the number of nearest neighbours between the atoms with angular momenta / and /'. 

Ann estimate of the total conduction electron hybridization on the /-atom. V(/. is then given 

by y 

vvt1t1 =k»+v>+viY2 (4.4) ) 

Inn Table 4.5, average interatomic distances are given for several compounds of the U2T2X 

family.. The averages were calculated by considering the number of nearest neighbours for each 

bondd (each U atom has 4 X, 6 T and 7 U nearest neighbours). In the case of the compounds with 

thee Zr3Al:-type of structure, the mean value was taken as the average distances to the U(4f) and 

U(4g)) atoms. In order to calculate the hybridization for each compound of the 2:2:1 family, a 

consistentt set of atomic radii was taken from bandwidth calculations in an atomic-surface 

methodd [24], based on free-atom wave functions evaluated at the Wigner-Seitz atomic-sphere 

radiuss (Table 4.6). 
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Tablee 4.5 - Average distances (d.y). hybridization traces (V-) and total hybridization d'..) tor the 
L*;T :XX (X=In or Sn) famih of compounds. 

U :Fe;Sn n 

L' :Co;Sn n 

L' :Ni :Sn n 

U;RU;Sll l 

U :Rh;Sn n 

U :Pd:Sn n 

U : l r :Snn * 

U :Pt;Snn * 

U;Co: I n n 

U ;Ni;l n n 

L';Rh:In n 

L' :Pd: l n n 

UdrTn n 

U;Pl;In n 

L' ;Pt:Inn * 

(A) ) 

3.211 1 

3.220 0 

3.256 6 

3.303 3 

3.320 0 

3.383 3 

3.323 3 

3.391 1 

3.228 8 

3.361 1 

3.331 1 

3.388 8 

3.390 0 

3.393 3 

(A) ) 

2.764 4 

2.782 2 

2.838 8 

2.842 2 

2.880 0 

2.949 9 

2.816 6 

2.894 4 

2.773 3 

2.822 2 

2.876 6 

2.945 5 

2.881 1 

2.938 8 

2.940 0 

d„ d„ 

<A> > 

3.674 4 

3.689 9 

3.734 4 

3.775 5 

3.813 3 

3.887 7 

3.818 8 

3.887 7 

3.694 4 

3.740 0 

3.815 5 

3.889 9 

3.887 7 

3.892 2 

(eV) ) 

0.178 8 

0.176 6 

0.166 6 

0.155 5 

0.151 1 

0.137 7 

0.150 0 

0.136 6 

0.180 0 

(1.147 7 

0.154 4 

0.141 1 

0.141 1 

0.140 0 

feV) ) 

0.657 7 

0.572 2 

0.460 0 

0.977 7 

0.825 5 

0.703 3 

1.036 6 

0.860 0 

0.583 3 

0.476 6 

0.832 2 

0.709 9 

0.903 3 

0.785 5 

0.781 1 

(eV) ) 

0.235 5 

0.228 8 

0.210 0 

0.194 4 

0.181 1 

0.158 8 

0.180 0 

0.159 9 

0.226 6 

0.207 7 

0.181 1 

0.158 8 

0.158 8 

0.157 7 

v.. v.. 
(eV'i i 

0.720 0 

0.640 0 

0.532 2 

1.008 8 

0.858 8 

0.733 3 

1.062 2 

0.885 5 

0.651 1 

0.539 9 

0.865 5 

0.740 0 

0.813 3 

0.809 9 

**  ZnAF-type structure 

Tablee 4.6 - Atomic radii r (in A) of the various constituting elements of the compounds in Table 
4.5.. Taken after Ref. 24. 

Fee 0.744 Ru 1.083 Ir 1.085 In 1.930 U 0.590 
Coo 0.696 Rh 1.020 Pt 1.069 Sn 1.800 
Nii  0.652 Pd 1.008 

Thee Doniach phase diagram (see Section 2.1) can be constructed by comparing the binding 

energyy of a Kondo singlet 

k B 7 " K o c — L _ e ~ ' ww (4.5a) 
BB k /V(0) 

withh that of a RKKY antiferromagnetic state 

k A K K Y ^ M O )) , (4.5b) 

wheree /V(0) is the conduction-electron density of states at the Fermi level and J the exchange-

couplingg constant. One can estimate a conduction-electron - /-electron exchange-interaction 

parameterr J(1 by assuming a hybridization-mediated mechanism, as treated in the Schrieffer-

Wolfff  [25] and Coqblin-Schrieffer [26| models, according to the proportionality 

v-v-
J,,J,, x - (4.6) 
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wheree Vcj is the hybridization-matrix element for conduction-electron -/-electron hybridization 

andd the denominator gives the position of the /-level energy Ef relative to the Fermi energy £F. 

Withinn a transition-metal series, the distance £F - Et can be taken constant since the /"-level is 

stablee with respect to the Fermi energy [201. The evolution of JCf can then be traced by 

calculationn of the conduction-electron - /-electron hybridization of the compounds. Using the 

hybridizationn values calculated for the U2T2In and U2T2Sn series (Table 4.5). the Doniach-type 

phasee diagram depicted in Figure 4.3 emerges by plotting Ts versus V,f. 

Itt should be noted that a comparison between the dy distances in polycrystalline U2Pt2In 

(LhSii-typee of structure) and single-crystalline U2Pt2In (ZnAl2-type of structure) clearly shows 

thatt there is no significant difference between the hybridization effects in the two structures 

(Tablee 4.5). Therefore the compounds forming in the Zr3Al 2-type of structure can be included in 

thee overall Doniach diacram. 

VjVj  (eV2) 

Figuree 4.3 - Doniach-type of diagram for the U2T2X (X = In. Sn) family of compounds. The dotted 
liness are guides to the eye. 

Thee compounds with Fe and Co do not fit in the general trend of the diagram (not shown in 

Figuree 4.3). However, as discussed in the previous section, these compounds may present 

hybridization-inducedd magnetic polarization of the transition-metal atoms, and therefore should 
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bee treated separately from the other U:T:X compounds when discussing the evolution of 

magnetismm within a Doniach-type of diagram. 

Ann important point to extract from this diagram, is the location of LNPt̂ In at the border line 

betweenn magnetic and non-magnetic compounds. This strongly suggests that U:Pt2ln is close to a 

magneticc instability and explains its heavy-fermion behaviour. 

4.2.4.2. U2Pt2ln 

U:PbInn has a number of unrivalled properties. The heavy-electron properties of LNPt^In 

weree first reported by Havela et al. [2]. Specific-heat experiments carried out on a polycrystalline 

samplee [2.3] in the temperature range 1.3-40 K revealed the presence of a pronounced upturn of 

thee electronic specific heat divided by temperature (c/T) below about 8 K, insensitive to an 

appliedd field of 5 T. The c(T) data could be fitted with a 7°ln7 term below 5 K, providing 

evidencee for spin-fluctuation phenomena. The resulting linear coefficient of the electronic 

specificc heat yir—>0K) amounted to 415 mJ/molLK~. which classifies LNPtnIn as a heavy-

electronn compound. In line with this, the electrical resistivity, p(7~), of U^Pt^In was found to show 

aa weak maximum around 80 K and coherence effects at low temperatures [3]. which could be 

attributedd to the Kondo-lattice effect. The magnetic susceptibility, XiT). shows deviations from 

thee Curie-Weiss behaviour below about 150 K |2]. In the limit T—H.2 K, % is enhanced and 

continuess to rise. No sign of magnetic ordering has been observed. 

Moree recently, data taken on a polycrystalline sample |27| showed that p(T) = p„  + aT in 

thee temperature range 1.4-6 K. This led to the suggestion that LNPt̂ In might be a good candidate 

too study non-Fermi liquid (NFL) phenomena. 

Inn order to probe and investigate the NFL behaviour in LNPhln. it is of interest to study the 

thermal,, transport and magnetic properties of single crystals at lower temperatures (T< 1.2 Kj . 

Ass discussed in Section 2.5. only a few stoichiometric compounds (like e.g. CeNi:Ge2) show 

NFLL properties at ambient pressure. L^PtjIn is the first U compound exhibiting NFL behaviour 

withoutt chemical substitution, pressure or magnetic field as a control parameter. In this section, 

resultss of magnetization (2 K < 7"< 350 K. B < 35 T). resistivity (0.3 K < T< 300 K). 
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magnetoresistancee (B < 38 T). specific-heat (0.1 K < T< 180 K). specific-heat in field [B < 8 T) 

andd thermal-expansion (0.35 K < T< 200 K) experiments carried out on U^Pbln single crystals 

aree presented (for details on the preparation and characterization of the single crystals see Section 

4.1.11 andRef. 10). 

4.2.1.. Magnetizatio n 

Magnetizationn measurements were performed on several single crystals (with a mass of 

10-500 mg) using a SQUID magnetometer (Quantum Design) in the temperature range 2-350 K 

andd in applied fields up to 5.5 T. In addition, magnetization measurements were carried out in 

highh magnetic fields up to 35 T at 4.2 K in the Amsterdam High-Field Facility. 

Thee magnetizations MJB) and MjB) at some selected temperatures are shown in Figure 

4.4a.. where a and c refer to the crystallographic direction along which the magnetic field is 

applied.. In both cases, the magnetization is linear in fields up to 5.5 T. The slope dM/d5 is 

alwayss higher for B j| c than for B || a. though the anisotropy is not substantial. W(7=2K) 

reachess the value of 0.25 (0.21) |iB/f-u. in a field of 5.5 T applied along the c- (a-) axis. No 

hysteresiss in Md and ML was observed. Magnetization measurements for B || c at 4.2 K were 

carriedd out up to 35 T (Figure 4.4b). No significant deviation from a linear behaviour was 

observed.. In the maximum field. Mc (35 T) = 1.48 jUR/f.u. These results are similar to the ones 

obtainedd on polycrystalline samples up to 35 T [ 17] and 57 T 118]. In the polycrystalline data, a 

weakk non-linearity was observed, which was not found in the single-crystal data. This non-

linearityy is due to the saturation of magnetic impurities in the polycrystalline sample (about 2r/c 

off  ferromagnetic UPt was present as a second phase [3]). The data taken on free and fixed 

powderr are identical, which is another indication that the magnetic anisotropy is rather weak in 

thiss compound. 

Thee temperature variation of the d.c. susceptibility {MIH), Xa(T') and %AT). is presented in 

Figuree 4.5 for B - 0.1 T, The susceptibility is anisotropic, with the c-axis as the easy axis of the 

magnetization.. This anisotropy persists in the whole temperature range (up to 350 K). 

Att low temperatures, a clear difference between Xa an(-l Xc 's observed. Xa continues to 

increasee as the temperature is lowered down to 2 K. while '  ̂ displays a broad maximum (Figure 

4.5).. Tracing the derivatives. dyJdT. shows that the maximum occurs at 7"nm = 7.9(3) K. The 
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relativee height and width of the maximum do not change significantly with the applied field 

strengthh (from 0.005 to 5.5 T). This type of behaviour is frequently observed in systems which 

exhibitt exchange-enhanced Pauli paramagnetism. The maximum in Xc 's indicative of the 

stabilizationn of short-range antiferromagnetic correlations along the c-axis [28.29]. 

Abovee 10 K. the susceptibility follows a modified Curie-Weiss law. X = X<> + C/IT-Q). For 

BB |! c. the parameters obtained are Xo = 1 -1x10s mVmolu, 8 = -62 K and \left = 2.6 u y C while 

forr « || a, Xo= 1-lxl0"8 m3/molu, 0 =-63 K and u.eff = 2.2 u,B/U. The fitted Curie-Weiss 

behaviourr is represented by the lines in Figure 4.5. The near-equality of the paramagnetic Pauli 

temperaturess 0 reflects the weak magnetic anisotropy in this system. The (Xeff values are 

considerablyy reduced with respect to the free-ion values for U,+ and U4+ of 3.62 p.B and 3.58 \iB. 

respectively,, which points to a strong Vcf hybridization. 

Thee magnetization data do not show any sign of long-range magnetic order down to 2 K. In 

orderr to investigate the presence of possible spin-glass effects, magnetization measurements were 

performedd after zero-field cooling and field cooling to 2 K. However, no difference was observed 

forr 0.01 T < B < 5.5 T. indicating the absence of a spin-glass ground state. 

00 1 2 3 4 5 0 5 10 15 20 25 30 35 40 

BIJ)BIJ) B (T) 
(a)) (b) 

Figure4.4-- a) Field dependence of the magnetizations MA and Mc of U2Pt;In for several 
temperaturess and b) high-field magnetization at 4.2 K for B\\c (different symbols 
representt different field pulses). The lines are linear fits through the data points. 
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Figuree 4.5 - Temperature dependenee of the d.c. susceptibility of L':Pt;In in a magnetic field of 0.1 T 
appliedd along the a- or c-axis. The dotted lines represent modified Curie-Weiss fits. 

4.2.2.. Resistivity 

Resistivityy measurements were carried out on bar-shaped crystals with typical dimensions 

3x1x11 mm', for electrical currents along the a- and c-axis. in the temperature range 0.3-300 K 

usingg a 'He system. A standard a.c. four-point method was used with an excitation current of the 

orderr of 300 pA. The excitation current was varied in order to check for Joule-heating effects. 

Thee resistance curves for / || a and / || c are shown in Figure 4.6a for temperatures below 

100 K and in Figure 4.6b for temperatures below 300 K. The R(T) values are normalized to the 

roomm temperature values RliT. For both I || a and / || c. the resistivity pi< r amounts to 

2200  20 |lQcm. The experimental error in pi<[ is mainly due to the uncertainly in the 

determinationn of the distance between the voltage contacts. Upon cooling. pa.L(7') starts to rise 

andd a weak broad maximum is observed at about 80 K followed by a relatively sharp decrease at 
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lowerr temperatures, typical of coherence effects in heavy-fermion compounds. As shown in 

Figuree 4.6. the resistivity is anisotropic: pc > p., for T < 150 K. 
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Figuree 4.6 - Resistivity (normalized to the room temperature values) of U2Pt2In for / || a and / || c for 
// < 10K(a)andr<300K(b). 

Clearly,, the resistivity curves do not obey the Fermi-liquid expression p ~ T~ at low 

temperatures.. Instead, as shown below, p ~ T" with a. < 2. 

Iff  the resistivity below a certain temperature 7'can be expressed by 

pp = P „ + f l r ' , (4.7) 

thenn the exponent a can be calculated by 

„ d l n ( p - p 0 ) ) 

dlnr r 
(4.8a) ) 

However,, using Equation 4.8a may result in significant errors in a. due to the uncertainty in 

evaluatingg the residual resistivity pn. especially when a is small. Alternatively, the following 

expressionn can be used: 

dp p 
din n 

aa = 1 + - 6T_ 6T_ 
dlnr r 

(4.8b) ) 
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Onee can define an effective temperature-dependent exponent oc -̂nT) by applying equation 

4.8bb at all temperatures. The effective exponent can be identified with a if a.M{T) = constant in a 

certainn temperature range. 

Figuree 4.7 shows a^iT) computed from the derivative of the smoothed low-temperature 

resistivityy curves. For / || a. one obtains ex., = 1.25(5) below about 1 K. For I || c. aen<7") does not 

attainn a constant value and thus pc docs not follow a clear T" law down to 0.3 K. Assuming that 

aac(c(fJT)fJT) levels off below 0.3 K in a way similar to aMjT). the rough estimate ac ~ ().9( 1) can be 

made. . 

2.0 0 

1.5 5 

»== 1.0 
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Figuree 4.7 - Effective exponent o.L.„  of the resisih itv of U;Pt;ln for / || a and / || c. 

Withh these a-values the following residual resistivities result: p(1., = 0.53 PRT and 

p0cc = ().95 PRT. i.e. p() = 1 15 jlQcm for/ || a and p0 = 210 ,uQcm for ƒ j| c. The residual resistivity 

valuess are large, which is normally taken as evidence that some disorder is present in the crystals. 

However,, this has not been confirmed by single-crystal X-ray [10] and neutron-diffraction [30] 

experiments.. The structure refinement confirms the high crystalline quality. The possibility of 

sitee inversion (e.g. Pt and In inversion) is also excluded by the neutron-diffraction refinement. 

Moreover,, because the residual resistivity depends strongly on the direction of the applied 
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current,, it is clear that besides impurities other scattering mechanisms contribute to p(). It should 

bee noted that the lov\-temperature resistivity data were taken on several single crystals, all 

showingg the same behaviour. 

4.2.2.1.4.2.2.1. Magnetoresistance 

Transportt properties in a magnetic field provide an important tool to investigate the non-

Fermii  liquid state. In general, a magnetic field is expected to restore the Fermi liquid state, as for 

thee case of a proximity to a quantum critical point. If a compound is driven away from the 

magneticc instability, the suppression of magnetic correlations should be observable in the 

resistivity. . 

Inn Figure 4.8. the temperature dependence of the resistivity is shown in a field of 8 T 

appliedd along the different crystallographic directions. Below 4.2 K the magnetoresistance (MR) 

forr / 1| c is negative for both B || c (longitudinal configuration) and B\\SL (transverse 

configuration).. At the lowest temperatures, the p(7~) curves show a tendency to level off. For 

111|1| a. the curves obtained in the two transverse configurations (B j| b and B \\ c) are essentially the 

same.. i.e. a negative MR at high temperatures and a positive MR below 0.8 K. At the lowest 

temperatures,, an approximate p ~ T~ behaviour is observed in 8 T. In the longitudinal 

configuration,, the magnetoresistance is always positive and shows no tendency to level off at low 

temperatures. . 

Assumingg that the p(7~) curves follow power laws of the type p - 7"". the exponent a can be 

estimatedd using equation 4.8b. The effective exponent obtained for different magnetic fields is 

plottedd in Figure 4.9 for the transverse configurations (since for I \\ a the data for B || b and B || c 

aree almost identical, only B\\c is shown). The low-temperature value of a increases with 

increasingg magnetic-field strength, reaching values close to 2 for 8 T. as expected for a Fermi 

liquid.. The field evolution of the exponent a is shown in Figure 4.l(). which clearly illustrates 

thatt there is a tendency towards a Fermi-liquid p ~ T~ law near 8 T. 
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Figuree 4.8 - Temperature dependence of ihe resistivity of U2Pt;In in a field of X T applied along the 
mainn crystallographic directions. 
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Figuree 4.9 - Effective exponent a of the resistivity of U2Pt2In in magnetic fields in the transverse 
configurationn [B LI). 
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Figuree 4.10 Field dependence of the resistivity exponent a in the transverse configuration. The lines 
aree «uides to the eve. 

Inn Figure 4.1 I and Figure 4.12. the magnetoresistance in the longitudinal and transverse 

configurationss is shown at 0.48. 1.3. 4.2 and 10 K.. The magnetoresistance curves show several 

unusuall  features. 

Inn the longitudinal configuration, a negative MR is obtained when current and field are 

appliedd along the c-axis. A weak upward curvature is observed at the lowest temperatures at high 

fields.. On the other hand, when current and field are applied along the a-axis the 

magnetoresistancee is positive and approximately follows a Ap/p ~ B ~ law. 

Inn the transverse configuration, the MR obtained for ƒ || c is also negative with Ap/p values 

higherr (in absolute value) than for B || / || c. No tendency to upward curvature is visible at the 

lowestt temperatures. In the B J_ ƒ || a case, the MR values are negative at low fields, pass through 

aa minimum and then become positive. The position of the minimum increases with temperature: 

BBmnmn~~ 3.5. 5 and 14 T at 7=0 .48. 1.3 and 4.2 K. respectively (see Figure 4.13 for the high-field 

MRR at 4.2 K). 
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Figuree 4.11 - Magnetoresistance of U2Pt2In in the longitudinal configuration (B \\ I) at temperatures as 
indicated. . 
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Figuree 4.13 - High-field magnetoresistance of U2Pt2In at 4.2 K for / [| a and B || c. The line is a 
polynomiall  fit through the data points. Note: the oscillations observed are an artefact of 
thee averaging procedure. 

Accordingg to Ref. 31, the magnetoresistance of weakly- or non-disordered metals in the 

NFLL regime close to an antiferromagnetic quantum critical point (see Section 2.3) can be 

separatedd into spin and orbital effects. For the spin effects, small magnetic fields will suppress 

thee antiferromagnetic fluctuations as the compound is driven away from the QCP. This 

suppressionn of the fluctuations wil l reduce the amount of scattering and the MR will be negative. 

Forr localized-moment paramagnets. applying a magnetic field results in a net polarization of the 

disorderedd magnetic moments and thus to a reduction of their scattering contribution to the 

resistivity.. The magnetoresistance is related to the correlation function (s,s\ between the ion 

spinss and therefore to the low-field magnetization M [32]: 

Ap p M M 
(4.9) ) 

wheree Ap/p = [p(ö.7")-p(0.7")]/p(().7"). a>0 and Msa, is the saturation magnetization obtained at 

extremelyy high fields. Since the magnetization of L';Pt:In is proportional to the field, it follows 

thatt Ap/p ~ -B2. 

file:///J2Pt2ln
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Onn the other hand, for the orbital effects a positive MR is expected, which varies initially 

ass B'. then crosses over to a linear behaviour in B and finally saturates at high fields [31 |. 

Inn addition, if the Lorentz force would be responsible for the B~ behaviour observed, then 

onee would expect a weak positive B' contribution to the transverse MR and. to a lesser extent, to 

thee longitudinal magnetoresistance. A comparison of the MR values obtained for the different 

configurationss (Figure 4.14) shows that this contribution is very weak and not significant. In fact, 

thee opposite effect is observed: for / j| c, Ap/p is less negative for B \\ I than for B LI. while for 

ƒƒ || a the positive contribution is clearly stronger in the longitudinal configuration than in the 

transversee one. 
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Figuree 4.14 - Magnetoresistance of I ;Pt In al T= 0.48 K for/? j| / and B LI 

3D D 

Whenn summarizing the magnetoresistance data, a competition of a positive and a negative 

contributionn is clearly found. At low fields, the negative contribution is always dominant, except 

whenn B \\ I |j a. As the field increases, the positive contribution becomes dominant. The high field 

experimentss show that the MR has a tendency to saturate at extremely high fields (about 100 T). 

Thiss is also predicted by the theory of magnetotransport in nearly antiferromagnetic metals [31]. 
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AA proper analysis of the relative weight of the different contributions is difficult due to 

theirr competition, although it is evident that the negative contribution, associated with a 

polarizationn of the moments, is stronger when the current is applied along the c-axis. 

AA closer inspection of the zero-field resistivity curves for / || c reveals the presence of a 

shoulderr in p(T) centered at about 7 K. The shoulder becomes more clear in a p versus iogT plot 

(Figuree 4.15). This anomaly is not observed for ƒ || a. It should be noted that B || c is the direction 

forr which a maximum at Tmax = 7.9 K is observed in the magnetic susceptibility. This suggests 

thatt the resistivity shoulder may be related to short-range antiferromagnetic correlations along the 

c-axis.. The field effect (B || I. B < 5 T) on the shoulder is shown in Figure 4.15. The shoulder is 

suppressedd under the influence of the magnetic field and becomes very faint at 5 T. As 

antiferromagneticc fluctuations tend to be suppressed by a magnetic field, also the shoulder should 

bee gradually suppressed with field. However, suppression of the magnetic fluctuations was not 

observedd in the susceptibility in fields up to 5.5 T. Since the shoulder in p(7") is very faint, it may 

possiblyy be more sensitive to this effect than the maximum in %(T). 

Anotherr important point is that po varies significantly with the applied magnetic field, 

whichh clearly shows that the residual resistivity is not uniquely due to impurity or defect 

scattering. . 
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Figuree 4.15 - Temperature dependence (7 < 15 K) of the resistivity of l[2Pt;ln for B || / || c. 
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4.2.3.. Specific heat 

Thee specific heat of U;Pt;In was measured on several single-crystalline samples, using a 

semi-adiabaticc technique in a bath cryostat above 1.5 K. while data below 5 K were taken in a 

'Hee system ( 0 . 3 K < 7 < 5 K) and a dilution refrigerator (0.1 K. < 7< 0.7 K) employing the 

relaxationn method. The results are shown in Figure 4.16 in a plot of c/T versus log7". Below 10 K. 

c/Tc/T shows an upturn and instead of attaining a constant value in the limit T—>() K. as expected for 

aa Fermi liquid. c/T diverges logarithmically, which is one of the hallmarks of a non-Fermi-liquid 

groundd state. 

V(K) ) 

Figuree 4.16 - Low-temperature specific heat of l' ;P(;ln divided b> temperature as a function of log'/'. 
Thee line is a c/T~ 4n(777"0) fit. 

Thee data below 6 K are well described by 

-8ln n -- = Y i -8 ln 
// j - \ 

r r 
(4.10) ) 

withh Y, = 406.8(5) mJ/moluK2 and 8 = 89.9(5) mJ/moluK2. Here. 7 ,= 1K and 

7",,, = exp(yi/8) - 92( 1) K. In this case. Yi 's the value of c/T at 1 K and not the enhanced-

Sommerfeldd coefficient, as usually observed for heavy-fermion compounds. 
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Off  main importance is that L^Ptiln is one of the few stoichiometric systems exhibiting 

non-Fermii  liquid behaviour with a strong logarithmic divergency of the specific heat. Moreover, 

thiss logarithmic divergency has been found in the data over almost 2 decades of temperature. 

Att higher temperatures, the dominant contribution to the specific heat is the lattice 

contribution.. Since no samples of the non-magnetic compound Th^Pt̂ In were available, the 

phononn contribution to the specific heat could not be estimated. However, an approximation can 

bee given by the Debye function 

eL11 T 

JJ  e * _ [ e " 1 " - ! 
3R R 

30DD T 
(4. . 

Thiss expression is valid for the specific heat at constant volume (cy) but, experimentally, the 

specificc heat at constant pressure (cp) is obtained. The difference between cy and cp can usually 

bee neglected as it will be shown in Section 4.2.4. 

Thee Debye function has been tabulated in Refs. 33 and 34 and can therefore easily be 

comparedd to the experimental data. The high-temperature slope of the specific heat of U^Ptiln 

cann be approximated by a linear electronic term cc\ = yT with y= 88 mJ/molfK". Using this 

value,, cPh = c - rei is in good agreement with the Debye function calculated with 0D = 175 K (see 

thee line in Figure 4.17a). However, the subtracted linear term has an unusually large coefficient, 

aboutt 10 times higher than expected, which possibly indicates that the Debye function 

underestimatess the lattice contribution to the specific heat of UiPtiln. 

Thee electronic contribution obtained after subtracting the Debye function from the total 

specificc heat is plotted in Figure 4.17b. In this contribution, the logarithmic divergency is 

observedd up to about 35 K. However, the high-temperature linear term above 50 K is extremely 

large.. The entropy associated with it is also too large to account for a possible crystalline electric-

fieldd effect. 

Assumingg that the low-temperature phonon contribution to the specific heat is cph = J37"3, 

withh (3 obtained from 9D = 175 K, the low-temperature entropy associated with the electronic 

specificc heat can be determined by the integral of (c-cph)/T, 

5L.,(7")-5d(77 = 0.1K)= | ^ — W . (4.12) 
0.11 K 

Thee entropy is shown in Figure 4.18. In the S=V2 two-channel Kondo effect, the entropy is 

predictedd to saturate at Vi Rln2 (= 2.88 J/moKK) before continuing to increase at higher 
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temperaturess (see Section 2.3). For UiPbln. there is no clear evidence for this effect. 

1.00 0.1 

(b) ) T(K) ) 

Figuree 4.17 - (a) Lattice specific heat (per mole formula unit) of LNPbln. The dashed line is the Debye 
functionn with 0D = 17.Ï K. fb) Lattice (cDebye/7) and electronic icJT) contributions to the 
totall  specific heat cIT. Notice the logarithmic T scale. The full line is a guide to the eye. 
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Figuree 4.18 - Entropy (per mole U) derived from the electronic specific heat of ILPtoIn. 



Non-FermiNon-Fermi liquid behaviour in U:Pt:In 79 9 

4.2.3.1.4.2.3.1. Specific heat in field 

Inn order to investigate the robustness of the non-Fermi-liquid state in U;Pt;In in an external 

magneticc field, specific-heat measurements were performed in the temperature range O.l-l K 

withh B jj c up to field values of 8 T. In Figure 4.19, the results obtained in the dilution refrigerator 

(7<() .7K)) are shown. The straight line represents the zero-field c/T- -8ln(T/70) behaviour 

takenn from Figure 4.16. 

2.00 m ^07 

700 -

T(K) T(K) 

Figuree 4.19 - Specific heal divided by temperature versus log/' for U;Pt;In under magnetic fields 
appliedd along the c-axis. Insert: nuclear specific heat cN = c - c|B=0 versus T'2 for 
'/'<< 0.25 K: the lines are functions <\ = D:T ' (see text below). 

AA strong enhancement of the specific heat is observed at low temperatures as the field 

strengthh increases. As wil l be shown below, this enhancement is predominantly due to the 

specificc heat of the In nuclei. 

AA nuclear contribution to the specific heat arises when an interaction lift s the degeneracy of 

thee states, which are characterized by different orientations of the nuclear moments. This 

interactionn may be provided by an external magnetic field, an effective hyperfine field or an 

electricc field gradient. The energy levels. e,„. of a nucleus with spin quantum number I in a 

magneticc field and in an electrical field gradient with axial symmetry are given by [35,36] 
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-tun-tun + P Kll  + 1) 
3 3 

(mm = -I.-I+l I) 

with h 

/ _ ^ t t 
k,J k,J 

PP = 
-V:<y0 0 

(magnetic-interactionn parameter) 

(quadrupole-couplingg constant) 

(4.13) ) 

(4.14a) ) 

(4.14b) ) 
4kB I (2 I - l ) ) 

wheree \i = g\Iu.N is the magnetic moment of the nucleus (|UN is the nuclear magneton and g\ the 

nuclearr g-factor) and B  ̂ is the effective field at the nucleus arising from the hyperfine field BM 

and/orr an external field B. cq is the component of the electric-field gradient tensor along the 

high-symmetryy axis and Q is the nuclear quadrupole moment. One has Q-0 for 1= 1/2. while 

qq = 0 for nuclei in a cubic environment. 

Thee exact expression for the nuclear specific heat (of the Schottky-anomaly type) is 

l i f e e : .> > eM,e(1texp p 
e„,, +ef 

o^' XX Sexp 
kZr kZr 

(4.15] ] 

Fromm this expression it follows that at low temperatures c\ ~ exp(-l/77). while at high 

temperaturess r\ ~ T'. A maximum occurs at 7"max = (e„,+|-e,„)/kBl and the entropy associated with 

cNN equals Rln(2I+l). 

Sincee the measurements are usually made at temperatures well above 7,1K1V of CN (for most 

metalss the maximum is found at T« 0.1 K). one can use a high-temperature expansion of c\ in 

aa power series of \/T: 

c\=^Dc\=^DllT~'T~' . (4.16) 
i>2 i>2 

Thee coefficients D, are determined by the various moments of the energy levels. If the magnetic-

fieldd is parallel to the symmetry axis of an axially symmetric electric-field gradient, the first two 

coefficientss are given by [371 

R R 
(4.17a) ) {I( II  + l)fj' - + 4,1(1 + 1)(2I-1)(2I + 3)P-

-J7I ( ll  + l)(21-l)(2I + 3)^ ': JP-^_I (21-3) (2 I - l ) (2I + 2)(2I + 3)(21 + 5) P' 

(4.17b) ) 
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Iff  the quadrupole interaction is zero (ƒ*=()). all odd coefficients in Equation 4.16 vanish. In most 

cases,, the first term is sufficient for fitting the experimental data: t\ = D2T
 2. 

Inn Table 4.7. the nuclear spin quantum number, magnetic moment and quadrupole moment 

off  the isotopes that may contribute to the nuclear specific heat of U2Pt:In (i.e. the isotopes with 

II  *(J) are shown. Considering the abundancies and the nuclear moments of these isotopes, one 

cann assume that the origin of the nuclear specific heat shown in Figure 4.19 is mainly due to the 

nucleii  of In ( 'In and ' În have a nuclear magnetic moment that is one order of magnitude 

higherr than 'M>Pt and :3:,U). The In nuclei have a spin of 9/2 and the average (taking into account 

thee relative abundancies) magnetic and quadrupole moments are equal to \i - 5.5403 ji \ and 

00 = 0.81x10"' cm", respectively. 

Tablee 4.7 - Some nuclear data for the isotopes with I * 0 present in l ' :Pt: In. Source: WebElements 

[http://www.shefac.uk/cheniistry/web-elements]. . 

isotope e 
,,:ïn n 
,1?In n 
"*Pt t 
235U U 

abunduncyy (( i ) 

4.29 9 
95.71 1 
33.83 3 
0.72 2 

I I 

9/2 2 
9/2 2 
1/2 2 
7/2 2 

U<MN> > 

5.5289 9 
5.5408 8 

0.60950 0 
-0.35 5 

Qi Qi K)"244 cm:) 

0.799 9 
0.81 1 

0 0 
4.936 6 

Thee insert in Figure 4.19 shows the field effect on the specific heat, obtained by subtracting 

thee zero-field function. Ac = c - cw=l, = c - (y, - 5ln7~). This figure shows that Ac varies 

approximatelyy linearly with T'~. Extracting values of D2 from the B - 6 T and 8 T curves (for the 

lowerr fields the scatter is rather large after subtracting the zero-field curve), one obtains 

BMBM = 51.5 mT and a quadrupole-coupling constant P ~ 0.9 mK. With these parameters, values of 

DzDz can then be calculated for 5 = 2 and 4 T (insert of Figure 4.19). 

Althoughh above 0.3 K the nuclear contribution to cIT is small, the data in Figure 4.19 show 

cITcIT values a few percent higher than for the zero-field data in this temperature range. There are 

twoo possible explanations for this behaviour: i) it can be attributed to small errors in the 

calibrationn of the thermometer on the sapphire plate in field. In fact, data taken above 0.4 Kina 

Hee system with another calibrated thermometer did not show this effect. Notice that a small 

calibrationn error does not affect significantly the overall c(T) curve: ii) the nuclear contribution 

mightt overshadow a decrease of the electronic term at low temperatures. As under influence of a 

magneticc field, a compound is pushed away from a magnetic instability, the low-temperature cIT 

willl  level off in order to recover the Fermi liquid behaviour. A decrease of c/T at low 

http://www.shefac.uk/cheniistry/web-elements
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temperaturess has to be accompanied by an increase at higher temperatures because of the 

conservationn of entropy [38]. 

Inn zero field, the calculated value of D2 amounts to 4.303x10° JK/molin. which indicates 

thatt the nuclear contribution can be neglected with respect to the U electronic specific heat 

(T>(T> 0.1 K). This value of Di is about 40 times larger than the one calculated for pure In in its 

tetragonall  structure [39]. This is possibly explained by a substantial enhancement of the 

hyperfinee interactions, which is not an unusual phenomenon in intermetallic compounds [40]. 

Thiss large nuclear contribution hampers the study of the field effect on the non-Fermi 

liquidd contribution. As a result, the proposed scaling properties of the specific heat (see Section 

2.3)) cannot be investigated. Magnetoresistance measurements showed a recovery of the Fermi 

liquidd behaviour at the lowest temperatures. This seems, however, not to be confirmed by the 

specific-heatt data. 

4.2.4.. Thermal expansion 

Thermal-expansionn measurements were performed on a single crystal of UiPtiln in the 

temperaturee intervals 0.3-10 K (using a He system) and 1.7-200 K (using a 4He bath cryostat). 

Dataa were taken along the a-axis (L- 4.478 mm) and the c-axis (L - 1.570 mm). The linear 

thermal-expansionn coefficients. oca and ac, obtained along the a- and c-axis. respectively, are 

shownn in Figure 4.20. together with the temperature dependence of the volume expansion 

coefficientt o.\ = 2aa + ac (tetragonal structure). 

Thee coefficients aa and ac are both positive and show a rapid increase with increasing 

temperaturee below 3 K. aa varies approximately linearly with temperature for 3 K< 7<60 K 

andd levels off at higher temperatures. ac is much larger than aa below 12 K. but ac = aa above 

thiss temperature. The observed anisotropy in the thermal-expansion coefficients shows that when 

loweringg the temperature below the coherence temperature, the c-axis shrinks more rapidly than 

thee a-axis. The coefficient of the volume expansion shows, besides the heavy-fermion 

contribution,, an unusual quasi-linear temperature dependence between 12 K and 60 K. 
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T(K) T(K) 

Figuree 4.20 - Low-temperature (7"< 15 K) linear thermal-expansion coefficient of U:Pt:In along the a-
andd c-axis. The line corresponds to 1/3 of the derived coefficient of the volume 
expansion.. Insert: ay/3 (T< 200 K). 

44 TJ-

Figuree 4.21 - Difference between the specilic heats of L';Pt;ln at constant pressure and volume. 

Thee thermal-expansion data can be used to estimate the specific heat at constant volume. 

Thee difference between cy and cp can be expressed as 
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9a.-\',T 9a.-\',T 

K K 
(4.18) ) 

Usingg the compressibility value of K = 0.68 Mbar (see Section 6.1). the difference c,,-C\ shown 

inn Figure 4.21 is obtained. The relative value icr-c\ )/cr is limited to Y/c up to 200 K. Therefore, 

thee specific-heat data presented in the previous section do not need to be corrected for the 

differencee between cp and c\. 

Thee thermal expansion can be related to the specific heat by means o\' a Griineisen 

parameter.. A physically meaningful Griineisen parameter emerges when part of the entropy can 

bee written as 5,(777 )̂ where Tt is a (volume dependent) characteristic temperature of the entropy 

term.. The Griineisen parameter is defined as [411 

V V 

r,, = 

(( rlS', 

'dV 'dV 

rlS', , 

d\nT\V) d\nT\V) 

ainv v 
(4.19) ) 

Takingg into account the relations 

vv V ( dT ) , , { dV 

and d 

c\-c\- =T 

wheree K is the isothermal compressibility 

KK  = 
V V 

(dy_ (dy_ 
dp dp 

onee obtains 

a vv V 

KC, , 

Itt is useful to define an effective temperature-dependent Griineisen parameter 

« v ( 7 X , , 
r, :: (T) = 

KC(T) KC(T) 

(4.20a) ) 

(4.20b) ) 

(4.20c) ) 

(4.21) ) 

(4.22) ) 

wheree r,„  is the molar volume (V'm = 6.568x10s m 7molkl for U:Pt:In). The temperature 

dependenciess of Vm and K are usually small and can be neglected. 
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Inn general, if the effective Grüneisen parameter is constant in a certain temperature interval, 

onee can identify rcn with the Grüneisen parameter for the particular mechanism that governs the 

thermall  properties in that temperature range [41.42]. 

Thee temperature dependence of the effective Grüneisen parameter of U:Pt;In is shown in 

Figuree 4.22. At high temperatures, the Grüneisen parameter amounts to 1 ph = 3.1. This value can 

bee compared to the value of 2 normally found for the phonon contribution in metals. rcM 

increasess smoothly as the temperature is decreased down to about 40 K. below which a fast 

increasee occurs, reflecting the heavy-fermion character of UiPt:^. At the lowest temperature of 

0.355 K. ren = 56. Similar values have been observed in other heavy-fermion compounds [43]. 

Thee small anomaly near 0.5 K is not significant, as it is an artefact of the experiment. The 

continuouss increase of reff(7) at low temperatures hampers the extraction of the bare NFL form 

fromm the thermal-expansion data. 

60 0 

50 0 

40 0 

-- 30 
CD D 

— — 

20 0 

10 0 

0 0 
00 2 4 6 8 10 12 14 

T(K) ) 

Figuree 4.22 - Low-temperature (7*< 15 K) dependence of the effective Grüneisen parameter of 
U2Pt4n.. Insert: refl at temperatures up to 180 K. 

11 ' ' I ' ' ' I ' ' '  I ' ' ' I ' ' ' I ' ' ' I ' ' ' I  ' 
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4.3.4.3. Discussion 

4.3.1.. Hybridization phenomena and evidence for NFL behaviour 

Thee inter-uranium distances in U^Pbln. shown in Table 4.1. are slightly above the Hil l 

limi tt (~ 3.5 A) for uranium [44|. From this, one may conjecture that UjPtTn would order 

magnetically,, as it is located on the magnetic side in the Hil l plot. However, in the past decade it 

hass become clear that the electronic structure in many U compounds is governed by the 

5f-5f- t/-ligand overlap and that the Hill-limi t picture is too simple. 

It'' the magnetic ordering temperatures of the In and Sn 2:2:1 compounds are plotted versus 

thee square of the calculated hybridization matrix elements, a Doniach-like phase diagram results 

(Sectionn 4.1.2 and Ref. [45]). Interestingly. U:Pt:In is close to the border line between magnetic 

andd non-magnetic compounds. 

Thee participation of 5/-electrons in the bonding in light-actinide intermetallics. leads to a 

compressionn of the 5/'charge densities towards the bonding directions, which are given primarily 

byy the shortest inter-actinide directions [46J. In the UTX (1:1:1) family, it was found as an 

empiricall  rule that the magnetic moment is always directed perpendicular to the shortest U-U 

direction.. However, exceptions for this rule have been found in the 2:2:1 family. In UnRf^Sn 

147]]  the shortest U-U distance is located along the c-axis and yet the U moments are aligned 

alongg the c-axis. In the case of ^P tTn. the shortest U-U distance is located in the tetragonal 

plane.. The susceptibility data show that antiferromagnetic correlations (of the Ising type) are 

foundd along the c-axis. This complies with the shortest U-U distance rule, as reported for the 

1:1:11 compounds. 

Thee analysis of the resistivity leads to a description with a low-temperature term 

T"T" (7~—»() K). with a - 1.2 and 0.9 for the a- and c-axis. respectively. The absence of the usual 

Fermi-liquidd T' term gives strong support for non-Fermi liquid behaviour in U:Pt;In. The 

specific-heatt measurements on a single crystal down to 0.1 K show a clear logarithmic 

divergencyy of c/T below 6 K. i.e. oxer almost two decades of temperature. This puts the NFL 

behaviourr in U-PtTn on firm footing. 
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Neutron-diffractionn studies carried out on single-crystalline ILPbln [30] confirmed that the 

crystallographicc structure is of the ZnAl;-tvpe. The structure refinement showed a perfect 

stoichiometryy in the sense that no significant improvements in the final refinement factor could 

bee achieved by allowing the occupational parameters to vary (including possibilities of atomic 

disorderr like. e.g.. Pt-In site inversion). At 1.5 K. exhaustive scans along different reciprocal 

latticee lines revealed no evidence of any long- or short-range magnetic ordering. 

Polarizedd neutron-diffraction experiments carried out on the same U;PtTn single crystal 

[30]]  probed the local susceptibility at the two U sites: U(4f) and U(4g). The observed 

magnetizationn density in the unit cell, constructed using the maximum entropy method, is 

reproducedd in Figure 4.23 for T = 10 K and B = 4.6 T applied along the [ 101 ] direction. The site 

susceptibilityy of the U atoms at the 4f positions is almost twice that of U(4g). 

Figuree 4.23 - Magnetization density ((001) projection) induced at 10 K by a field of 4.6 'I' in the [ 101 | 
directionn of L':Pt;ln. Contour levels are from -0.01 (dashed) to 0.41 in steps of 
0.022 uB/A\ Taken from Ref. 30. 

Consideringg the average (room temperature) interatomic distances for the two U sites 

(Tablee 4.1). the hybridization on the U(4f) and U(4g) atoms can be calculated separately in the 

samee way as described in Section 4.1.2. The p-, d- and/- hybridizations at the two sites and the 

totall  conduction-electron -/-electron hybridization are shown in Table 4.8. As can be seen, the 

. . 
Atoms s 

•• U(4g) 
•• U(4f) 

' ' 
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hybridizationn is smaller for the U(4f) atoms than for the U(4g). Within the Doniach phase 

diagramm (7"\ versus Vtf) presented before, one may conjecture that the hybridization on the 4f 

sitess "pushes" L!
:PtTn towards magnetic order in a stronger way than the hybridization at the 4g 

sites.. Therefore, a stronger site susceptibility may be found at the 4f sites. 

Tablee 4.S - />-. d-.j- and total hybridization at the two I' sites in I 'P t ln . 

L'(4f) ) 

L'(4g) ) 

^^  h, L ( C V | 

0.136 6 

0.144 4 

Vf>,,, <eV> 

0.764 4 

0.781 1 

\\\\ .[  ( e V ) 

0.164 4 

0.151 1 

V,V, i < e V ) 

0.793 3 

0.825 5 

Thee ratio of the orbital and spin magnetic moments was also estimated and found to be 

approximatelyy the same for the two sites. |uL/(is| = 1.8. This value corresponds to values 

frequentlyy found for U ions in intermetallic compounds [48] and indicates an appreciable 

quenchingg of the orbital moment, when compared to the free-ion lK+ and U4+ configurations, due 

too hybridization processes. 

Thee total moment measured at 10 K in a field of 4.6 T applied along the [101 ] direction 

wass 0.139(9) juB/f.u.. This moment is about 2Ac/c lower than that found in the magnetization 

measurementss (Section 4.2.1). Although the magnetization was not measured for fields applied 

alongg the [101] direction, a value of 0.182 |iH/f-u. at 4.6 T can be estimated by considering 

A/din]] - Mccos"d) + Af,sin~<|). where <t> is the angle between the 1101] and the c direction. The 

neutronn experiments are only sensitive to the magnetization associated with the localized 5f-

states.. which is normally larger than that obtained by bulk measurements. The difference is 

attributedd to a negative conduction-electron polarization [49]. Thus, the positive discrepancy in 

thee case of UnPbln is unusual and at least two possibilities exist for this additional conduction-

electronn polarization: it can arise from either the Pt _V/-electrons or a fraction of the U 5/:states 

thatt is delocalized [30]. A positive conduction-electron polarization has also been found in the 

heavy-fermionn superconductor UPd^Ah [50|. 

4.3.2.. Single-ion scaling and the two-channel Kondo model 

Irrespectivee of the microscopic mechanism responsible for the NFL behaviour in LNPtTn. it 

iss of interest to investigate single-ion Kondo scaling of the NFL properties. Within the two-
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channell Kondo effect (TCKE - see Section 2.3). the specific heat can be expressed as 

c/T=B'-(A'/Tc/T=B'-(A'/TKK)\n(T/bT)\n(T/bTKK)) [51]. Using the values A" = 0.251 R and /> = 0.41 from the TCKE. one 

obtainss TK = 23.2 K and B'- 204.3 mJ/moIi K2. This value of 7~K is close to the Kondo 

temperaturee 1 6 < 7 K < 2 1 K. which can be deduced from the susceptibility data, assuming that 

thee paramagnetic Curie temperature 6 is 3-4 times larger than 7~K [52|. The value of B' is however 

extremelyy high, since it should account for a temperature independent electronic or crystal-field 

backgroundd in c/T. 

Thiss value of TK in U:Pt:ln is also consistent with the one extracted from thermoelectric-

powerr data taken on a single crystal [53]. In the temperature range 5-150 K. the thermopower is 

negativee with a minimum at 7*nim - 25 K. Similar minima were reported for several other heavy-

fermionn compounds exhibiting spin-fluctuation phenomena, with Tmin ~ TK [54]. 

Withh the value of 7K. the coefficient a of the power law in the resistivity. 

p/po== 1 +a (T/TK)". can be calculated: <vy = 2.89 and t/L=0.71 for cta = 1.2 and aL = 0.9, 

respectively. . 

Thee unusual low-temperature susceptibility data yield further support for NFL behaviour. 

Thee theoretical expressions for the magnetic susceptibility of a NFL compound are x - -ln(777"()) 

orr x~ \-l?T&  ((3< 1). depending on the type of system (see Section 2.3). In U2Pt2ln, xAT) is 

dominatedd by anti ferromagnetic correlations below 10 K. therefore, no low-temperature analysis 

cann be done confidently. However. X-^T) continues to rise, at least down to 2 K. Analysing Xa 

( r < l ( ) K )) with a term x* ~ • - V{TIT*)*  one finds (3 = 0.7 and / /=0 .25 . but the limited 

temperaturee range where this behaviour occurs does not allow for a reliable estimate of the 

exponentt p\ 

Thee results of the scaling analysis within single-ion Kondo models are summarized in 

Tablee 4.9. The reduced values of the parameters should be considered as rough estimates since 

thee data were not corrected for the phononic contributions. The high value of B' indicates that the 

specificc heat can not be fully described by the TCKE expression. Furthermore, single-ion models 

aree normally applied in diluted systems where small amounts of an /element are used to partially 

replacee a non-magnetic rare earth or actinide element (e.g. systems like Y|_xUxPd^ and 

Th!.vL\Pd2Ahh [51.55]). while L;
:Pt;In should be considered as a Kondo-lattice system. A clear 

indicationn that the TCKE does not apply to U:Pt:In is that the entropy does not saturate at the 

valuee Vi Rln2 as expected for this model. Nevertheless, the observed scaling of the low 

temperaturee properties shows that the Kondo temperature, being a characteristic temperature of 
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thee heavy-fermion character of LT:Pt;In. can also be taken as a characteristic temperature of its 

non-Fermii liquid behaviour. 

Tablee 4.9 - Parameters from single-ion scaling ol some low-temperature properties ol U :Pt :In. 

a-axiss e-a\is 

/rr = o.:oj/nioi, K : 

« = 1 . 22 « = 0.9 

p,,== I15u i i . cm p(h= 2l()u£2.cm 

r// = 2.S9 </ = 0.71 

[55 = 0.7 

X*0)) = 14x10" m'/mol, 

/>"=().25 5 

4.3.3.. Kondo disorder 

Ann alternative mechanism which can lead to NFL behaviour is the Kondo disorder model 

156].. where the Kondo effect on each /-electron atom sets a different temperature scale, resulting 

inn a broad range of effective Kondo temperatures. One should note that the residual resistivity 

valuess of the U^Ptiln single-crystals are large, po.a and p ( u equal 110 and 200 u.Qcm. 

respectively,, which indicates that disorder is present in the crystals. The origin of this disorder 

remainss unclear. The single-crystal X-ray and neutron-diffraction structure refinement with final 

agreementt factors of 439c and 2.69r respectively, are considered to indicate a high crystalline 

quality.. A small percentage of site inversion (Pt and In inversion) seems also to be excluded by 

thee neutron-diffraction structure refinement. It is also possible that the disorder is somehow 

relatedd to the polymorphism of LT:Pt:In and the presence of two U sites w ith different magnetic 

susceptibilities. . 

Specific-heatt measurements performed on a polycrystalline sample in the temperature 

rangee 0.3 K < T < 5 K yield the same logarithmic divergency as measured on the single crystals. 

Thiss shows that the NFL behaviour is found for the U.iSi2-type of structure (polycrystals) as well 

ass for the ZnAL-type of structure (single crystals). Therefore, the NFL behaviour in Ly2Pt:In is 

notnot related to the presence of two different crystallographic U sites and the difference in U site 

susceptibilityy is not a main ingredient in the origin of the NFL behaviour. 

enen"=-<.<r/"/"=-<.<r/"/KK)in(/'//>)in(/'//> r k> + B 

pp = p „ | l +«(777K>"I 

ZZ = Z( 7=0)|1 W M 7 7 7 K ) 1 
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Onn the other hand, it is clear that the p() values found do not reflect bare residual 

resistivities.. This may be concluded from the following: i) there is a strong current-orientation 

dependencee of the values of p(). with p(Ul = ().56p(U at zero field, which cannot simply be 

attributedd to impurity or defect scattering; ii) both po,a and p{)x vary in field, which indicates that 

att least part of p() is caused by scattering mechanisms other than scattering at crystallographic 

defects. . 

4.3.4.. Magnetic critical point 

Ann appealing scenario for the origin of the non-Fermi liquid behaviour in U:Pt;In is the 

proximityy to a quantum critical point |f»7|. This is reflected in the location of U;Pt;In at the 

borderr line between magnetic and non-magnetic compounds in a Doniach-type of diagram for the 

U2T2XX series (X = In. Sn). Tuning the quantum critical point with an external parameter, e.g. a 

magneticc field or (chemical) pressure, should elucidate the applicability of this scenario. 

Magnetoresistancee measurements show a tendency towards a p ~ T2 law as the field strength 

increases,, suggesting that the magnetic field shifts U^Pt^In away from the quantum critical point 

towardss a Fermi-liquid regime. Specific-heat measurements in field were inconclusive in this 

respectt due to the presence of an important contribution from the In nuclear moments. 

Thee proximity of UjPt:^ to a quantum critical point is best probed with pressure 

experimentss and chemical substitutions. Usually, compounds located at a magnetic instability are 

tunedd towards the Fermi-liquid regime by applying pressure since a reduction of the interatomic 

distancess results in an increase of the hybridization. On the other hand, chemical substitution of 

UU by a larger non-magnetic element like Th should have the opposite effect. Resistivity 

measurementss under pressure were carried out on LNPbln up to p - 1.8 GPa and will be 

presentedd in Section 6.1, while some preliminary results of studies on Th-doped UjPtiln will be 

presentedd in Section 6.2. 

Thee absence of static magnetism in lJ2Pt2ln has been confirmed by detailed muon spin 

relaxationn and rotation (pSR) experiments, which will be presented in Chapter 5. As discussed in 

Chapterr 3. the p.SR technique is a very powerful probe as it enables the detection of tiny ordered 

momentss (which might be overlooked by other techniques). The jiSR technique may also be used 

too investigate whether Kondo disorder is the origin of non-Fermi liquid behaviour. 
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