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6 6 
V yy  Probin g U2Pt2ln in the Doniac h 

phas ee diagra m 

Inn order to probe the (Doniach) phase diagram of U2Pt2ln. resistivity experiments under 

pressuree and Th-doping studies were carried out. The main role of replacing small amounts of U 

byy Th is an expansion of the unit cell, while applying hydrostatic pressure gives the opportunity 

too study the effects of unit-cell volume reduction. This in turn changes the conduction-electron -

/^electronn hybridization and therefore the exchange interaction J. Assuming that U2Pt2ln is close 

too a quantum critical point, it is of interest to study the eventual emergence of magnetic order 

withh Th doping or the recovery of the Fermi-liquid state under pressure. 

Experimentss under pressure were also performed on U2Pd2In in order to study the 

suppressionn o\' the antiferromagnetic ground state. As mentioned in Section 4.1. U;Pd:In is an 

antiferromagneticc heavy-fermion material. On the magnetic side of the Doniach diagram (see 

Figuree 6.17a in Section 6.5). it is the compound closest to U2Pt2In. 

Thee magnetic ground states of some of the 2:2:1 compounds, prepared in single-crystalline 

form,, were investigated, which confirmed their location in the Doniach diagram (Section 4.1.2). 

Thee results are presented in Section 6.4. 
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6.1.6.1. Pressure effects on the resistivity of U2Pt2ln 

Resistivityy measurements under pressures up to 1.8 GPa and in magnetic fields up to 8 T. 

weree carried out in the temperature range 0.3-300 K. The data were taken on bar-shaned single-

crystalss of U:Pt2ln by using a standard four-probe method. Experiments under pressure were 

carriedd out by using the CuBe piston cylinder-type clamp cell described in Section 2.3.1. The 

pressuree values presented in this chapter were corrected for an empirically established efficiency 

off  80%. For each pressure, the resistance curves were normalized to 1 at room temperature. In 

thiss way. possible changes in the geometrical factor (mainly in the distance between the voltage 

contacts)) are taken into account. 

Ass shown in Section 4.2.2. the zero-pressure resistivity curve of UiPtzIn for / || c follows a 

powerr law of the type p ~ T" with a ~ 0.9 at the lowest temperatures. Upon increasing the 

pressure,, a gradually increases for p< 1.0 GPa (Figure 6.1). However, as the pressure is 

increasedd above 1.0 GPa, a minimum in the resistivity develops, which becomes more 

pronouncedd at the highest pressures. 
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Figuree 6.1 - Low-temperature dependence of the resistivity of U2Pt2In for / || c at different pressures. 
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Inn order to investigate whether the observed minimum has a magnetic origin, 

measurementss of p(7") in magnetic fields (B \\ I) were performed at p= 1.8 GPa (Figure 6.2a). 

7~minn decreases smoothly with the strength of the applied magnetic field: Tm-m ~ 4.8 K for 0 = 0 

andd 7"mjn ~ 2.2 K for 8 T. Also, the minimum becomes less pronounced with increasing field. Due 

too the limited range of temperatures and fields available and the relative uncertainty in determine 

TTmmii nn,, it is not possible to clearly trace the evolution of rm;n with B. Figure 6.2b shows that the 

dataa can be fitted with a linear dependence. B = Bu(\ - Tlmn/Tt)) with So = 14.2(7) T and 

7"oo = 4.7(1) K. A typical antiferromagnetic-like field dependence of the ordering temperature. 

BB = B0{1 - (TmJT0)
2f with (3 = 0.8. B0 = 9.2(8) T and T0 = 4.4(2) K, cannot be excluded. 

However,, the latter produces a poorer fit. The field effect on the resistivity curves suggests that 

TTmminin has a magnetic origin. Whether T,mn is associated with magnetic ordering remains 

unresolved. . 
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Figuree 6.2 - (a) Temperature dependence of the resistivity of UiPtiln for / || c and /> = 1.8 GPa at 
differentt longitudinal fields, (b) Field dependence of /',„,„. 

Itt is of interest to note, however, that the structure in p(7") at /; = 1.8 GPa resembles, to a 

certainn extent, the one of an antiferromagnetic phase transition of the spin-density wave type, as 

observedd e.g. in the heavy-fermion antiferromagnets UR^Si: (7\ = 14 K) 111 and UfPto^Pdoosh 

(7"NN = 5.8 K) |2|. In these compounds. p(7~) increases below T\ because of the opening of an 
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energyy gap. At about 0.97\-, p(7") develops a local maximum, below which the resistivity drops 

becausee of the ordered structure. The data in Figure 6.1 for U:Pt2ln under pressure, show no local 

maximumm at temperatures T> 0.157™,,,. If 7"mm is indeed associated with magnetic ordering, the 

absencee of a local maximum is possibly due to the large value of the residual resistance of the 

samples. . 

Thee emergence of a magnetic component to p(7") upon applying pressure is quite 

surprising.. Applying pressure on a compound at the magnetic instability normally leads to an 

increasee of the control parameter J and brings the compound in the non-ordering Fermi-liquid 

regime.. A possible explanation for this unusual behaviour might be offered by assuming that the 

controll  parameter J is not governed by the volume, but by the c/a ratio of the tetragonal unit cell. 

Thiss is suggested by the comparison of the unit-cell volumes and c/a ratios of U:Pt2ln and the 

antiferromagnetss U2Pd2In (7\ = 37K) and U:Pt:Sn (7"N=15K) [3]. Whereas the unit-cell 

volumee of UnPtTn is smaller than that of LNPd2ln and larger than that of INPt^Sn, the c/a ratio is 

alwayss smaller (for simplicity the doubling of the crystal structure along the c-axis in single-

crystallinee ILPbln has not been taken into account) |4]. Thus the appearance of magnetic 

orderingg under pressure could be the result of an increase of the c/a ratio. This in turn requires 

thee compressibility to be anisotropic. 

Inn order to determine the compressibility of U2Pt2ln. X-ray diffraction experiments were 

performedd under pressure at RT by T. Naka (NRIM-Tsukuba. Japan). The resulting lattice 

parameterss under pressure are presented in Figure 6.3. Both the c and a parameters decrease 

almostt linearly with pressure. The compressibility values are almost identical for both axes: 

K;11 = 0.220 Mbar and Kc = 0.242 Mbar . while the volume compressibility amounts to 

KK = 0.682 Mbar . This means that between /?=() and 1.8 GPa. the c/a ratio does not change 

significantlyy (it actually decreases 0.047c). This invalidates the hypothesis that the c/a ratio is the 

controll  parameter for lJ2Pt2ln in the Doniach diagram. 

Resistivityy experiments under pressure were also carried out for the current along the a-axis 

(Figuree 6.4). Interestingly, the results differ very much from the results for I \\ c. In Section 4.2.2 

itt was shown that the zero-pressure resistivity curve for / || a follows a power law p ~ T'" with 

aa = 1.25 at the lowest temperatures. Upon increasing the pressure, a gradually increases and no 

minimumm in p( 7") is observed up to p - 1.8 GPa. 
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Figuree 6.3 - Pressure dependence of the lattice parameters of U:Pt2In. 
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Figuree 6.4 - Low-temperature dependence of the resistivity of U2Pt2In for / || a at different pressures. 

Thee pressure dependence of the exponent a is shown in Figure 6.5a. The Fermi-liquid 

valuee of a = 2 is reached at p ~ 1.0 GPa. Upon further pressure increase, there is an increase of 
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thee temperature 7>L below which a p ~ T~ behaviour is observed. The pressure dependence of 

7FLL is shown in Figure 6.6b. According to the theory of Rosch [5] for the resistivity of heavy-

fermionn materials close to an antiferromagnetic quantum critical point (see Section 2.4). the 

temperaturee below which a p ~7 behaviour is observed should vary initially as 7Vi. = «i (p-pc) 

andd at higher pressures as TFL = am ip-po) , where pc is the pressure at which the QCF occurs. 

Thee region where the linear behaviour is observed depends on the amount of disorder x in the 

systemm (,v=l/RRR). The Tmip) behaviour in L^Pbln for / || a is consistent with a linear 

dependencee with pc = 0. A p ~ T region is predicted to occur for x < TIV < xU2 (x < 1). where T 

definess the temperature scale where the spin fluctuations are destroyed (F ~ 7R or 7"a)h). Defining 

aa region where p ~ T for the different pressure values (see Figure 6.6a for p= 1.8 GPa). the 

diagramm of Figure 6.6b can be constructed, from which it follows that x = 0.34 and T = 8.l K. 

Thee fact that x < 1/RRR indicates that the residual resistivity observed in UiPtiln for / || a is not 

uniquelyy due to impurity or defect scattering. The distance to the QCP is given by r=  L,p with 

CC = 0.11 GPa'. 
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Figuree 6.5 - Pressure dependence of the resistivity exponent a lor / || a. 
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Figuree 6.6 - (a) Temperature dependence of pa - pn.a for UiPtiln under p = 1.8 GPa. (b) Pressure 
dependencee of the temperature below which p ~ T' and the temperature interval where 
pp ~ T. The lines are defined in the text. 

Therefore,, the resistivity data under pressure for I |j a are consistent with the location of 

UiPt :^^ at or close to a QCP. Pressure increases the exchange parameter J. shifting the 

compoundd towards the non-ordering Fermi-liquid regime. These results for I || a indicate that the 

minimumm in pc(7) is most probably not related to magnetic order. 

Att high temperatures, the resistivity curves also have different characteristics for the two 

crystallographicc directions. The anisotropy in the transport properties increases with pressure in 

thee whole temperature range studied, as shown in Figure 6.7. As the pressure is increased. pa 

tendss to decrease, while pc increases, thus the difference pc - pa increases (Figure 6.7b). 

Assumingg that the difference pc(7") - pa(7) is due to an extra resistivity component only present 

forr 11| c. the effect of pressure is to enhance this component, without significantly changing its 

temperaturee dependence. This implies that the minimum in pc(7) is probably a consequence of 

thee enhancement of a resistivity component for ƒ || c. 
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Figuree 6.7 - (a) Temperature dependence of the resistivity of U2Pt2In for / || a and / || c at different 
pressures;; (b) Difference pc(7")-pa(7"). Notice the log'/'scale. 

Thee temperature Tm at which a maximum in the resistivity occurs increases strongly for 

ƒƒ || a. but decreases slightly for I || c. According to the theory of Yoshimori-Kasai for the dense 

Kondoo system [6], the temperature Tm is approximately proportional to the Kondo temperature 

7K.. The volume dependence of 7K is given by a Griineisen parameter defined as 

d\uTd\uTv v 

r. . ainv v 

wheree VQ = V(p=0). Since Tm <x 7K. it follows that [7] 

'v-vA' 'v-vA' 

(6.1) ) 

v: : 
in n 

TJP) TJP) 
TJO) TJO) 

(6.2) ) 

Thee volume change is AV/V0 = -Kp. The values of ln[7,„(/;)/7m(/;=0)] are plotted versus 

AV/Vnn in Figure 6.8. The slope of the straight lines through the data points yields the value of TK. 

Nott considering the point for 11| a at p = 1.8 GPa. where the maximum is not well defined, a 

valuee of rK.a = 1 can be estimated for I \\ a. This value is close to the values of 59 and 65 

reportedd for the heavy-fermion compounds CelnCui and CeCufl . respectively [7]. This indicates 

thatt the strong pressure dependence of Tm observed in l^Pt^In (/ || a) is not unusual. The increase 

off  7"K reflects the increase of the conduction electron -/-electron hybridization and. therefore, the 
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increasee of the exchange parameter J. This is in agreement with the appearance of a FL p ~ T~ 

behaviourr at low temperatures. 

Thee slight decrease of Tm for 11| c. on the other hand, is unexpected. A similar analysis of 

thee pressure dependence of Tm as performed for / 1| a. yields a Griineisen parameter 

r K cc = -6.8(7). Since 77K should not depend on the current direction, this value of FK.C indicates 

thatt the maximum observed in pc(T) is not due uniquely to the Kondo effect. The enhancement of 

ann extra anisotropic resistivity component under pressure (mainly present for 11| c) occurs even at 

highh temperatures (Figure 6.7b). Therefore Tm cannot be taken to be proportional to TK for this 

currentt direction. 
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Figuree 6.8 - Values of \n[Tm(p)/Tm(p=0)]  as a function of volume change [V(p=0)-V(p)\/V(p=0) for 
U2Pt2In. . 

Resistivityy measurements under pressure were also performed on other single-crystals of 

U2Pt2ln.. Although all the crystals were cut from the same batch, there is a slight sample 

dependencee of some of the features. The data under pressure presented so far were all measured 

onn one single crystal (sample #1). It had a platelet shape such that the current could be applied 

alongg the a- and c-axis. Measurements on a second crystal (sample #2) with I || c and on a third 

crystall  (sample #3) with / || a. confirm the overall behaviour of the resistivity curves under 
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pressure:: an increase of the transport anisotropy. the development of a minimum in pjT) at low 

temperaturess and the recovery of a T~ term in p.^T). 

However,, the values of 7~mm are different for samples #1 and #2. For sample #2. the 

minimumm shows up for p> 1.2 GPa and attains values of 7mm ~ 1.2 K at p = 1.5 GPa and 

TTminmin -2 .1 K at p = 1.8 GPa 18J. The field dependence of 7mm at p - 1.8 GPa has the same form as 

shownn in Figure 6.2b for sample #1. Also, at high temperatures, the absolute values of the 

maximumm Tm are slightly different, but the pressure dependence of 7"m remains the same. The 

Griineisenn parameters obtained are rK.;, ~ 45 (sample #3) and rK., - -2 (sample #2). These values 

doo not differ significantly from the values obtained for sample #1. 

6.2.6.2. Studies  of  Th doping  in  U2Pt2ln 

Resistivityy studies on polycrystalline {U|.xThx)2Pt;In samples ( 0 < x< 1) reported in the 

literaturee [9.10], indicate that the low-temperature behaviour of p(7) gradually changes, from 

linearr in T as observed for undoped U:Pt2ln towards a quadratic behaviour as the Th content 

increases.. The resistivity of the sample with x = 0.1 shows a knee at about 19 K. which suggests 

magneticc ordering. However, it should be noted that a small amount of UPt impurity phase, 

possiblyy present in the sample, could also give rise to a similar anomaly, as UPt has two 

ferromagneticc transitions at 19 K and 27 K [ 1 1). 

Inn this section, results are presented on polycrystalline samples of (U|_v,ThO:Pt:In with 

x = 0.. 0.03. 0.08 and 0.1. The samples were prepared by L.CJ. Pereira (Technological and 

Nuclearr Institute. Portugal) by arc-melting the constituents under a purified Ar atmosphere. The 

crystallographicc structure and the lattice parameters were determined by X-ray diffraction [12]. It 

wass found that all polycrystalline samples crystallize in the simple U;,Si:-type of structure. The 

latticee parameters and unit-cell volume are given as a function of x in Figure 6.9. The unit-cell 

expansionn is almost isotropic. The volume increases linearly with x. However, the prepared 

materialss were not single phase. All samples have small amounts of UPt and/or UPtln as 

impurityy phases. UPtln is an antiferromagnet with = 15 K [ 13|. Due to the non-single phase 
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characterr of the Th-doped samples, the results presented here should be considered as 

preliminary. . 
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Figuree 6.9 Lattice parameters and unit-cell volume of polycrystalline (Ui.xThx)2Pt2In. Data taken 
fromm Ref. 12. 

Ass mentioned in Section 4.3.3, specific-heat measurements on polycrystalline UiPfdn 

showw the same logarithmic divergence of cIT as observed on single crystals. However, in the 

polycrystalss small amounts of UPtln and UPt impurity phases were detected by X-ray diffraction 

andd magnetization measurements. These small amounts of impurity phases (less than 5 w.%) 

weree not detected in the specific heat. Due to the high electronic specific heat of ILPtiln, the 

low-temperaturee contribution from the impurity phases is unobservable. 

Magnetizationn measurements were performed on (Uo.95Th0.o5)2Pt2ln in the temperature 

rangee 2-300 K and in fields up to 5 T. Both the temperature and field dependence of the 

magnetizationn M reveal the presence of a ferromagnetic component with Tc ~ 25 K. consistent 

withh an UPt impurity phase. The M{B) curves are shown in Figure 6.10a. Below 30 K. the 

saturationn of the ferromagnetic contribution of the UPt impurity phase in low fields is clearly 

visible.. At higher fields M(B) is almost linear. Assuming that the high-field linear behaviour 

(B>(B> 1 T) is only due to the main phase, the susceptibility %DC of (Uo.ysThn.ojbPt:̂ can be 

extractedd by taking the slopes of the M(B) curves at high fields. The low temperature values of 
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thee magnetization obtained by extrapolating the linear high-field behaviour to B=0 are consistent 

withh the presence of about 3 w.% of UPt. in agreement with the value estimated from the X-ray 

structuree refinement. The results of J(dc = und/V//dB are shown in Figure 6.10b. A maximum in 

XdcCOXdcCO appears at low temperatures. The maximum possibly indicates antiferromagnetic ordering 

att TS _ g(2̂  K. However, it is also nossible that the maximum is related to the presence of short-

rangee antiferromagnetic correlations, as in the case of U;PtTn with B || c. The high-temperature 

(T>25K)) XöAT) curve follows a modified Curie-Weiss law with %0 = 1-4(1 )xl0"8 m3/molu, 

(J.efff  = 1.8(4) u:B/U and 8 = -29(2) K. However, it should be stressed that due to the presence of 

impurityy phases, the Xdc(7") curve should be considered as indicative and its analysis should be 

takenn with care. 

1.4-- • - - - 14 

(UU "m ) Pt In / T=2K. f, 

1.2-- / - -' " 12 

(a)) Sm (b) 7-C0 

Figuree 6.10-(a) Field dependence of the magnetization of (Ui,9?Th„ (ls):Pt;In. (b) Temperature 
dependencee of Ihe high-field slope of the M(B) curves. The line represents a modified 
Curie-Weisss law. 

Zero-- and transverse-field (iSR experiments were carried out on the same 

(Uo.95Tho.o5hPt2lnn sample in the temperature range 2-200 K. Reasonable fits to the zero- and 

0.011 T transverse-field spectra can be obtained with a Gaussian or exponentially damped 

depolarizationn function. An important feature of the data is that part of the asymmetry is missing. 

Inn the TF-ttSR spectra with B - 0.01 T. the full asymmetry A ~ 0.24 is observed above 15 K. 
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Thiss value of the asymmetry is determined by the experimental geometry and sample size. Below 

aboutt 15 K the asymmetry drops to a value of A -0.15. which implies that an additional fast 

componentt to the pSR signal appears, which has not been accounted for in the fits. A fast 

component,, i.e.. a component with a high depolarization rate, must have its origin in a 

magneticallyy ordered phase. The drop in the asymmetry near 15 K (M ~ 0.09). is too high to be 

attributedd to the presence of- 3 w.?c of UPt impurity phase. 

Althoughh no reliable fits to the spectra at low temperature were obtained, a common 

featuree appeared in all fit attempts: as the temperature is decreased below 25 K, the zero-field 

depolarizationn rate increases and has a tendency to diverge at about 10 K. below which it regains 

aa low value. A divergency of the depolarization rate is often associated with an antiferromagnetic 

transitionn [14], which is in agreement with the antiferromagnetic-like XDC(T) curve. 

Transversee field pSR experiments in 0.01 T were carried out on (U<).t,7Tho.o3)2Pt2ln for 

2.55 < T< 100 K. In contrast to the results obtained on the x = 0.05 sample, no significant loss of 

asymmetryy was found at low temperatures. Best fits to the spectra were obtained using a damped-

Gaussiann depolarization function: P(t) = PG(t) exp(- K̂0 with PG(t) = exp(-AG
2r/2)cos(coO- Here, 

thee temperature-independent Gaussian relaxation rate was found to be AG = 0.17ps'. which 

possiblyy accounts for the In nuclear contribution. This value is much reduced with respect to the 

onee observed on U2Pt2In (AG = 0.34 u.s_1). It should be noted that the crystallographic structures 

aree different and therefore different muon stopping sites might be involved, leading to a different 

valuee of AG from the distribution of In nuclear moments. The damping of the Gaussian term is 

observedd below 10 K with XE increasing below this temperature. Whether this increase is 

associatedd with a dynamic or a static magnetic component cannot be determined from the 

availablee data set. 

Recently,, polycrystalline (U|.xTh,)2Pt2ln samples with x = 0.03. 0.05, 0.08 and 0.1 were 

preparedd with lower amounts of impurity phases [12]. Specific-heat measurements carried out by 

G.. Bonfait (Technological and Nuclear Institute. Portugal) on these samples do not confirm 

magneticc order above 2 K. It would be of interest to carry out U.SR experiments on these samples 

ass well, in order to look for weak magnetism. Clearly, single-phase samples are highly desirable 

too reliably determine the presence of magnetic order. 
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6.3.6.3. U2Pd2ln - resistivity under pressure 

Ass mentioned in Section 4.1. U;Pd;In is an antiferromagnet with 'f\ = 37 K 115.16]. The U 

magneticc moments are confined to the basal plane and form a non-collinear magnetic structure. 

Att lOK.Ui = 1.6 ,uB [15]. 

Resistivityy measurements under pressure were performed on a single crystal of LNPdiln in 

thee temperature range 0.3-300 K at pressures up to 1.8 GPa. The shape of the sample restricted 

thee current to be applied along the [101] direction. The p(7") curves are shown in Figure 6.1 la for 

pp = 0.2, 1.0 and 1.8 GPa. The shape of the curves does not change significantly with pressure. 

Thee value of 7\ decreases only slightly from 37.4(5) K at p = 0.2 GPa to 35.2(5) K at 

pp = 1.8 GPa (Figure 6. l ib) . 
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(b)) Pressure dependence of 7\. The line is a guide to the eye. 

Thee small decrease of 7\, under pressure is consistent with the location of U;PdTn at the 

maximumm in the Doniach phase diagram for the U2T2ln family of compounds (Section 4.1.2 - see 

alsoo Figure 6.17). Upon pressure, the hybridization increases and thus also the exchange 
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interactionn J. For p < 1.8 GPa. the increase of the hybridization strength only shifts the position 

off  the compound in the Doniach phase diagram around the relatively broad maximum of T\(J). 

6.4.6.4. Magnetization  studies  of  several  U2T2X compounds 

Inn order to partially confirm the general Doniach phase diagram for the U:T;>X family of 

compoundss presented in Section 4.1.2. the magnetization MA and Mc. where a and c denote the 

directionn of the applied field, of several U:T:X single-crystals was measured for 7">2K and 

BB < 5.5 T. The measurements were performed after zero-field cooling (ZFC) and. in some cases, 

afterr field cooling (FC). using a SQUID magnetometer at the University of Lisbon. 

6.4.1.. U2Co2Sn 

Abovee 25 K the magnetizations Ma and A/L of U2Co2Sn (Figure 6.l2a) are linear functions 

off  #. which is typical of a paramagnetic state. At lower temperatures. M^B). and to a lesser 

extentt MjB). depart significantly from linear behaviour. Over the entire temperature range and 

forr B < 5.5 T. ML > MA which shows an important easy-axis anisotropy. 

Thee M(T) curves do not show any sign o\' magnetic ordering (see Figure 6.12b for B \\ c at 

22 T). Above 20 K. the d.c. susceptibility curve. yjT) = M(T)IH. follows a Curie-Weiss law with 

66 =-24.5 K and a reduced effective moment \xM - 1.65 |aVU. indicating the presence of 

hybridizationn effects. For all field directions, the low-temperature ( 7 < 2 0 K) MIH values are 

higherr than those given by the Curie-Weiss law extrapolated from the high-temperature range, as 

shownn in Figure 6.12b for the c direction. The observed difference could indicate the presence of 

ferromagneticc spin fluctuations. However, the negative paramagnetic Curie-Weiss temperature 9 

suggestss antiferromagnetic correlations. The two contributions indicate the possibility of 

differentt magnetic interactions on the U and Co sublattices. It should be noted however, that the 

MiB)MiB) curves are not linear below 25 K. This means that the comparison of the MIH values with 

thee Curie-Weiss behaviour should be taken with care. 
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Figuree 6.12 - Magnetization of U:Co;Sn (solid symbols: B || c: open symbols: B||a). a) Field 
dependencee at T= 2 and 25 K. b) Temperature dependence measured in a field of 2 T 
appliedd along the c-axis. The line represents a high temperature Curie-Weiss behaviour. 

Inn order to determine if the Co atoms carry a magnetic moment, the magnetization density 

distributionn in the unit cell was measured at 2 K by means of polarized-neutron scattering 

experimentss under a magnetic field of 5.5 T applied along the c-axis 117|. It was found that the 

majorr contribution to the magnetic susceptibility is located on the U atoms. u( =0.1 18(3) LtB. but 

aa small response from the Co atoms was also present. |i(„  = 0.013(2) |iB. At 2 K and 5.5 T. the 

inducedd magnetization along the c-axis is 0.220 uB/f.u. to be compared with a value of 

0.262(7)) jiB/f.u. determined by neutron scattering. The difference is likely due to a negative 

conduction-electronn polarization. 

6.4.2.. U2Ru2Sn 

Experimentss carried out on polycrystalline samples have shown that U:Ru2Sn is a weak 

itinerantt paramagnet [18]. This is confirmed by magnetization measurements on single crystals. 

AA linear behaviour of the magnetization is observed as a function of applied fields up to 5.5 T 

(Figuree 6.13a). MIT) shows a weak temperature dependence (Figure 6.13b) and the 
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magnetizationn curves show no difference when measured after ZFC and FC. At room 

temperature,, the susceptibility along the a-axis reaches a value of 2.51x10" mVmol only. This 

valuee is further gradually reduced below 200 K to 1.98x10s m7mol at T=5 K. 
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Figuree 6.13 - Magnetization of U2Ru2Sn for fields applied along the a-axis. (a) Field dependence at 
temperaturess as indicated, (b) Temperature dependence at li  = 1 T. 

Recently,, resistivity data taken on polycrystalline samples were reported [19]. which 

possiblyy reveal Kondo insulating behaviour. A sharp rise in the resistivity was observed at low-

temperaturess (T< 30 K). which could be an indication of semiconducting behaviour due to gap 

formationn in the electronic density of states with an energy gap of the order of 1 K. So far, this 

hass not been confirmed by the single-crystal magnetization data. 

6.4.3.. U2Rh2Sn 

Thee ZFC magnetizations. Ma(T) and MQ{T), of U2Rh:Sn are shown in Figure 6.14a for 

BB = 0.05 T. For both field directions a well defined peak in the susceptibility is observed, which 

signalss an antiferromagnetic transition with a Néel temperature Ts = 28(2) K. 
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Overr the whole temperature range studied Ma < Mc. This shows that the unique tetragonal 

axiss is the easy axis for magnetization. The pronounced peak observed in MC(T) indicates that the 

magneticc moments are aligned along the c-axis. In a simple ideal antiferromagnet. the 

susceptibilityy measured for the field direction perpendicular to the magnetic moments should be 

almostt constant below 7*N. The small peak at 7\ observed in Afa(7) is possibly due to a small 

misalignmentt of the crystal with respect to the magnetic field direction. In fact, if one considers a 

misalignmentt of only 5° between the field direction and the a-axis. the magnetization becomes 

almostt constant for temperatures up to 7N and the peak is much reduced (Figure 6.14a). 

Thee M(B) curves (Figure 6.14b) show a linear behaviour for fields up to 5.5 T in both 

directionss (B || c and B || a). No hysteresis was observed for either field direction over the whole 

temperaturee range studied. 
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Thee susceptibility curves show that there is an important magnetic anisotropy even in the 

paramagneticc region. For B || c. a Curie-Weiss behaviour is detected for temperatures above 7\ 

withh 6 = -105(2) K and an effective moment per U atom |icn = 2.80 \XHI\J. For B || a. x~l(T) shows 

aa positive curvature for the higher temperatures in the paramagnetic region, well described by a 

file:///XhI/J
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modifiedd Curie-Weiss law with 0 = -60(2) K. uc!t - 1.34 uB/U and /u = 1.9xl()"s m7moltL1. This 

modifiedd Curie-Weiss behaviour could be due to a small misalignment of the crystal with respect 

too the direction of the field, which leads to an additional contribution from the c-axis to the total 

magnetizationn measured. Therefore, the smaller value of |iL.ty that was found for B \\ a should be 

treatedd with caution. Accurate determinations of p.cn along both axes require a perfectly aligned 

crystall  and an extension of the measurements to higher temperatures. It is likely that 

hybridizationn effects between the ^electrons and the ligands. as found in the UTX family of 

compoundss |2()]. contribute significantly to this strong anisotropy in the paramagnetic region. 

Antiferromagneticc order of the U moments was confirmed by neutron-scattering 

experimentss on a single crystal [21]. The data reveal that L^RhjSn orders in a collinear magnetic 

structuree along the c-axis with /. = (0.0.1/2) (magnetic unit cell doubled in the c direction 

comparedd to the nuclear cell). The refined value of the ordered magnetic moment at the U atom 

iss 0.53(2) HH. 

Interestingly.. L^Rh^Sn presents an exception to the empirical rule (obtained for the UTX 

compounds)) that the ̂ moments should point perpendicularly to the shortest f-f"bond distances, as 

inn this compound the shortest interuranium distances are found to lie along the easy axis 

U/„„  = 3.63 A). 

6.4.4.. U2lr2Sn 

Thee magnetization of LMriSn measured in fields applied along the a- and c-axis. shows the 

presencee of a ferromagnetic phase below 50 K (Figure 6.15). Below this temperature, the MIH 

valuess strongly deviate from a Curie-Weiss behaviour. The M(B) curves indicate the saturation of 

aa minority ferromagnetic phase at low fields, although the structural analysis of the single-

crystalss did not reveal the presence of an impurity phase. The impurity that is likely to be present 

inn small quantities in the samples at e.g. the grain boundaries, may be Ulr. a ferromagnet with 

TT(( = 46 K and \Xy ~ 0.5 | iB [22|. Considering that the slope of the M{H) curves at high fields is 

duee to the U;Ir;Sn matrix, the saturation magnetization of the ferromagnetic impurity can be 

extracted.. At 5 K one obtains \i\ i, ~ 0.003 |iB. Comparing this value with the moment of pure 

Ulr.. results in the presence of about 0.6(7r of Ulr impurity phase in the single-crystalline samples. 
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dependencee for 1 T applied along the a-axis. The line is a high-temperature Curie-Weiss 
fit.. b) Field dependence at T= 5 and 40 K. 

The-highh temperature (T> 50 K) susceptibility follows a modified Curie-Weiss behaviour 

withh a high Curie-Weiss temperature and a very much reduced effective moment: 

XoXo = 1.4x10" m /mol, 0 - -106 K and u.ct| = 1.0 \iu/U for B \\ a. A strong anisotropy is present in 

thee system which persists up to 300 K. typical of systems with pronounced spin fluctuations. The 

c-axiss is the easy direction of magnetization. 

Duee to the presence of the ferromagnetic impurity phase, a detailed study of the 

magnetizationn of LMi'̂ Sn was not carried out. 

6.4.5.. U2Ni2ln 

Thee magnetization of L'ATI n is linear in applied fields up to 5.5 T. The ZFC M{T) curves 

forr ITNiil n in a field of 0.05 T are shown in Figure 6.16. The measurements show a typical 

behaviourr of an antiferromagnet with 7\ = 15.0(5) K. In contrast with what is expected for 

antiferromagnetss with collinear structures, an extremely small magnetic anisotropy is observed in 

thee ordered state, as evidenced by the similarity of Ma(7) and MC(T). 



128 8 ChapterChapter 6 

11 5 

1.0 0 

0.5 5 

0.0 0 

>> • 

BB || [100] 
OO || [001] 

55 II [110] 

V V 

00  5 0 10 0 15 0 20 0 25 0 30 0 35 0 

7"(K ))  , 

10 0 200 30 

T(K) T(K) 

40 0 50 0 

Figuree 6.16 - Temperature dependence of the magnetization of L';Ni :In in a magnetic field of 0.05 T 
appliedd along the a. c and [110] directions. Insert: inverse susceptibility for B || a. 

Neutron-diffractionn experiments on a UiNiTn single-crystal [23] indicate a non-collinear 

antiferromagneticc structure with the moments aligned along the [110] and [110] directions and a 

magneticc propagation vector k = (0,0,1/2). The size of the ordered U moments amounts to 

0.92(2)) (ie and no moments were found on the Ni sites, in contrast with what was reported in 

studiess on polycrystalline samples [24]. 

Magnetizationn measurements were also performed with magnetic fields applied along the 

[11 10] direction. Also in this direction. M(T) follows the same behaviour as Md and Mc. High-

temperaturee fits of the susceptibility to a modified Curie-Weiss law yield the results shown in 

Tablee 6.1. The parameters obtained are similar in all field directions. 

Thee reason for the similarity of the M(T) curves for all studied field directions remains 

unclear. . 
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Tablee 6.1 - Results from the fits of the susceptibility ot'U;Ni:In to a modified Curie-Weiss law. 

BB |t [100] 

flfl  || [110] 

fi||fi|| [0011 

X'. . 
(10"yy m'/mol) 

1.8 8 

1.2 2 

1.9 9 

e e 
(K) ) 

-73 3 

-92 2 

-64 4 

Het, , 

(uB/U) ) 

2.3 3 

2.5 5 
ii i 

6.5.6.5. Discussion 

Thee measured resistivity of LT:Pt2ln under pressure is consistent with an increase of the 

controll  parameter J upon pressure, bringing this compound into the Fermi-liquid regime. The 

pressuree dependence of the temperature 7"R. below which p;i ~ T2, is also consistent with the 

locationn of Ü2Pt2ln at or close to a QCP. A highly anisotropic resistivity component mainly 

presentt for I || c is strongly enhanced upon pressure. A minimum in pe(7*) develops as a 

consequencee of this enhancement. The origin of this extra component remains unclear. 

Thee effect of Th doping can be considered, in a first approach, as being equivalent to 

negativee hydrostatic pressure. A comparison between the unit-cell contraction upon application 

off  pressure and the unit-cell expansion upon Th doping, yields a value of -20.4 GPa/x. This 

impliess that AV/V() for x = 0.03. 0.05. 0.08 and 0.1 corresponds to - AV/V() for p = 0.6. 1.0. 1.6 

andd 2.0 GPa. respectively. 

Therefore,, magnetic order could be expected to occur for the Th-doped compounds. The 

orderingg temperature should increase with increasing Th content. Although the preliminary |iSR 

experimentss described are consistent with this hypothesis, the specific-heat results seem to 

contradictt it. The presence of impurity phases in the samples unfortunately hampers the proper 

determinationn of the magnetic phase diagram of (UMThJ:Pt:In. Therefore, the results regarding 

Thh doping presented in this chapter, should be considered as preliminary and taken with caution. 

Assumingg that the atomic coordinates do not change with pressure, the isotropic 

compressibilityy indicates that the primary effect of pressure is a uniform reduction of the 

interatomicc distances. Therefore, the hybridization matrices can be calculated for U2Pt:In under 

pressure.. The total hybridization Vt1 increases about 2.3% from />=() to p= 1.8 GPa. The 
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temperaturee 7>L below which a p ~ T~ behaviour is observed is plotted in Figure 6.17b as a 

functionn of' \\.~. where \\,r « J. 

Thee antiferromagnetic ordering temperature of l^Pcbln decreases slightly with pressure, as 

evidencedd by the resistivity measurements. Taking for INPcMn the same compressibility value as 

forr U:Pt;In. the hybridization can be calculated in the same way as before. From p=0 to 

pp = 1.8 GPa. VCf increases 2.47c. The values of 7\ are also shown in Figure 6.17b. 
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Recently,, magnetization, resistivity and neutron-diffraction studies on the system 

U2(Pti,NiJ;lnn have been reported [25]. No magnetic order was found down to 1.7 K for the 

polycrystallinee samples with x < 0.4. For x > 0.5. antiferromagnetism is present with 7\ 

increasingg from ~ 1 I K for x = 0.5 to ~ 14 K for x = 1. The evolution of Ts upon Ni doping is not 

consistentt with the Doniach phase diagram for the U;TTn compounds (Figure 6.17a). However, 

theree is a strong suppression of the heavy-fermion character of U:Pt2ln upon Ni doping which 

mightt reflect a strong modification of the density of states at the Fermi surface [25]. 

Thee tentative phase diagram presented in Figure 6.17b is consistent with the location of 

l^Ptil nn at or close to a quantum critical point (QCP). Whether the non-Fermi liquid behaviour is 
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presentt only at the QCP or for a finite region of J values around the QCP is a question that can 

onlyy be answered by a more thorough study of the phase diagram. This could be done by 

investigatingg single-phase samples of (U|_xThx)2Pt:In or preferably U:(Pt|XPdj2ln. 
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