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5 5 
V ^^  Muon spi n relaxatio n and rotatio n 

inn U2Pt2ln 

Thee main purpose of using the (iSR technique in the study of non-Fermi liquid compounds 

iss to demonstrate the absence of static magnetism with tiny ordered moments. This weak 

magnetismm is commonly observed in heavy-fermion compounds, and might be overlooked by 

macroscopicc magnetic, thermal and transport techniques. Also, because the muon is an extremely 

sensitivee magnetic probe, important information about magnetic fluctuations can easily be 

extractedd from the data. In this chapter, results of zero-, longitudinal- and transverse-field U.SR 

experimentss carried out on single-crystalline U^PtTn are presented. The experiments were 

performedd at the GPS and LTF spectrometers of the Paul Scherrer Institute (Switzerland). For a 

brieff  description of the p:SR technique and the relevant theoretical aspects see Section 3.6. 

5.1.5.1. Zero field 

Zero-fieldd (ZF) |iSR experiments were performed in the temperature range 0.05-200 K. 

Thee spectra obtained give no evidence of magnetic order down to the lowest temperatures. Best 

fitss to the muon relaxation curves, as measured in the GPS. were obtained using a two-

componentt function, consisting of an exponential and a Gaussian term (Figure 5.1): 
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P(t)P(t) = ABPE(t) + AGPa(t) = AEexp(-XEt)+AGexp{-(A0t)
2/2) . (5.1) 

Inn this nomenclature. A\ is the amplitude of the component i with the normalization AE+AG = 1. 

Noticee that in this case the sample was mounted with mylar foil on a fork-like holder, such that 

thee contribution from the sample holder can be neglected. For the measurements in the LTF. the 

samplee was mounted on a silver plate. Since the dimensions of the sample are smaller than the 

muon-beamm window, an extra nuclear contribution of the Kubo-Toyabe type arises from the 

silverr plate. This Kubo-Toyabe term has a temperature-independent amplitude AKG = 0.76 (with 

AE+AG+AKGG = 1) and a depolarization rate AKG ~ 0.01 p:s" . 
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Figuree 5.1 - Depolarization spectrum of U:Pt2In at 5 K. The solid line is the total depolarization 
functionn and the dashed and dotted lines represent the exponential and Gaussian 
components,, respectively. 

Inn Figure 5.2. the depolarization rate of the exponential component is shown. XE is almost 

constantt above 7.5 K, while it increases strongly below this temperature. Notice that the 

susceptibilityy of UiPtiln goes through a maximum at Tmux = 8 K. which indicates the presence of 

short-rangee antiferromagnetic correlations. Therefore, the strong increase of XE may very well be 

relatedd to the stabilization of antiferromagnetic correlations. For the Gaussian component, on the 

otherr hand. AG ~ 0.34 \is]. independent of temperature. This temperature-independent behaviour 

suggestss that the Gaussian component is associated with a random distribution of nuclear 
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moments.. The dominant nuclear contribution comes from the In nuclei, with spin 9/2 and 

magneticc moment 5.5 u.N. The contribution of the Pt nuclei (I = 1/2. u ~ 0.6 |iN. 34% abundancy) 

iss much smaller. 

AE(T)/[AAE(T)/[AEE(T)+A(T)+AGG(T)](T)]  has approximately the same form as XE(T) with values ranging from 

0.22 at high temperatures to about 0.8 at 0.05 K. If each of the two components is associated with 

aa different muon-stopping site ((J.-S.S.), the amplitude ratio should be temperature independent as 

itt depends only on the crystallographic multiplicity of the |i-s.s.. The observed temperature 

dependencee of the amplitude ratio indicates that the two components represent two magnetic 

contributionss to the ZF-U.SR signal, originating from one or more stopping sites. 
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Figuree 5.2 - Temperature dependence of the depolarization rate of the exponential contribution to the 
ZF-U.SRR signal in U2Pt2In. Notice the logarithmic Tscale. The line is a guide to the eve. 

Thee observed value of A c can be compared with the calculated one for a random 

distributionn of In nuclear moments. A distribution of randomly oriented nuclear moments wil l 

producee a depolarization rate (Kubo-Toyabe depolarization rate) given by [ l ] 
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wheree (in is the vacuum permeability and yN the gyromagnetic ratio of the nuclei with spin I. r, is 

thee vector connecting the muon site and the nucleus /. while 9, is the angle defined by r, and the 

initiall  muon polarization PLl(0). 

Sincee the (i-s.s. are not known, AKT is calculated for different possible sites. In ITPtTn 

severall  interstitial positions with high symmetry are unoccupied. These are the best candidates 

forr stopping sites. The crystallographic sites and their coordinates for the PA^Imnm space group 

aree listed in Table 5.1. The sites with the highest symmetries are shown in Figure 5.3. 

Tablee 5.1 - Crystallographic positions and coordinates for the PAilmnm space group (ILPtiln). 
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Figuree 5.3 - Crystal structure of l':Pt;In with some interstitial sites with high symmetry indicated. 
Note:: U, = U(4f), U2 = U(4g). 

Thee Kubo-Toyabe depolarization rate can be calculated by taking into the account the 

gyromagneticc ratio of the In nuclei (Ito =9/2, Uh = 5.5408 uN): Yin/271 = ju/hl = 9.3855 MHz/T. 
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Usually.. AKT is calculated by performing the sum in equation 5.2 inside a Lorentz sphere and 

approximatingg the sum outside the sphere by an integral [2|. Considering the symmetry of the In 

positions.. ART can also be calculated by evaluating the sum inside a parallelepiped of dimensions 

/Vaa x /Va x Nc centered at the possible muon stopping site. Since the sum is over rf(\ N does not 

needd to be very large. In fact, the values of ART do not change more than IxlO"4 fis ' when going 

fromm A' = 20 to N = 500. Values of AKT for some of the possible |_t-s.s. calculated with N = 50 and 

/* u(0)) || c are given in Table 5.2 

Tablee 5.2 - Calculated Kubo-Toyabe depolarization rates at different intersiitial positions due to a 
randomm distribution of In nuclear moments in U;Pt:In. 
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0.3538 22 (z^0 ) 
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Consideringg the symmetry of the In positions. A* r(z4i,) = A T̂(/2-z4c) and only the 

positionss with z4,, < VA need to be calculated. Due to the positioning of the In and U atoms, the 

followingg conditions can be imposed for the possible muon sites: zSh < VA-nJc. 

x4,, < xr,4ir/v/(a\2) and x4̂  > xt l4gl-A /ta\2) . where r\„  and ry are the radii of the In and U atom, 

respectively.. For /-ln = 1.55 A and r{ = 1.75 A |3], it follows zxh < 0.04. x4( < 0.17 and x4? > 0.34. 

Thee variation of ART wi t h the x andd /. values of these positions is shown in Figure 5.4. 

Thee value of the depolarization rate observed for the Gaussian component. AG = 0.34 (is '. 

indicatess that the muon might stop at the 4c sites. However, the temperature dependence of 

AAi:i: /(Ai+A(,)/(Ai+A(,) indicates that the Gaussian component is not attributed to one stopping site but rather 

too an effective magnetic contribution to several (i-s.s.. This means that, besides at the 4c sites, the 

muonss might also come to rest at a site with a lower AKT- For two (i-s.s.. the depolarization 

functionn can be written as the sum of e.g. two damped Gaussians: 

P(t)P(t) = A>P(i(& lt)exp(-X]t)+A:P(i(A2t)exp(-X2t) . (5.3) 

== 2b 
== 2n 

== 2b 
s 4c c 
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wheree Pc,(A,t) = exp(-(Aj/):/2). A| and A; account for ihe In nuclear contribution from sites 1 and 

2.. respectively, while the amplitudes reflect the crystallographic multiplicity of the sites. At low 

temperatures,, the two components are damped by magnetic fluctuations characterized by the 

ratess Xt and A.2. Approximating Equation 5.3 by Equation 5.1 implies that the extracted values of 

AGG and A-E represent effective depolarization rates. This means that at least one (i-s.s. is a site 

withh a high nuclear depolarization rate (AKT ~ 0.35 fjs ') but other sites with a lower AKT might 

alsoo be u-s.s.. 
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Figuree 5.4 - Kubo-Toyabe depolarization rale calculated for Ihe 4e (0.0./). 4f (x.x.0), 4g (x,-x,0) and 
Xhh (0.1/2,z) positions due lo a random distribution of In nuclear moments in UiPt:In. 

5.2.5.2. Longitudinal field 

Inn order to check the nature of the observed ZF signals, longitudinal-field (LF) experiments 

weree carried out. In this configuration, an external field BLXI is applied along the initial muon-

polarizationn direction. If a signal has a static origin, there wil l be a decoupling of the muon spin 
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fromm the static magnetic moments and the muon wil l be weakly depolarized. On the other hand, a 

signall  with a dynamic origin wil l not be significantly changed as long as v » yuöC\i- where v is 

thee fluctuation rate of the magnetic moments. 

Thee field dependence of the depolarization rates of the observed exponential and Gaussian 

componentss is shown in Figure 5.5 for 7"= 0.06 K and Sex t<0.01 T. XE maintains an almost 

constantt value, while Ac; drops drastically with increasing field. This indicates thai the 

exponentiall  signal has a dynamic origin and that the Gaussian component is static. This is in 

agreementt with the conclusions reached in the previous section, namely that the exponential 

componentt is related to the magnetic fluctuations on the U sites, while the Gaussian component 

iss related to the In nuclear moments. 
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Figuree 5.5 - Longitudinal-field dependence of the depolarization rales of the exponential (XE) and 
Gaussiann (o"<;) components observed in ZF of U2Pt2In at T= 0.06 K. Notice the vertical 
logarithmicc scale. The lines are «uides to the eve. 
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5.3.5.3. Transverse  field 

Transverse-fieldd (TF) experiments are useful for the determination of the |a-s.s.. Different 

stoppingg sites will have different local magnetic fields and therefore different muon-precession 

frequenciess wil l be observed. Also the ratio of the amplitudes of the signals corresponds to the 

ratioo of the multiplicity of the sites. 

Inn a tetragonal system, the dipolar tensor is simply 

A,... = oo A - <: 
00 () Kj 

(5.4) ) 

Sincee Tr(/A(j]|,) = 0. ,4^ = - 1 , 4 ^. Therefore, only measurements with ZJ,.V, || c and ficu || a are 

requiredd in order to determine the components of the tensor. The Knight shifts are given by 

,, - (5.5) 

i.e.. by plotting the Knight shifts versus the bulk susceptibilities. A (̂Xc) and K^fa), the dipolar 

tensorss at the u-s.s. can be evaluated and compared with the ones calculated for the different 

interstitiall  crystallographic sites. 

TF-jiSRR spectra were taken in a field of B,st = 0.6 T applied along the a- and c-axis in the 

temperaturee range 2-300 K. Typical fast Fourier transforms of the signals are shown in Figure 

5.6.. The asymmetric shape of the peak at low temperatures indicates that at least two frequencies 

aree present. As the temperature increases the frequencies tend to "collapse". 

Bestt fits to the data were obtained by using a two component depolari/.ation function: 

P{t)P{t) = A] cos(to,/ + 0)e '"'+ A: cos{co:/ + ty)e"~-' . (5.6) 

wheree the phase 0 is the angle between /*M(0) and the direction perpendicular to the detector. The 

bestt fits are obtained for A[-A2. which means that the two stopping sites have the same 

multiplicity.. The observed frequency shifts and line widths are shown in Figure 5.7a and Figure 

5.8a.. respectively. The Knight shift is calculated by 

co,, -co() / >4TTA/ 

KK  =— ^ - ( i - A ^ J -
co (1 1 B B 

(5.7) ) 



MuonMuon spin relaxation and rotation in U:Pt:ln 103 3 

wheree the magnetization 4KM has the same units as BeM and co,, = Yufi,-u- The sample has an 

irregularr shape which hampers an accurate estimate of the demagnetizing factors /Vac. In Figure 

5.7b.. the Knight shift is shown in a plot of A".1L versus Xa.c (Clogston-Jaccarino plot) where the 

approximatee values ;Va ~ 0.3 and A', ~ 0.6 were used. Due to the small frequency shifts observed, 

smalll  differences in A/a.c change significantly the slopes of K-JxJ a n" Kc(xc). The large error bars 

inn Figure 5.7b result from an assumed uncertainty 8N = 0.1. Since the dipolar tensor elements 

followw from the relation 

vv  A^  A j / 
itt is obvious that they cannot be extracted reliably from the experimental data. Hence the muon 

stoppingg sites cannot be determined in this way. 

Al Al (5.8) ) 

r== io K os 
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Figuree 5.6 - Fast Fourier transforms of the TF-|iSR signals at T= 2. 10 and 20 K with «„, = 0.6 T 
andd BcM || c in U;Pt;In. The full lines are the sum of the two components represented h_\ 
thee dashed lines. 
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Figuree 5.7 - TF (Bex, = 0.6 T) frequency shift (a) and Knight shift (b) of U:Pt2In. The error bars in K 
includee the uncertainly in the demagnetizing field corrections. The lines are guides to the 
eye. . 
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Inn Refs. 4 and 5, the p.SR technique has been used to investigate the possibility of Kondo 

disorderr as the main route for non-Fermi liquid behaviour in the system UCu? xPdv Due to the 

inhomogeneouss distribution of Kondo temperatures arising from disorder, there is a broad 

distributionn of the heavy-fermion spin polarization, which is reflected in the U.SR line width. 

Inn the case of U^Ptiln. the (i-s.s. are not known and the Knight shifts cannot be determined 

accurately.. Therefore, these data cannot be used to test the Kondo disorder model. However, 

becausee the Knight shift is proportional to the local susceptibility and the line width is related to 

thee spread of the local susceptibilities, an inhomogeneous line broadening is expected if Kondo 

disorderr is present in the system. This means that the line width wil l have a stronger dependence 

onn x than the Knight shift and X(K) wil l deviate from a straight line. In Figure 5.8b. K(k) is 

plottedd for U2Pt2In. Considering the error bars, there is no evidence of an inhomogeneous line 

broadeningg due to Kondo disorder. 

Thee ZF-U.SR data suggests that one of the p-s.s. is the 4c site. Since ,4, = A2 in the TF-U.SR, 

thee other signal should originate from a site with the same multiplicity as 4c. However, 

consideringg the large value of 1,. it is possible that signal 1 corresponds in fact to a sum of two 

signalss originating from two u.-s.s. with lower multiplicity, which cannot be resolved in the fits 

duee to the small frequency shifts. The only possible sites are 2a and 2b. This means that the total 

TF-U.SRR spectra could be fitted with the function 

nr)nr) = ̂ [PG((a^Xj)+P^2Mz^)]+^PA^J^,j) - (5.9) 

withh PG(wt.Xt) = cos(cof+(t)) e". Due to the different low-temperature susceptibilities at the sites 

2aa and 2b, a sum over the two signals would be reflected by a large value of X\. while CO] 

correspondss to an average frequency for the two sites. The different susceptibilities at the 2a and 

2bb sites are well justified by considering their distances to the nearest U neighbours (Table 5.3). 

Thee 2a site is relatively close to U(4g) and the 2b site is close to U(4f). As mentioned in Section 

4.3.. polarized-neutron experiments show that the field-induced susceptibility of the U atoms is 

strongerr at the 4f site than at the 4g site. Therefore, the susceptibility at the 2b site is expected to 

bee higher than at the 2a site. 
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Tablee 5.3 - Distances between different interstitial sites and the U sites in U;Pt;In. 

sitee L-site </<A) site U-site </<A) site L'-site (/(A) 

~7aa 4f 3.647 2h 47 1.790 4^ 4? 2.873 

4iii  I.%1 4u 3.476 4g 2.822 

5.4.5.4. Summary 

Thee most important conclusion that can he drawn from the ZF-. LF- and TF-uSR 

experimentss on LNPtTn is the absence of weak static magnetic order. 

Bestt tits to the ZF muon relaxation curves are obtained by using a two-component 

function,, consisting of a Gaussian and an exponential term. LF uSR spectra clearly show that the 

exponentiall  component is of dynamic origin, while the Gaussian component is static. The 

Gaussiann term is attributed to a random distribution of In nuclear moments. The amplitude and 

thee line width of the exponential term increase strongly below 7.5 K. Since /AT) goes through a 

maximumm at about the same temperature, this term is most likely associated with the stabilization 

off  antiferromagnetic fluctuations. 

Thee depolarization rate of the Gaussian component strongly suggests that one of the muon 

stoppingg sites is the 4c site. The irregular shape of the sample and the small frequency shifts 

observedd hamper a proper analysis of the TF data. The data are however consistent with an 

occupancyy of the 2a. 2b and 4c sites by the muons. No evidence for Kondo disorder was found 

fromm the TF line widths. 
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