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Abstract. We present a positive-muon spectrosc@mysR) study of the cubic Kondo lattice
YbAuCuw, where the crystal-field splittings of the ¥b ion amount to a few tens of K. The
transition from the paramagnetic to the antiferromagnetic state is detected-ad.5 K. The
zero-field data provide evidence of an unusual temperature dependence of the mean nuclear
dipole field at the muon site. The longitudinaSR relaxation rate as well as the published
quasi-elastic neutron linewidth, both recorded far into the paramagnetic regign20 K), are
analysed in detail. We show that the classidaixchange interaction cannot explain the observed
thermal variation of the dynamicalSR and neutron widths. We perform a calculation of the 4f
excitation spectra using the/ &y expansion, applied to the Anderson one-impurity Hamiltonian

in the non-crossing approximation (NCA), in the presence of crystal-field splittings, and compare
the results with the observed thermal variations of the dynamical widths. Whereas the NCA
reasonably explains the neutron measurements, it strongly overestimates the low-temperature
1SR width. We discuss different possible reasons for this discrepancy.

1. Introduction

Positive-muon spectroscopyu$R) is becoming an increasingly popular tool for
investigating the magnetic properties of solids at a microscopic level [1], along with
more classical methods such as neutron scattering, nuclear magnetic resonance (NMR) and
Mossbauer spectroscopy. Both the static and dynamic aspects of electronic magnetism can
be probed by the.SR technique. As regards dynamics, the measurement of the electronic
fluctuation frequencies by SR is based on the observation of the depolarization of the
initially 100% spin-polarized muon beam by the internal fluctuating electronic fields [1].
It offers the advantage of a wide accessible-frequency range (0.1 MHz-50 GHz), with the
relative drawback that the determination of the muon stopping site(s) in the material is often
difficult. However, as we shall see, using symmetry arguments, quantitative information
can be extracted from the measured time evolution of the depolarization.

In Ce- or Yb-based intermetallics, the presence of hybridization between localized 4f
and itinerant conduction electrons leads to peculiar properties such as the Kondo effect, the
intermediate-valence state or ‘heavy-electron’ behaviour [2]. In Kondo lattices, i.e. materials
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Figure 1. The specific heat anomaly in YbAug@at the magnetic transition.

with weak hybridization, the conduction-electron-driven fluctuation rate of the rare-earth
magnetic moment has been predicted to follow approximatély/alaw for T > 5 T, [3],
whereTy is the Kondo temperature, instead of the linear Korringa law observed for metallic
paramagnets free from hybridization. Such a law is expected to hold for a degenerate Kondo
ion, i.e. in the absence of sizeable crystal-field splittings, and evidence of its validity has
been obtained for several Ce-based and in a few Yb-based Kondo lattices from inelastic
neutron scattering spectroscopy [4, 5] and NMR measurements [6, 7]. The bulk0Etke
studies of these materials have focused on the low-temperature properties in the search for
very small magnetic moments [8, 9].

In this work, we present aSR study of the cubic Kondo lattice YbAugu In this
compound, the Y® sublattice orders magnetically (with probably an antiferromagnetic
structure) at low temperature; the value of the transition tempera@juie 0.6 K according
to specific heat data (reference [10] and figure 1) aridK according to'’°Yb Mossbauer
measurements [11]. The latter allowed the saturated spontanedtisnégnetic moment to
be determinedmsp = 1.45 . The cubic crystal-electric-field (CEF) interaction splits the
J = 7/2 ground spin—orbit multiplet of the Y& ion. Its CEF level scheme in YbAuGu
as determined by inelastic neutron scattering [12], is the following:Ttheoublet is the
ground state, th&'g quartet and thd's doublet lying respectively at45 K and~80 K
above the ground state. The measured saturated spontaneous momeptjlistfeduced
with respect to the barE; moment (1.715.5), which is attributed to the Kondo coupling.

The organization of this paper is as follows. In section 2, we present the experimental
1SR data. In section 3 we discuss the meaning of tl$R relaxation rate data and in
section 4 we perform a tentative analysis of these data and of the published quasi-elastic
neutron results [12] in terms of the Kondo coupling on the*Yion. Section 5 contains
the discussion of the results, and section 6 the conclusion.

2. Experimental results

The compound YbAuCucrystallizes into a cubic fcc structure (space graugim), with
a room temperature lattice parameter 7.05 A. Our sample is an ingot melted in an arc
furnace; an x-ray diffractogram showed the presence % metallic Cu beside the main
phase. The magnetic susceptibility exhibits a Curie—Weiss law above 100 Kuyyita 4.4
ws (close to the YB" free-ion effective moment of 4.545) and 0, = —11 K, indicative
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of antiferromagnetic interactions.

The uSR sample was made of slices 1 mm thick cut from the original ingot and glued
onto a silver plate. The sample diameter wa25 mm.

The uSR experiments were performed with the MuSR spectrometer of the ISIS surface
muon beam facility located at the Rutherford Appleton Laboratory (UK) [13]. The spectra
were recorded with the longitudinal geometry, in zero magnetic field and in applied fields of
20 mT and 200 mT, and with temperatures between 0.1 K and 280 K. Experiments below
2 K were carried out in &He-*He dilution refrigerator.
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Figure 2. The low-temperature dependence of the asymmetriefircles) anda, (squares)
and damping rate. (circles) for a polycrystalline YbAuCusample extracted from spectra
recorded in zero field (open symbols) and in a longitudinal field of 20 mT (filled symbols). The
data indicate that the magnetic phase transition occufg at 0.5 K.

A 1SR measurement consists in recording the spin-depolarization funtien which
reflects the evolution of the field at the muon site. Thexis refers to the muon beam
polarization axis which, in our case, is the direction of the detected positrons as well,
because all of our measurements have been performed with the longitudinal geometry [1].

2.1. Low-temperature measurements

The spectra at low temperatur & 4.5 K) show a monotonically rapid decay of the muon
polarization. Belowl'y we do not observe any oscillations either because they are too much
damped or they cannot be resolved at ISIS [13]. An approximate description of the decay
is obtained with the law

aP7(t) = agexp(—Azt) + az + apg 1)
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wherea, ai, a; andaag are amplitudes (or asymmetries) ahg a damping rate which
describes how the muon is depolarized by the magnetic fluctuatiggsaccounts for the
fraction of muons stopped in the silver backing plate and it is estimated from calibration
transverse-field spectra to be0.03. The thermal variations @f;(T), a>(T), andAz(T)

are presented in figure 2,(T) shows an anomaly at 0.5 K and decreasesrfgg 0.5 K,

and Az (T) exhibits a maximum at around 0.4 K. These features are associated with the
presence of the magnetic transition7at ~ 0.5 K. The increase of; as the temperature
approachedy from above is due to the slowing down of the %¥bmagnetic fluctuations.
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Figure 3. Time evolution of theuSR depolarization recorded in YbAugat 7 = 200 K,
characteristic of the spectra obtained foe> 20 K, in zero field and with a longitudinal field of

20 mT; the solid lines are fits to the product of an exponential and a dynamical Kubo-Toyabe
lineshape for the zero-field signal, and to an exponential decay for the 20 mT signal. For each
spectrum a constant term-0.03) accounts for the muons stopped in the silver backing plate.
Note the strong field dependence of the shape of the spectra.

As to the undamped componedm, in zero field it vanishes above 2 K, increases as
the temperature decreases and seems to level off belod K. In a 20 mT longitudinal
field, ay is temperature independent bel® K (~0.06). Betwea 2 K and 20 K, a;
progressively decreases to 0 whileslightly increases. We have at present no explanation
for the complex behaviour af,(T). We note that the zero-field spectra are poorly fitted by
equation (1), which is used merely as a practical way to display the data. The spectra with
a longitudinal field of 20 mT are well described by equation (1) below 20 K, but, because
of the presence of the term(T), the depolarization function cannot be considered to be
a simple exponential decay. Although the physical case is different, the thermal behaviour
of ax(T) is reminiscent of what has been observed for magnetic quasi-crystals [14].

2.2. High-temperature longitudinal-field measurements

We present here the data recordedfor 20 K with a longitudinal magnetic field. Whereas

at low temperature, application of a longitudinal field does not drastically &ér), at

high temperature, the field has a strong effect on the depolarization function (see figure 3).
In applied fields of 20 mT and 200 mT the spectra are true exponential depolarization
functions, i.e. the amplitude; of equation (1) is temperature independent with the standard
value a; >~ 0.20 (a; = 0). The spectra yield.z-values which decrease monotonically

as temperature increases as shown in figure 4. Interestinglg field independent. As
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Figure 4. The temperature dependence of th&R relaxation raterz(T) measured in
longitudinal magnetic fields fof" > 20 K in YbAuCuy; A, probes the YBt paramagnetic
fluctuations. The dashed line is the prediction of the NCA calculation for single-site fluctuations
of the localized YB™ magnetic moment assumed to be at a cubic site (see the text).

the nuclear spins are well decoupled by the longitudinal field (see the next section), the
muon depolarization observed in longitudinal fields is solely due to the electronic magnetic
fluctuations. In this temperature rangé & 20 K, i.e. T > 40 Ty), it is probably a good
approximation to neglect the intersite correlations between ti¥e ¥iial angular momenta.
These data will be interpreted with a single-ion fluctuation model in section 3.

We note that metallic Cu contained in our sample does not influence the spectra recorded
in longitudinal fields because the Cu nuclear magnetic moments are decoupled by the field.

2.3. Zero-field high-temperature measurements

In order to get information about the muon stopping site and about an eventual diffusion in
YbAuCu,, we have performed zero-field measurements’foe 20 K.

The observed depolarization in zero field is mainly due to the nuclear moments contained
in the compound (isotopeSCu, 8°Cu, 172Yb, 173Yb and1%’Au). In addition, we have to
take into account the contribution of the fluctuating 4f moments that we have unravelled
at high fields. Therefore the compound depolarization function must be a product of two
functions, each describing one depolarization channel. In fact all of the recorded spectra
are well analysed by the function

aPz(t) = a1 Pcr (1) eXp(—Azt) + ang 2
where P« (t) is the static Kubo—Toyabe decay:

Per(t) = % + g (1— A%t?) exp(—; Aﬁzz) (3)
where A, = y,/(B2) describes the width of the distribution of fields at the muon site due
to the nuclear moments ang is the muon gyromagnetic ratig( = 851.6 Mrad s* T-1).

The function in equation (3) accounts for the depolarization due to static nuclear moments;
actually, the observed signal is better reproduced by a weakly dynamic Kubo-Toyabe
lineshape with a small correlation frequency~ 0.1 MHz [1]. A sample fit is shown

in figure 3.
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Figure 5. The temperature dependence of the zero-field depolarizationAratmeasured for
YbAuUCuy, for T > 20 K; Ap is expected to be temperature independent. The observed thermal
variation may originate from the temperature dependence of the electric field gradient acting at
the Cu sites.

In figure 5 we present the measured valueAgfas a function of temperature obtained
from the fit to the zero-field spectra, the value)gf being fixed to the value obtained in
a longitudinal-field spectrum recorded at the same temperature. The observed temperature
dependence oA, is unusual and cannot be attributed to the diffusion of the muon between
different sites because the Gaussian shape at small times in the recorded spectra points to a
static or very slowly diffusing muon at all temperatures. The quantifycan be computed
if one assumes a realistic stopping site for the muon. We have found two possible sites
in the crystal structure of YbAuGu In Wyckoff notation they are sites 4b and 4d of
coordinates (1/2, 1/2, 1/2) and (3/4, 3/4, 3/4), respectively. Neglecting in a first step the
effect of the electric field gradient produced by the muon electric charge and by the Cu
environment on the Cu nuclei (Cu is not at a cubic-symmetry crystallographic site), we
obtain A, >~ 0.58 MHz for the two sites from standard theory [1]. This value is larger than
the low-temperature experimental value by a fact@.5 and, additionally, the observed
thermal dependence af,, cannot be explained by the standard theory of the coupling of the
muon spin with the nuclear spins, which yields a temperature-indeperger possible
explanation of this result can be found in the dependence of the dipole magnetic field at
the muon site, on the electric field gradient acting on the nuclei [15]. Since the electronic
properties of YbAuCy are strongly temperature dependent, and the band electrons have a
pronounced d character, thus being sensitive to the crystal field, it is conceivable that the
electric field gradient due to the conduction electrons be also temperature dependent. This
may provide an explanation for the temperature variation shown in figure 5. A meaningful
guantitative analysis would require us to have zero-field and transverse-field data recorded
on a single crystal.

Although we could not give a thorough quantitative interpretation of the zero-field data,
it is clear that they do show that the muon in YbAuGsistatic compared to the characteristic
time of the YB* electronic fluctuations. This means that the coupling between the muon
spin and the YB" total angular momenta is temperature independent. The whole analysis
of the spin dynamics given below is based on this fact.
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3. The uSR relaxation rate and characteristics of the YB* spin dynamics

In this section we discuss our high-temperature longitudie®aiR relaxation rate datd (>
20 K) in relation to the characteristics of the spin dynamics of thé"Ybns.

Taking into account the facts that (i) the depolarization is well described by an
exponential function, (i) the Y& ions in YbAuCuy are at sites of cubic symmetry and
(iii) the correlations between magnetic moments at different sites are neglected (probably a
good approximation at high temperature in YbAuy@s the RKKY exchange interaction is
very weak;Ty ~ 0.5 K), the following expression foxz, derived in a previous paper [16],
can be used in the case of a single-crystal sample:

1
A 0, = L o 99 Mot - 4
z(0, 9) |:ﬂ2a pa (0, @) /{| Fyon 4)

whereT ,sris a ‘dynamicaluSR linewidth’, andL (6, ¢) andM are matrices describing the
crystal orientation dependence of the damping rate and of the coupling between the muon
spin and the total angular momentum of the>Yfons, respectively. Expression (4) is valid

in the ‘extreme-narrowing’ limit, which will be seen to hold in YbAugZabove 20 K. In

order to computeé, we have to specify the muon localization site; in YbAuG@e found

two possible sites (see subsection 2.3). Since these sites have cubic symmetry, the matrix
M reduces to a scalar and, using the expression for the matrix elemeh(s,af) [16], A

given in equation (4) turns out to be independent of the angjlasd ¢:

1

uSR

Az =2A2

®)

where Ag = M, = M,, = M,,. As our measurements have been carried out for a
polycrystalline sample, we need to perform the spherical averaging afexp) over

0 andg. Sincel; is angle independeng; (¢) is the same for measurements performed on
single-crystal and polycrystalline samples.

The dynamical widthl",sr is related to the one-sided time Fourier transform of the
imaginary part of the dynamical electronic susceptibility,(w), taken atw = 0. It has
been shown that [16]

1 g Y@
Fusr  Xc =0 Tw

(6)

whereyc is the free-ion Curie susceptibility. For a degenerate 4f ion, i.e. in the absence of
CEF splittings,I",sr is equal to the quasi-elastic half-widity, for the case where the 4f
excitation spectrum is Lorentzian shaped, or close to Lorentzian. In the presence of CEF
splittings, and assuming Lorentzian-shaped linégsg can be expressed in terms of the
Curie and Van Vleck susceptibilitieg,” and x{; respectively [16]:

1 1 x& 1 m Ty
_i;]—F+ZZXVV [1_exp(—,3Anm)]F2+M2}. @)

F/LSR Xc m me#n nm nm

The sums are over the CEF level§,, andT,,, are the dynamical linewidths of the
elastic andnm inelastic excitations of energ¥,, and E,, respectively. We have defined
Apm = E, — E,, andB = 1/kgT.

In order to extractl’,sg from the experimentakz-values with equation (5), and to
compare it to theory via equation (6) or equation (7), the muon—4f coudlingnust be
estimated. Taking into account only the dipolar coupling between the muon and 4f spins,
numerical calculations givA = 166 MHz and 208 MHz respectively for the two stopping
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sites 4b and 4d discussed in subsection 2.3. As site 4b is characterized by the longest
possible distances between the muon and the Yb ions, no sites for the muon can be found
with Ae smaller that 166 MHz.

e
(=]
LB RERR

i
(=]
T

0 50 100 150 200 250 300
Temperature (K)

Figure 6. Thermal variations in YbAuCuof the 4f uSR (solid symbols) and neutron (open
circles) linewidths,I',sr and "y respectively;I",sr has been derived from theSR A z-data
with a coupling constanhe = 208 MHz; Iy is taken from reference [12]. The solid and dashed
lines show respectively',sr and 'y calculated on the assumption of a standéfr@xchange
interaction, with a coupling parametghsn(Er)| = 0.37.

In figure 6 we have plotted',sr(7') deduced from the measured(T)-values making
the hypothesis that the muon is localized in the 4d skg £ 208 MHz). TheuSR width
is seen to increase monotonically as temperature increases, and skéfivike saturation
behaviour at high temperature. We have also reported in figure 6 the temperature dependence
of the quasi-elastic linewidtir, measured in the inelastic neutron scattering experiments
taken from reference [12]. In a first step towards interpretation, we have assumed that the 4f
fluctuations are due to the classiédlexchange interaction with conduction electrons [17].
The quantitiesI",sgr and I'y then depend on a uniqud coupling parameterJin(EF),
where Ji+ is the conduction electron—4f-electron exchange integralrift}) is the metal
density of electronic states at the Fermi energy per spin direction [16]. We find that the
best fit to the experimental data is obtained withn(Er)| = 0.37. The theoretical curves
are represented in figure 6 (the solid line 10gsr and the dashed line fdry); I'o(T)
shows aT-linear Korringa behaviour above 20 K, whereBssg(7) has a pronounced
curvature at low temperatures due to the progressive population of the CEF levels as
temperature increases, and then shows a linear behaviour. It is clear from figure 6 that the
classicalkf exchange is not fully adequate to describe the experimental data. Although the
low-temperature experimental behaviourIgfsg(T) is correctly reproduced, the observed
curvature ofl",(7') and the high-temperature experimental variations of the two quantities,
which are reminiscent of & T-behaviour, do not match with the theoretical Korringa-type
variation. The derived value of thd coupling parameter (0.37) is also unrealistically high.
The presence of the Kondo coupling in YbAuds likely to influence the observed thermal
variations of the dynamical widths. This will be discussed in section 4.

If we now consider the second possible occupation site for the muon (the 4b site, with
Ae = 166 MHZz), we find that the values ®%,sr obtained from equation (5) are close to the
experimental values dfy at high temperature. This is inconsistent with the general trend
observed for the calculated curves of figure 6 (see also reference [16]), which show that
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the high-temperature value of thig,sg/ 'y ratio should be close to 2 (for the case of'a
ground state). We believe therefore that site 4d (3/4, 3/4, 3/4) is the most likely stopping
site for the muon in YbAuCu

We can now address the validity of the ‘extreme-narrowing’ approximation. We
have found experimentally that,(z) is an exponential function. As in NMR [18], this
functional form is justified theoretically if the magnetic fluctuations are sufficiently fast,
i.e. if Ae <« T'ysr, Which is certainly valid in the paramagnetic phase of YbAyGuhere
Ae ~ 0.2 GHz andl",sr > 50 GHz (see figure 6).

Another experimental finding is that; is field independent, for fields below 200 mT.
This can be understood as follows. In the presence of a field, the Zeeman energies of
the muon spin and of an ¥b total angular momentum, writew, = iy, Bext and hwe =
g Bext, respectively. Then following standard NMR practice [18] we derive

2AZT ,sr
F55R+ (W, — we)?.
With Bey: = 200 mT, we havey, = 27 MHz andwe >~ 6 GHz (forg = 2). So the following
inequalities hold:

o, K we K T'ysr 9

and thus the field-dependent term in the denominator of equation (8) can safely be neglected.
The 4f relaxation rate could however be field dependent. This is not so in our case because
an applied field of 200 mT is not expected to alter the spectral densities associated with
conduction electron scattering a4 K (iwe/kp ~ 0.3 K « T), and is much lower than
the crossover fiel#x ~ (kpTx)/(gup) ~0.75T (forTx = 1 K, the low-temperature Kondo
energy scale in YbAuCy see section 4) above which the Kondo properties disappear.

Az = 8)

4. Dynamical widths and Kondo coupling

Several measurements have provided evidence for the presence of the Kondo effect in
YbAuCuy, which manifests itself via anomalies in the electronic low-temperature properties.
These anomalies consist in the reduction:

(i) of the specific heat jump at the magnetic transition [19], which in YbAuGu
AC, ~ 2 J K=t mol (reference [10] and figure 1) instead ®In2 = 5.76 J K~! mol~!
for a doublet ground state; and

(ii) of the saturated spontaneous 3bmoment, whose saturated value 1/4p [11] is
lower than the bar&; moment valuen(I'7) = 1.715u 3.

The dynamical susceptibility for a single ion in the presence of the Kondo coupling
has been obtained by treating the Anderson one-impurity model using/ tfieekpansion
technique in the self-consistent non-crossing approximation [3]. This calculation applies
for a degenerate ionN¢ = 8 for Yb%"), i.e. in the absence of CEF splittings, or in the
presence of CEF splittings at sufficiently high temperature, suchkffiat> A,,,. In the
temperature rang€ > 57Ty, whereT is the Kondo temperature, the quasi-elastic dynamical
width follows the empirical law

24kpTy | T
r=——1_/-—. 10
=3 (10)

At lower temperaturel (T) goes through a minimum fdf ~ Tp, then saturates towards a
valueI'(T — 0) ~ kgTo/h asT decreases. The experimental thermal variation¥ @k
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andI'y do indeed show a/T-like variation at high temperature, but they clearly do not
follow the expected behaviour for a degenerate ion at low temperature: both quantities
decrease monotonically as temperature decreases. These effects are due to the presence of
CEF splittings which are of the same order of magnitude as the Kondo tempefature
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Figure 7. Inelastic neutron scattering spectra for the cubic CEF level scheme of YhAUIGuU
ground statel's at 45 K andl's at 80 K) computed with the NCA formalism fdip = 20 K at
various temperatures. The inelastic line~at meV corresponds to the; — I'g transition, the
I'7 — [ transition being forbidden.
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Figure 8. The same experimental data as in figure 6. The continubysrj and dashed
(T'p) lines are the predictions of the NCA formalism with a Kondo ‘high-temperature’ scale
To = 20 K, assuming a cubic Yb site. The chain and dotted lines are the NCA curves for
I',sr assuming a trigonal distortion (thBQO-term) of the Yb site due to th@*-charge, with
respectivelyBS = —1.57 K and B = —2.35 K.

The dynamical susceptibility for a Kondo ion with a crystal field has been computed
using a perturbative approach in the self-consistent ‘ladder’ approximation [20] and used
for comparison with inelastic neutron spectra for Ce compounds. In this section, we present
the results of the calculation ¢f’ (w) using the NCA formalism in the presence of a cubic
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CEF interaction, and obtain the thermal variationd"gér andI"y which we compare with
the experimental data.

The NCA calculation in the presence of CEF splittings follows the same lines as in
reference [3], but with three pseudo-fermion spectral densities associated with the three
CEF states with their degeneracies. The input parameters for the one-impurity Anderson
Hamiltonian are (in units of the bandwidib): the position of the 4f level below the Fermi
level ¢ = —0.9, the bare hybridization width, = 0.05 and the energies of the CEF levels;
the resulting 4f-shell occupation number7at= 0 isn; = 0.98, i.e. the calculation is done in
the scaling (or Kondo) regime. The Kondo temperatliyés obtained from the approximate

formula
I 1/ Nt
To = D( h ) exp(—mef'). (11)
7 | €] Nty

The inelastic neutron spectra were obtained using the relation for the neutron cross section
S(w):

vt ). 12)

7 (gsp)* 1 —exp(—hw/kgT)

The quasi-elastic width and the inelastic position and width were obtained by fftting

with Lorentzian-shaped lines. TheSR dynamical width was obtained using equation
(6). The calculated 4f excitation spectra at selected temperatures are presented in figure 7.
The Kondo temperature was set&t = 20 K. This particular value was chosen because

it approximately reproduces the experimental thermal variation of the quasi-elastic width
Iy, as seen in figure 8 (the dashed line). TWi&-like behaviour is obtained, contrary to

the case of th&f exchange interaction which yields a linear Korringa-like variation (see
figure 6), but the NCA calculation somewhat underestim&iigsat high temperature. The

NCA calculation satisfactorily reproduces the observed shift of the inelastic line towards
lower energy as temperature increases [12], which represents the renormalization of the
crystal-field interaction by the hybridization, but again underestimates the inelastic width
at high temperature. The calculated thermal variatiol gfr obtained with7p = 20 K is

shown in figure 8 as a solid line. Although it reproduces the overall experimental trend,
with a +/T-like saturation at high temperature, it is markedly higher than the experimental
data below 150 K.

The NCA calculation of the 4f excitation spectra in the presence of CEF splittings
therefore approximately accounts for the inelastic neutron spectra in YbAwiGua Kondo
temperaturdy = 20 K. The dynamicaltSR linewidth, however, is not reproduced correctly
at low temperature. Some reasons for this discrepancy are discussed in section 5. We shall
first examine the influence of a perturbation of the crystal field acting on tfe ¥h due to
the presence of thet-charge (subsection 5.1). Next we will discuss other possible reasons
for the observed discrepancy (subsection 5.2). Finally we will comment on the relationship
between the two Kondo temperature scales (subsection 5.3).

S(w) =

5. Discussion of the results

5.1. The crystal-field perturbation induced by th&-charge

The presence of the'-charge at an interstitial site close to the rare-earth ion can create
a sizeable distortion of the crystal field at the rare-earth site. The importance of this effect
has been recently demonstrated, for the intermetallic compound,R\NitSR Knight shift
measurements [21]. The crystal-field distortion can modify the wave-functions and the level
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splittings of the rare-earth ion during the muon lifetime. This in turn can modify the 4f
spectral functionS(w) given by equation (12) and therefalgsg given by equation (6). In
YbAuCu,, we deduced that the most probable muon stopping site is the 4d site (see section
3). This means that the muon is located at a distang8/4 from the Yb ion along the
cubic (111) direction. We thus introduced an axial distortion along the (111) direction in
the CEF Hamiltonian:

Heer = Houb + B3[3J7 — J(J + )] (13)

where Hcyp is the standard cubic term and; @he (111) axis. For different reasonable
values ofBg we computed”,sr(7) using the NCA formalism wittlp = 20 K. We found

that a positiveBY has a negligible effect on the values Bfsg. Selected curves with a
negativeB3 are shown in figure 889 = —1.57 K (the chain line) and? = —2.35 K (the

dotted line). The agreement between the experimdntagk(7) data and the NCA curve

with the Bg = —2.35 K distortion is better than with the NCA curve with cubic symmetry
(the solid line in figure 8), especially below 150 K. Such a distortion leads to a CEF ground
state close to theJ = 7/2; J, = £7/2) pure state, and to CEF splittings of 0 K, 69 K,

93 K and 115 K (the distortion lifts th&g fourfold degeneracy). Using a point charge
model, we find that the valuB) = —2.35 K is reproduced assuming an effective charge
Zeit = 0.15¢ for the u™, which seems reasonableié the opposite of the electron charge).

The Hamiltonian (13) cannot however be considered as exact, because the presence of the
wt-charge is expected to lead to small displacements of the neighbouring atoms and to a
rearrangement of the conduction electron screening clouds. Therefore, the coefficients of
the cubic termH¢y, can be also modified. The NCA curve can be made to stick closer
to the experimental data by somewhat increasi®g and by slightly decreasing the value

of A used to derivd",sg, according to equation (5). However, due to the approximation
inherent to the Hamiltonian given as equation (13), we do not think such a procedure is
reliable.

The present calculation must be considered as a model calculation showing the strong
influence of au™-induced distortion on the values &f,sg. Therefore, theut-induced
distortion of the local crystal field appears to be an important ingredient for a quantitative
understanding of theSR data in YbAuCy We think that it can account for the major
part of the deviation between tlig,sg data and the NCA calculation with a cubic $th
site. Confirmation of the importance of this effect could be obtained by perforp8R
Knight shift measurements [21] for YbAu@uThe unusual thermal variation observed for
the mean nuclear dipole couplintg, (see subsection 2.3) could also arise from the presence
of a strongu*-induced electric field gradient at the sites of the quadrupolar nfi#Bzi
(I =3/2),5%Cu (I =3/2),13Yb (I =5/2) and'¥Au (I = 3/2).

5.2. Other possible mechanisms for the deviation oftB& dynamical width data from the
NCA curve

TheT ,sr values are derived from the experimenitalvalues through the formula given as
equation (5), which involves the 4f—~muon spin coupling The latter was estimated to be
~208 MHz, from a calculation taking into account the dipolar coupling only. This value
of Ae corresponds to a mean dipolar field of 245 mT. There is also a transferred hyperfine
4f—muon coupling, the value of which is unknown. The fact that the experimental data and
the NCA prediction are in agreement at high temperature is an indication that the transferred
hyperfine field is probably not very large. Knight shift measurements at high field could
allow us to determine the hyperfine coupling constant, which is expected to be temperature
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independent. In any case, the constant of proportionality betwgeand Fljis is expected
to be temperature independent, and taking into account a transferred hyperfine field would
not explain the discrepancy between the NCA calculation and experiment.

Alternatively, one could invoke the inadequacy of the NCA for describing a Kondo ion
in the presence of a crystal field, at least for the case where the Kondo tempé&kaiti e
the same order of magnitude as the CEF splittings. We have seen however that the inelastic
neutron scattering spectra are rather satisfactorily accounted for by the NCA calculation at
low temperature, as regards the dynamical widths and the inelastic line position. Therefore,
we think that the small deviations observed between the NCA calculation of the 4f excitation
spectra and the experimental neutron data are not sufficient to explain the large discrepancy
for the I' ,sr Values.

We notice in figure 8 that the experimentally derived low-temperaljjkg values are
of the same magnitude as the quasi-elastic neutron WigthThis is in contradiction with
our calculations using either thdg exchange [16] or the present Anderson model, which
predict that the ratid",sr/ I'p is of the order of magnitude of 2 or 3 at low temperatures.
The experimental’,sg values appear to be underestimated, which means thak the
contribution coming from the 4f fluctuations is overestimated. In figure 4 we have plotted
as a dashed line the; (T')-values expected if',,sr(T") follows the theoretical NCA curve.

For instance, al’ = 40 K, theiz-value that would yield the NCA,sr value is almost four

times smaller than the measured value. Consequently, there would be an extra contribution
to the exponential depolarization rate, which is important at low temperature and which
vanishes above-100 K-150 K. We discuss here two phenomena which could account for
this extra component, which seemingly has no detectable effects on the neutron scattering
spectra.

First, the NCA scheme neglects the magnetic correlations betwegnidfis at different
sites. Short-range intersite correlations between the CEF excitations can persist far into the
paramagnetic regime, as is evident for example in Erthere they have been detected by
1SR spectroscopy at up t810 times the Curie temperature [22]. In our case they would
have to exist to up te~300 times the el temperature, which seems unrealistic. In the
inelastic neutron scattering spectra of YbAyQu2], a Gaussian-shaped quasi-elastic line,
indicative of magnetic correlations, is observed below 10 K, i.eIfot 107Ty. Therefore
the presence of short-range correlations does not seem to account for this extra component
to Az at high temperature.

Recently a quantum mechanical duality model for strongly correlated electronic systems
has been introduced [23]. In this model the low-energy excitations contain a localized spin-
fluctuation part which is coupled to the itinerant-fermionic part. Most of the spectral weight
of 4f electrons is dominated by the localized component. Experimental support for this
picture of two different substates has been presented i8R and bulk measurements on
uranium and cerium compounds [24, 25, 26, 27]. Because of the form factor and the small
spectral weight associated with it, it is probably difficult to detect the itinerant component
by neutron scattering. On the other hand the muon, being localized in an interstitial site, is
an ideal microscopic tool for its investigation. We are looking for a source of depolarization
with a damping rate 0f+0.12 MHz at 20 K. Although up to now the only reported high-
temperatureuSR signature of the itinerant component is characterized by a much smaller
damping rateX; ~ 0.003 MHz for CeRpSi,; reference [27]), we suggest that the difference
between the NCA prediction and the measutgatould be accounted for by the itinerant 4f-
electron component of the duality model of Kuramoto and Miyake [23]. In this interpretation
the decrease of the related damping rate as temperature increases is attributed to the reduction
of the amplitude of the fluctuations.
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Figure 9. The dependence of thE = 0 K Yb3t spontaneous magnetic momengp on the
‘low-temperature’ Kondo scal&k. The two curves, which are calculated using the variational
solution of the Kondo problem, correspond to the lower and upper values of the molecular-field
constant estimated in reference [11]. The dotted line indicates the measured valye Bfom

this figure we deduce the ‘low-temperature’ Kondo scale for YbAuCty = 1.0(2) K.

5.3. The high- and low-Kondo-temperature scales

The Kondo energy scalkgTy appearing in the NCA calculation of section 4 relates in
principle to the ‘high-temperature’ Kondo properties. It is renormalized by any interaction
that splits theV; degenerate ionic levels (magnetic field, crystal electric field). For describing
the low-temperature properties, another energy skai is relevant, linked tdkg Ty by

the following expression, obtained through the variational solution of the Kondo problem
atT =0 [28, 29]:

[T +ksTx) = (ks To). (14)

For the case of YbAuUCL A1(I'7)/ kg = 0; Ax(Tg)/ kg = A3(I'g)/kp = 45 K; Ay(Te)/kp
= 80 K, which yields

To = (T A2A4/ k3" ~ T V4 (15)

wherea = 20 K¥4, and where we have neglect@g with respect toA,/kz, Az/kz and

A4/ kp. The Kondo scalég Tk rules the low-temperature anomalous properties linked with
the competition between the RKKY interaction and the Kondo screening of the magnetic
moment [30]. It is of interest to check whether the above determinatidp & compatible

with the Tk -value obtained from the spontaneous-moment reduction [11]. Indeed, using the
variational solution of the Kondo problem, it is possible to computeTthe 0 spontaneous
momentmsp as a function oflx, in the molecular-field approximation [29]. Thesy(Tk)-
curves, obtained for the two limiting values of the molecular-field consteed estimated

for the YB** sublattice in YbAuCy [11], are represented in figure 9nsp(Tx) is seen

to decrease as the Kondo temperature increases, i.e. as the Kondo coupling progressively
overcomes the RKKY exchange interaction. We deduce that the valfig atcounting for

the observed reduced spontaneous momefikis= 1.0(2) K [31]. The ‘high-temperature’
Tp-value obtained from equation (15) is thefi; ~ 20 K, in good agreement with the value
determined in section 4.
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6. Summary

Our uSR study of the cubic Kondo lattice YbAugun the temperature range 0.1 K-
280 K, in longitudinal fields of 0 and 20 mT, exhibits two temperature ranges as regards
the temporal decay of the muon polarization. The spectra at low temperature, showing a
complex behaviour, could not be analysed in detail. Qualitatively, the depolarization rate
shows an anomaly at around 0.5 K which is associated with the onset of magnetic ordering
of the YB** sublattice. At high temperature the zero-field spectra are depolarized mainly
by the quasi-static magnetic field distribution of the nuclear magnetic moments. The muon
is static and seems to be localized in site 4d of the fcc structure over the whole temperature
range investigated. Surprisingly we find that the width of the dipolar field at the muon site
produced by the nuclear moments is temperature dependent. Above 20 K, application of a
longitudinal field decouples the nuclear dipole system from the muon spins and the signal
recovers an exponential form; the muon depolarization originates thus from the paramagnetic
fluctuations which, in YbAuCy are dominated by the coupling of the 4f moments with the
conduction electron spins.

A first analysis of the dynamical quasi-elastic neutron @8R linewidths, assuming
that the 4f fluctuations are due to the standdrdxchange interaction, is not satisfactory. In
order to take into account the Kondo coupling on théYtmn, we performed a calculation
using the non-crossing approximation (NCA) scheme for the solution of the Anderson one-
impurity Hamiltonian, in the presence of the cubic crystal-field interaction on th& Yb
ion. On one hand, we find that the inelastic neutron spectra are approximately reproduced
by the NCA dynamical susceptibility, with a Kondo temperatdge= 20 K, in good
agreement with the ‘low-temperature’ Kondo scale valige>~ 1 K, after renormalization
by the crystal-field interaction. On the other hand, the observed dynam&Rllinewidth,
proportional tox”(w)/w for @ — 0, can only be accounted for by the NCA calculation
at high temperature, assuming a cubic site for thé*Yion. A model NCA calculation
including aux*-induced axial distortion of the Yb site improves the agreement between the
experimentall’,sr data and the theoretical curve, suggesting that the distortion of the Yb
cubic site by theu™-charge plays an important role. We have discussed other possible
reasons for the discrepancy between the NCA prediction angi8f results. A possible
method that could help to select between these reasons is that of comp&fhdnight
shift data with macroscopic magnetic susceptibility. If the relationship between the results of
these technigues was found to be temperature independent, then one could safely conclude
that the effect of the muon charge on the CEF levels is negligible. In additiorn $fe
Knight shift would allow one to determine the hyperfine coupling constant.
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