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The interplay between superconductivity and magnetism in G8Glhas been investigated by means of
microprobe, muon spin rotation and relaxatignSR), and specific-heat measurements on four slightly off-
stoichiometric polycrystalline samples CgCu,.,Si,. Microprobe analysis reveals that within the errors
(*=3%) the main phases of all four samples exhibit the ideal stoichiometry 1:2:2 and their relative composition
varies by less than 2%. Muon spin rotation and relaxation measurements, however, reveal pronounced differ-
ences in their ground states. The nonsuperconducting samplef@ie ,Si» exhibits a phase transition at
T,=0.67 K to a magnetically ordered ground state of unknown structure, with a lower limit on the size of the
frozen momentgu~0.2ug. For T<T,, slow residual fluctuations of these moments at a ret€8 MHz are
observed. In the three superconducting samples comparable magnetic behavior is found in reduced volume
fractions. Paramagnetic and magnetic regions are distributed inhomogeneously in these samples, the relative
volume fractions being strongly sample and temperature dependent. In all samples considerable volume frac-
tions remain magnetic down ©=60 mK. The present data provide evidence that superconductivity sets in
first in the paramagnetic regions, and, on further cooling, reduces the magnetically ordered volume fraction.
Superconductivity and magnetic order do not appear to spatially coexist, but compete inSteCu
[S0163-18297)03126-3

[. INTRODUCTION f electrons with the conduction electrons appears to be the
prerequisite for the occurrence of superconductivity. In all
The heavy-fermion superconductors are a small class dfther classes of superconductors, the pair-breaking effect of
cerium- or uranium-based intermetallic compourtfts re- the magnetid ions leads to a more or less pronounced re-
cent reviews see Refs. 1);3vhich despite their low super- duction of T, or even to complete suppression of supercon-
conducting transition temperatur€s<2 K attract consider- ductivity (e.g., Refs. 4 and)5
able and continued interest. This arises from the fact that in The keys to an understanding of the heavy-fermion super-
these compounds the interaction of the more or less localizecbnductors are the characteristic properties of the low-
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temperature state from which the superconductivity evolvesl9 and references thergirHowever, the nature of the mag-
Heavy-fermion behavior is observed in many Ce-, Yb-, andnetic phase, i.e., the magnetic structure and the spin dynam-
U-based intermetallics. Already in systems in which the cor-cs, has not been clarified to date.

responding ions are dilute, an antiferromagnetic exchange In the present work we wish to give a detailed account of
interactiond between the conduction electrons and the local#«SR measurements performed on several polycrystalline
ized f electrons may lead to a dynamical screening offthe samples  with  different ~ nominal  compositions
electrons by a spin-polarized cloud of conduction electron§ce; ;,Cu,.Si,. This work is an extension of systematic
below a characteristic temperatufg, resulting in the well-  studies of polycrystalline samples of varying stoichiometry
known Kondo effect. In compounds in which tiidons are by resistivity, specific-heat, and thermal expansion
arranged periodically—the so-called Kondo lattices—the onmeasurement®. These studies are aimed at a systematic
site Kondo interaction competes with the intersite magnetistudy of the composition dependence of the magnetic and
Rudermann-Kittel-Kasuya-Yosid&®RKKY) interaction, both ~ superconducting properties. Preliminary accounts of these
determined by the samé. In Doniach’s Kondo-necklace studies have been published earfief? In parallel to our
modef’ this gives rise to a phase diagram in which awork, independentSR measurements have been carried out
magnetic-nonmagnetic transition is encountered at a criticddy @ group at Columbia Universify.

valueJ.. The central result of these investigations is that supercon-

BeyondJ, coherence effects may lead to a new type ofductivity and magnetism do not appear to coexist on a mi-
ground state, i.e., the formation of a band of quasiparticle§roscopic scale but rather compete in Cg8l. In several
with “Fermi temperatures” ofT*=1-—100 K, closely re- samples suppression of magnetic ordering on the onset of
lated toTy . Ideally, the thermodynamic and transport prop-superconductivity has been found, a behavior which has
erties of this band show Fermi-liquid behavior and the quanever been observed before in any other superconductor.
siparticles can be characterized by large effective masses of This article is organized as follows. After a brief descrip-
m* = (10— 1000)m, (for a recent review on the theory see tion of the experimental detailSec. 1), we shall summarize
Ref. 8. some macroscopic properties of the investigated samples

A superconducting ground state of a Kondo lattice was(Sec. ). We will then present the experimental results of
first discovered in CeCiSi, (T.=0.6 K).” Besides the uSR measurements in the paramagnetic state and the
CeCu,Si,, five uranium-based compounds are considered a§W-temperature phases in Sec. VI. A discussion follows in
heavy-fermion superconductdiat ambient pressuréo date.  Sec. V.

Recently, the compounds Ce@ie,,}° CePd,Si,,!* and
CeRh,Si,,'? which are isostructural to CeG8i,, have been Il EXPERIMENTAL PROCEDURE
found to become superconducting under pressure.

In all heavy-fermion superconductors the Cooper pairs Four polycrystalline samples of different nominal compo-
form out of a system of quasiparticles with strongly en-sition Ce,;,,Cu,,Si, were prepared by melting the corre-
hanced effective mass. Heavy-fermion superconductivitygponding amounts of the elements in a triarc furnace. The
therefore is thought to occur close to the magneticsamples were annealed for 48 h at 700 °C and for 72 h at
nonmagnetic transition of the Kondo lattices. In this picture,1000 °C. Pieces of these samples were used for x-ray dif-
it is facilitated by the screening of thieelectron magnetic fraction and measurements of the specific heat and other
degrees of freedom and favored by the simultaneous increageacroscopic properties. The superconducting transition tem-
of the density of states at the Fermi surface. In this contextperatures have been determined by ac-susceptibility and re-
one of the most important subjects remains the coexistencgistivity measurements. Electron probe microanalysis
and possible interplay of superconductivity and magnetic or{EPMA) has been carried out at the Kamerlingh Onnes
dering in all of these systems except pure YReln the  Laboratory, Leiden.
other uranium-based heavy-fermion superconductors antifer- The polycrystalline samples, consisting of several slices
romagnetic ordering withT>T, is found. In UPgAl;  of 1—1.5 mm thickness and 8 mm diameter, were glued onto
magnetic ordering ofocalized5f magnetic moments coex- pure silver sample holders. The low-temperatu®R mea-
ists with heavy-fermion superconductivity’* The fact that surements T<1.25 K) were carried out at the Low-
both collective ground states are governed by the same Temperature FacilityLTF) and the measurements at higher
electrons appears to imply a contradiction with the Kondo-temperatures at the General-Purpose Spectrom@&es,
lattice picture discussed above and raises questions about theth located on therM3 beam line of the Paul Scherrer
applicability of this widely used model on these systémis.  Institute, Villigen, Switzerland. The sample holders were at-
is important to note at this point that in contrast to the heavytached to the cold finger of either*de-*He dilution refrig-
fermion superconductors, in all other classes of magnetic swerator(LTF) or a continuous-flow*He cryostat(GPS.
perconductors magnetism and superconductivity are carried
by different, comparatively weakly interacting electron sys-
tems.

First evidence for a phase transition of magnetic origin in  Some properties of the four samples are listed in Table I.
CeCu,Si, at 0.6 K was found in magnetoresistivity, The specific-heat and thermal-expansion data of the sample
nuclear magnetic resonan@dMR),'” and muon spin rota- Nos. 1, 2, and 4 have already been publisteSipecific-heat
tion and relaxation £SR) experiment$® Subsequently, a results on sample No. 4 in magnetic field and under pressure
B-T phase diagram has been established in which the supenave been reported in Ref. 15. Specific-heat data on sample
conducting phase lies embedded in a magnetic(sae Ref. No. 1 in an external magnetic field have been published in

Ill. SAMPLES
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TABLE |. Compositions of the polycrystalline samples under perconductivity in this sample appears only in minor parts of
investigation. “Nominal” compositions are before melting. The the sample volume.
EPMA results are given for the main phase and precipitates. The
superconducting transition temperatures are given in the last col-

umn. The labeling of the samples is identical to the one used in V. RESULTS
Refs. 20 and 22. Muon spin rotation or relaxationSR) spectroscopy is a
powerful tool for the study of weak magnetic phenomena.
Nominal EPMA® Te For a review onuSR studies in heavy-fermion compounds
Ce:Cu:Si vol. %, Ce:Cu:Si (K) see Ref. 29. For details on theSR technique we refer the

reader to Refs. 30 and 31.
In the present work we make use of the sensitivity of
KSR in zero applied field to weak internal magnetic fields.

No. 1 1:2.05:2 >95%, 1:1.99:1.97 0.69
<5%, 0.03:3.62:1

No. 2 1:220:2 ~95%, 1:2.02:1.97 0.59  This sensitivity arises from the large gyromagnetic ratio of
~5%,0.06:16.3:1 the muon,y,/2m=135.54 MHz/T. As a spin-1/2 particle,
however, theu™ has no electric quadrupole moment and
No. 3 105:2:2 ~95%, 1:2.03:1.96  0.55  therefore is insensitive to electrostatic quadrupolar interac-
(= 1:1.95:1.95  ~5%,1:0.64:1.33 tions. The internal fields are either of electronic origin or are
No. 4 099:202:2 >97%,1:1.99:1.99 D caused by the nuclear magnetic moments of the host lattice
(= 1:2.04:2.02 <3%,0.02:33:1 atoms. The nuclear dipole fields are usually static in the time
window of SR (fluctuation timesT,=10* s), while the
@Absolute accuracy 3%, relative accuracy 1%. electronic magnetic fields may be of static or dynamic na-
®Onset of superconductivity seen only in ac susceptibility at 0.45 Kture.
From the bulk propertietsee text and Ref. 20t is concluded that The time evolution of the normalized polarizati@(t)
the sample is not a bulk superconductor. [G(0)=1] of the muon ensemble implanted into the sample

depends on the average value, distribution, and time evolu-
Rtion of the internal fields, and therefore contains all the phys-

ics of the magnetic interactions of the'. G(t) corresponds

to the free induction decay signal in NMR or the signal in

. - . . -y-perturbed correlations. The possible presence of differ-
ing) of the four samples is listed in Table | together with thegnz,ststopping sites or of regigns with pdifferent ground

results of the EPMA. Besides the main phase, small ar_nountgtates may be identified by different components in the de-
(=5% voI.). qf secondary phases were observed in a"polarization functionG(t), G(t)=3a,G(t). In the case of
samples. Within the errors of the EPMAZ(=3% absolute gjfferent domains the relative amplitudag=a;=1) of the

in all four samples the main phase exhibits the idealjjfferent components are a measure of the associated volume
Ce:Cu:Si stoichiometry of 1:2:2. Their relative stoichiometry fractions.

varies by less than 2%. The inhomogeneity of the composi-

tion within the main phases of the present samples is A. Zero-field results in the normal state

<1%. The composition of the secondary phases varies from . _
sample to sample. In the samples prepared with Cu excess Zero-field(ZF) wSR measurements have been carried out
(Nos. 1, 2, and ¥the precipitates are Cu rich and practically on sample Nos. 1 and 3 for 2.5 K and 9K and on sample

free of Ce. The average composition of the secondary pha O- 2| (Ce2-2|CUZSG'2) at lOd K$|T§2°t9 K, Inball th(rje_e th
in sample No. 3 is compatible with the observation of 30,°8MPIES a SIoW f>aussian depolarization 1S observed in the

. : . . investigated temperature range. For example, Ki@).shows
Ce,Cuy+xSis—x by x-ray diffraction. The lattice parameters the timge dependgnce of the grj1ormalized pglariggmim) in
[a=4.4002(4) A,c=9.919(1) A at ambierT] are equal in sample No. 1 at 2.5 K. The depolarization is too slow for the
all samples. o . _ possible recovery of the.™ polarization toG(t—%)=1/3

In spite of the similar compositions of the main phases{see below, Eq(3)] to be observed within the time window

the four samples exhibit pronounced differences in their low-f the present experiment. We therefore fitted the Gaussian
temperature specific heat, which is shown @4 in Fig. approximation

4(a). Comparison of these data with the specific-heat jump

observed in an “ideal” superconducting single cry$taind Gon(t)=exp(— A2 t2) (1

the specific-heat coefficient observedBi»B,,, i.e., in the P P

normal staté® already suggests the presence of different suto the data, where the subscrifpm) denotes the paramag-

perconducting volume fractions in the four samples. A quanhetic state. The temperature dependenca gf observed in

titative determination, however, is difficult on the basis of sample No. 2 is shown in Fig.(d). For temperatures 10 K

the specific-heat data alone. <T<100 K, A, is approximately constant, with a slight
The superconducting transition temperatufesof each tendency to decrease at higher temperatures. The extrapo-

sample are also given in Table I. From the absence of &ated value oprm(THO)z0.135(5)us‘1 is the same as the

strong anomaly in the specific-heat coefficient in sample Novalues observed in sample Nos. 1 and 3 at 2.5 K. For

4, together with its weak field dependefrtand the behavior T>100 K the depolarization rate exhibits a more pronounced

of the thermal expansioff,which is comparable with that of decrease, apparently reflecting motional narrowing due to the

nonsuperconducting single crysfalit is concluded that su- onset of u* diffusion, with a very small hopping rate of

Ref. 24. This sample is identical to the sample used for NM
experimentg>2°
The nominal stoichiometr{the composition before melt-
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FIG. 1. (8 Time dependence of the normalized polarization
G(t) in sample No. 1 in zero field &t=2.5 K. The curve is a fit to
a Gaussian, yielding\,,=0.135(5) us~ L. (b) Temperature de-
pendence of the zero-field depolarization ratg, (from fits of a
Gaussianin sample No. 2ACeCu, ,Si,).

v<<0.1 MHz at 200 K. We assume that the muon is static fot
T=<10 K. Longitudinal field measurements on sample No. 3
in a 50 mT field at 0.7 K indicate that at this temperature
there is no significant contribution from fluctuating elec-
tronic moments to the depolarization rdfer details see be-
low). Therefore, we assume that the depolarization observe
for T=2.5 K is caused solely by the nuclear dipole fields.
The observed depolarization rate corresponds to a width ¢
the Gaussian magnetic field distributiaid=0.22 mT at the
muon site. (For a disussion of theu® stopping site in
CeCu,Si,, see the Appendix.

Polarization

B. Zero-field results in the low-temperature phases

Polarization

In the following we present the results pfSR measure-
ments in the temperature region 0.06=sK<1.25 K on the
four Ce;;,Cu,,,Si, samples. First we will discuss the
1SR spectra obtained in ZF experiments, in which the mag
netic phase is identified. We then present additional LF mez 0 05 1 15 2 25 3 35 4
surements on sample No. 3 which help to establish the qu: Time (us)
sistatic nature of the magnetic state. In addition, TF
measurements in sample No. 3 are shown which prove that £ > Time dependence of the normalized muon polarization
the entire nonmagnetic volume fraction becomes superconst) at different temperaturesa) in sample No. 4(b) in sample
ducting. No. 1, (c) in sample No. 2, andd) in sample No. 3. Note the

The time dependence of the muon polarizat®(t) ob-  pronounced two-component structure®ft), which is composed
served in all four samples at different temperatures is showsf a slowly (dashed curveand a rapidly depolarizing component,
in Fig. 2. TheG(t) data on sample No. &Cey fCU, ¢Si5) corresponding to paramagnetic and magnetic domains, respectively.
are very similar to previous results on a CeG8i, For the fits to the data marked as solid lines see text.
samplet® whereas the data on sample No(QeCu, osSi,)
compare well with results on a CeGsBi, sample?Acom- T=1.1 K in the paramagnetic phase are in the range
parison of the different data sets reveals strong sample dek,,=0.135-0.150 ws 1, in good agreement with the val-
pendences. ues observed at highdr.

At 1.1 K, G(t) is dominated by the slow Gaussian depo- In all samples, a fast depolarizing component appears
larization observed at higher temperatures. To describe thiaround 1 K(see the behavior at early times in Figga)2
signal we apply the Gaussian functipg. (1)]. The depo- 2(d)]. The magnitude of the corresponding depolarization
larization ratesA,,, observed in the different samples for rate implies the occurrence of magnetic fields of electronic
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origin at theu ™ sites, which point to quasistatic correlations which results from an isotropic Gaussian distribution of in-
between the # electrons of the C& ions (i.e., the 4 spin  ternal fields centered at zero field,
fluctuations are very slow compared to the paramagnetic -
state, where fluctuation times are typically of order Y.Bi
10710_10714 S). f(Bi)OCeXF<_ 2A2>

The clear two-component structure &(t) shows that
only a fraction of the implanted muons exhibit a fast depo-Herei=x,y,z and 24% % =(Bf)=AB represents the sec-
larization atT=1 K. Since the muon is a local probe, this ©nd moment of the field distribution. The initial time depen-
implies the presence of two differept™ environments. A dence ofGy+(t) is Gaussian,
fraction of the implanted muons resides in an environment 202 1
exhibiting practically static magnetic correlations between Gyr(t)=exp(—At?) at t<A™ " )
the Ce 4 ions, whereas the other muons are localized in &, .(t) exhibits a minimum at=_2A and recovers to 1/3 for
paramagnetic environment. This behavior indicates a spatigl_, »_
separation of magnetic and paramagnetic regions. The dynamical Kubo-Toyabe functioG®(t) results

The amplitude of the fast component, which is a directyo, 5 Gaussian field distribution given by Ed) fluctuat-
measure of the magnetic volume fraction, increases rapldl}ﬁg in time at a ratev. With the exception of some limiting
with decreasing temperature to a maximum at abOUb,ges it cannot be expressed analytically. It can, however, be
0.6-0.7 K in sample Nos. 1, 2, and 3, followed by a Sig- cgicyjated numerically using the strong collision motfel.

nific_ant dec_:rease at lower temperatures. Clearly, all samplgs,, gow fluctuations §<A), G(t) still exhibits a minimum,
exhibit an inhomogeneous behavior at all temperatures bgs, ¢ the 1 component of Eq(3) now also shows relaxation

low T<.1'2dK’ W.ith thehcoexistencg of magnetic ar_ld Para-andG(t—o)=0. Forv~A, the initial depolarization is still
magnetic domains. The magnetic volume fractions args, ssian, buG(t) drops monotoneously to zero. These two

strpqg(ljy S"’;Tﬁli tﬁndbterr]npgraturel %epe“d‘?”t- It ShO!J'd b ses we are encountering in CeSiy. Therefore, for the
pointed out that this behavior excludes an interpretation Ofegqyintion of the rapidly depolarizing signal we use

the two-components o6(t) in terms of the occupancy of

4

. + X .
two differentu™ stopping sites. N Gm(t)=GﬂyT”(Am,v,t), (6)
We analyze theG(t) data by fitting a two component
depolarization function whereA, and v correspond to the width of the field distri-
bution AB= \/EAmlyﬂ) and the fluctuation rate of the in-
G(t) =apnGpm(t) + anGm(t) () ternal fields, respectively. We obtain good fits to the experi-

to the time spectra witlG,,(t) given abovelEq. (1)] and ~ Mental data, using Eqél), (2), and(6), as demonstrated in
apm+am=1. The amplitudes,,, and a,, are a direct mea- Fig. 2(a). Note that forT_>O._6 K the_ minimum in the time
sure of the volume fractions of paramagnetic and magnetiéependence of the polarization vanishes. Fet0.75 K con-
regions, respectively. The choice of the depolarization funcvergence problems appear in fitting to E6), caused by the
tion G,(t) for the description of the fast depolarizing signal Small amplitudea,, and the lack of structure in the rapidly
is not straightforward. Since the behavior of the nonbulkdepolarizing signal. In this case the exact shape of the ex-
superconducting sample No. 4 is dominated by the fast conPerimental depolarization functioB,(t) is masked by the
ponent afT<0.6 K, the analysis of these data is carried outstatistical errors and is therefore not well determined. To
first. solve this problem, we made use of the observafionbe

In sample No. 4see Fig. 2a)] the initial shape of the fast discussed in detail belowthat in the regionT<0.75 K an
depolarizing signal is Gaussian at all temperatures. The rapidpproximately constant fluctuation rates observed. For the
Gaussian depolarization shows that the implanted muons efits to the data at higher temperatures we have therefore fixed
perience a wide range of internal fields. In addition, in all v to its corresponding average value.
spectra recorded &t=<0.55 K, the polarization drops to a The fitted results for the temperature dependence of the
minimum, followed by a partial recovery at longer times andamplitudea,,, corresponding to the volume fraction of the
by a subsequent complete loss of polarization of the fasmagnetically correlated regions, are shown in Figa).3
component at>2 us (see the spectrum fofF=0.20 K).  Clearly a, exhibits a broadened transition centered at
This shape of the depolarization function was not reported ifT,)=0.66 K. The half-width of the transition is
previousu SR works. It implies a depolarization of the aver- AT,,=0.08 K. ForT=<0.5 K less than 10% of the volume of
age 1/3 component of the initial muon polarization whichthe sample is paramagnetic. At least part of this volume cor-
would be oriented parallel to the internal magnetic fields inresponds to the Cu-rich precipitatésee Sec. I\
the static case. Thus, the observed behavior is indicative of Figure 3b) shows the temperature dependenca gfand
slow dynamical fluctuations of the internal magnetic fields athe fluctuation rate for the magnetic volume fraction. The
the u™ site even at the lowest temperatures. value ofA, is a measure of the magnetic order parameter. Its

Such a time dependence of the polarization is usually detemperature dependence roughly follows the behavior usu-
scribed by the so-called dynamical Kubo-Toyabe functionally observed for a continuous magnetic phase transition.
G%n(t)_ This function is a generalization of the static Kubo- However, because of the broad inhomogeneous distribution
Toyabe functiof? of magnetic transition temperatures in the present sample, a

quantitative discussion is difficult. The extrapolation yields a

3 valueAB(T—0)=11 mT, consistent with earlier resuft$®

1 2 1
=-+-(1—A%? —=A%? . . ;
Grr(V) 3 3(1 ATt )ex;< 2A t ) on other samples. Most important, the fluctuation ratis
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FIG. 3. (a) Temperature dependence of the relative amplitude 2: g; 42 1
a,, of the rapidly relaxing component in sample No. 4, correspond- (=== —————
ing to the volume fraction of the magnetic regions. The curve is a Fas & o @ m‘f‘i o
guide to the eye(b) Temperature dependence of the parameter = 0'155 © 0 0 o%etosheR a4 s
A, (solid symbol$ and of the fluctuation rate (open symbols ] 0 10: i
obtained from the fit of Eq92) and (6) to the experimenta(t) EF _
data. Note that all values describe only thegneticvolume frac- < 0.05F -
tion at a given temperature. F6&0.75 K the value ob was fixed C (d) -
to 3.2 MHz in the fits. 0.00E—+———+— 1
00 02 04 06 08 1.0 1.2
virtually temperature independent, with an average value of T(K)

3.2 MHz for T<0.75 K. The crossover fromv<<A to
v=A is the reason for the disappearance of the minimum in FIG. 4. Temperature dependence(af the specific heat coeffi-
the time dependence &,(t) for T=0.6 K; see Fig. &). cientC/T, (b) the relative intensitya,, of the fast relaxing compo-
As discussed above, the magnetic regions appear to gent, corres_ponding to th_e volume fract_ion of magnetic dom@ls,
spatially separated from the paramagnetic ones in the thrdf€ depolarization rata,, in these domains, ar(d) the depolariza-
superconducting specimens. We are interested mainly in th_tépn ra_teAPmln the paramagnetic domains in all four samples under
determination of the magnetic volume fractions and in a"vestigation.
comparison of the magnetic properties in the different
samples. v=23.5(3)MHz. We therefore used the same fit function as
Due to the reduced amplitude of the fast depolarizing sigabove[Egs. (1), (2), and(6)], fixing the parametep to the
nal G,(t) in the three superconducting samplege Figs. average value obtained above in the fully magnetic sample
2(b)—2(d)], the application of the dynamical Kubo-Toyabe fit No. 4, v=3.2 MHz. A comparison between the fit results
function encounters problems. The characteristic structure inbtained with the Gaussian approximation and with the dy-
the time spectra observed fo< 0.55 K in sample No. 4 has namical Kubo-Toyabe fit function shows that the latter is a
too small an amplitude to be identified in the other samplesbetter description of the data. The corresponding results are
Therefore(with the exception of sample No. 2 around 0.6 K shown in Figs. &)—4(d) together with the results of sample
it is impossible to obtain reliable values for the fluctuationNo. 4, already discuss€d(We wish to note that the present
rate in these fits. In our previous publicatitha Gaussian analysis yields only quantitive differences to the results pub-
was fitted to the5(t) data:G(t) =exp(—A%?). In the case of lished in the previous publicatid?. The central qualitative
a nonzero fluctuation rate this approximation to the dynamiconclusions remain unchanggd.
cal Kubo-Toyabe function does not describe the dynamical Figure 4b) shows the temperature dependences of the
depolarization of the 1/3 component of the signal properlyamplitudesa,,, i.e., the magnetic volume fractions in all four
In addition, it leads to an underestimate of the width of thesamples. Clearly, the superconducting samples exhibit a pro-
underlying magnetic field distributioAB. nounced inhomogeneous behavior over the whole tempera-
We believe that a better approach is to assume that thieire range, with the coexistence of magnetic and paramag-
fluctuation rates are of approximately the same magnitude inetic regions, the magnetic volume fraction being strongly
all four samples. Indeed, very similar behavior @ft) is  temperature and sample dependent. Most significantly, the
observed in the sample Nos. 1 and 4Tat0.6 K, i.e., inthe increase of the magnetic volume fraction on cooling down
critical region, where the crossover from<A to v=A takes from T=1.2 K stops exactly at the respective superconduct-
place. A fit to theG(t) data of sample No. 1 &=0.6 K  ing transition temperatureE, in each samplésee Table)l
(where the amplitude of the magnetic signal is relativelyBelow T, the magnetic volume fraction decreases, implying
large using the dynamical Kubo-Toyabe function yields a transition back to a nonmagnetic state at lowein a
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In a LF of B=2 mT, which meets the relation

] 50 mT AB,,<B<AB,, the depolarization of the signal from the
10 T ST RE T I paramagnetic volume is strongly reduced, whig,(t) is
< lti;w ‘::;: f{;;ﬁfﬁﬂﬂﬁf}?{ﬁﬁﬁ{%ﬁ%w% only slightly affected. However, the paramagnetic signal
g [ %uﬁi’j"%; B lﬁﬁ*ﬁ“‘f%ﬂﬁ% -ﬂ} % continues to exhibit a very slow residual depolarization. Fit-
N i Wi omT [ ting an exponential exp{\,t) to this signal results in a
g %% # ﬁfﬂwﬁ ; depolarization rata ,,,=0.01 us ! (which is actually at the
a Mf lower detection limit of uSR). This value is rather small

4 1
T=070K

1 longitudinal field

1 Coy0asCuSi, omT }L:f wﬁﬂy{f

compared toA,,=0.14 us™* observed in zero field and

reflects a small contribution from fast fluctuating moments in

the paramagnetic state.

Time (us) N In a LF of 50 mT the depolarization of the fast depolar-
izing component is almost completely suppressed. Only a

i _ o small residual rapidly depolarizing signal is observed. Such a

FIG. 5. Time dependence of the normalized polarization  )opavior is theoretically expected for the present case, where

G(t) in sample No. 3 in the normal conducting state in zero and ~AB.. 3% The results are in agreement with the finding of
longitudinal field. Note the pronounced two-component structure otB m- . .
only a very slow fluctuation on the MHz scale in the ZF

G(t), which is composed of a slowlydashed curyeand a fast i
depolarizing component, corresponding to paramagnetic and maé‘ﬂeasuremen S
netic domains, respectively.

o 1 2 3 4 5 6 7 8

D. Transverse-field results

certain_ volume fraction of p_reviously magnetic regions. This Transverse-field TF) measurements after field cooling

effect is most pronounced in sample No. 1. _ (FO) have been carried out on sample No. Jat0.1-1 K
Concerning the nature of the magnetic phase in the fouf, 5 field of 50 mT. To account for the paramagnetic and the

samples under investigation, we may compare the depolag,agnetic volume fractions, as well as the sample holder sig-

ization ratesA, of the corresponding fast signdisee Fig. a3 three-component function was fitted to the asymmetry
4(c)]. The observed temperature dependence is very S|mllagpectra:

suggesting equal magnetic states in all four samples. The

values ofA ,, increase continuously on cooling, unaffected by _ _ 2.2

the superconducting transition, even while the magnetic vol- AG(D) =Asampid ameXHL — p"/2) COSpt

ume fraction decrease@Again, a quantitative discussion of + apmexp— agmtzl 2)coswpnt}

the temperature dependenceiqf is difficult because of the

strongly inhomogeneous behavior and the temperature- + AnoldeCOS Whoidet ), (7)

dependent magnetic volume fractions in each sample.
The ZF depolarization rates, in the paramagnetic vol-
ume fraction[Fig. 4(d)] vary slightly with temperature,
Apm= 0.14-0.18us" ! in the different samples. No signifi-
cant correlation of the depolarization rate with the magneti

or the superconducting transition is observed. The origin of m . . :
the observed increase df,, is unclear. It could point to The rattioAnoiged/ A Was therefore determined in a TF mea-

some additional depolarization caused by fast spin fluctuaSurement aB=1 T at T=0.7 K. This measurement also

tions in the paramagnetic phase at the lowest temperatureg/€lded an estimation of t@g average Knight shift,
KZ(wm,pm/whome,)—lz—?X 10 .

The ratioA,g4e/ A Was assumed to be field independent
and the value of\,4e, Was fixed in the fits to the low-field

In addition to a ZF measurement, longitudinal-fi¢ld-) spectra. In addition we seb=wn=wpy,, because the fre-
measurements have been carried out on sample No. 3 gtiencies of the signals are not resolved. The results of these
T=0.70 K in fields ofB=2 mT andB=50 mT. The three fits for a,, and o, are shown in Fig. 6. They are in good
resulting normalized asymmetry spectgt) are shown in  agreement with the corresponding ZF data on the magnetic
Fig. 5. volume fraction in sample No. Bcompare Fig. &) and

The ZF result is well described by E() with the domi-  4(c)].
nant component from the paramagnetic volume fraction de- To check whether the whole paramagnetic volume frac-
scribed by a Gaussian function with,,=0.14(1) us 1. tion becomes superconducting & we performed zero-
The fast depolarizing component at this temperature is bedteld-cooling (ZFC) TF measurements B=20 mT) on
described by an exponentiaG(t)=exp(Ayt), with  sample No. 3 at 0.4 KT=<0.7 K. AboveT,, the dominant
Am=3 ws L. This shape is in contrast to the Gaussian besignal from the paramagnetic phase exhibits a slow depolar-
havior observed in sample No. 4. However, the depolarizaization comparable to the FC value. Beloly, the ZFC
tion rate\,, is comparable to the value df,, observed in procedure, i.e., increasing the field from zero to a field larger
sample No. 4. Therefore, the exponential shape is presunthe lower critical field B.;=2.3 mT (Ref. 38], is expected
ably produced by an approximately Lorentzian shape of théo produce a wide magnetic field distribution in supercon-
underlying field distribution(with a half-width of AB,,~5 ducting regions because of pinning of the flux lines and a
mT) instead of by faster spin fluctuations in sample No. 3. correspondingly distorted vortex lattice.

where w;=2mv;. The signals from the sample holder and
the paramagnetic fraction cannot be resolved at the small
field of B=50 mT, while the signal from the magnetic vol-
dme fraction is distinguished by its large depolarization rate

C. Longitudinal field results
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o ) FIG. 7. Time dependence of the normalized asymmeéift) at
FIG. 6. (a) Temperature dependence of the relative intensityyiterent temperatures in sample No. 3 in a transverse field of 20
an of the fast relaxing component in sample No. 3, determined iN,T after zero-field cooling fromT>T,. Upper figure:T<T..

the field-cooling TF measurements Bt=50 mT (open squares | gwer figure: T=T,. A small signal from the sample holder has
together with the results from the zero-field measuremésuid been subtracted from the data.

circles. (b) The temperature dependence of the field-cooling TF

depolarization rater,, in the magnetic domains in sample No. 3, . . .
de}Ei)ned by EQ(7). g P of the series CeCy{Ge;_,Si,) ,.3*°There, it was observed

that on increasing Si doping the magnetic transition tem-
The normalized asymmetry spec@®4t) obtained in these perature in CeCpGe, (Ty=4.15 K) is gradually sup-
ZFC-TF measurements were fitted with E@). To allow for  pressed, extrapolating to 0.7 K fox—1. Neutron
a separate description of the signals from the magnetic angcatterind® reveals that the incommensurate magnetic struc-
the paramagnetic regions also beldw, the parametera,,  tyres are similar for &x<0.4 but the ordered moment is
andor, were fixed to their values determined in the FC mea-sjgnjficantly reduced by Si doping. For Si concentrations
surements at 50 mT. It has to be noted that in doing this Wg~ ¢ 4 the ordered moment is too small to be detected. In

N S 10 be. doing his
assume that the * depolarization in the magnetic regions is hese studies it appears that the magnetic ordering observed
not influenced by the flux line lattice. The present data do nof, CeCwSi, might be closely related to that in

allow us to prove this assumption, due to the large depolar(:ecuZGe
ization rates in both kinds of regions. ™ b2 tion | le No.(C i of

Two representative spectra obtained above and b&low . € observation in sample No.(€€ 92U, 0;S12) of an
are presented in Fig. 7The small signal from the sample inhomogeneous d|_str_|but|on of transition temperatures
holder has been subtracted from the datavery fast depo- | m— (0-66=0.08) K'is in agreement with the previously re-
larization of the entire signal is indeed observed in all spectr®0rted onset temperature of magneti$onser=0.8 K (Ref.
belowT., which proves that in the full paramagnetic volume 18) and the value§',=0.63-0.67 K reported in Refs. 19
fraction (including the “reentrant” paramagnetic fractipa and 27. New information on the nature of the magnetic state
wide field distribution is induced by the ZFC procedure. Thisresults from the observed slow dynamical fluctuations of the
observation is in agreement with the behavior of ainternal magnetic fields at the muon site. Since e does
CeCu, ,Si, sample afT=0.05 K (see Ref. 28 It suggests not diffuse at the lowest temperatures, this points to residual
that indeed the full paramagnetic volume becomes supercoglectronic spin-fluctuations witl=3 MHz of the 4 mag-
ducting(in the present case, at least at 0.4 R<T,). This  netic moments below,. This is consistent with the “more
implies that even the volume fraction that is magnetic ator less dynamic nature” of the magnetic state reported in
T., and becomes paramagnetic on further cooling, is supeNMR measurements on the present sample No. 1 and other
conducting and that no third type of regignonsupercon- CeCl,,Si, samples>?*%* where a gradual loss of the
ducting paramagnetiexists. spin-echo amplitude has been observed betetv K. Our

In addition to the above results, from the temperature deestimate of the fluctuation rate is consistent with the estimate
pendence of the depolarization ratgy, zc an independent of »~0.1-10 MHz from the NMR results’
determination of the transition temperature is possible from The residual fluctuations are very slow compared to the
the extrapolationopm zrc— opmrc at T—>T.. This yields fluctuation rates in the paramagnetic state which in general
T.=0.56 K in sample No. 3, in good agreement with thearev= 10— 10" Hz. Therefore, one may speak of a nearly

results from measurements of bulk properties. frozen, “quasistatic” arrangement of thef 4nagnetic mo-
ments of the C&" ions belowT,,. It is important to stress
V. DISCUSSION that we do not observe a gradual slowing down of spin fluc-

tuations near the magnetic transition, but a spontaneous
The occurrence of magnetic ordering in CeSiy, is not  freezing of the moments in certain regions, as proven by the
surprising in view of the results of recent systematic studiesemperature independent behavioriobelow T,,,.
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As argued beforé®?3 one possible spin arrangement pro-
ducing the observed broad Gaussian field distribution is a
dense spin-glass-like state, produced by a large density of
randomly oriented magnetic moments. Such a spin arrange-
ment, however, appears to require frustration, which cannot
be of geometrical origin in the present tetragonal lattice of
Ce®** magnetic moments. Since precursor effects like critical

slowing down of spin fluctuations a>T,, are absent in the

(@)

C/T (J/K2mol)

present case, we think that a spin-glass type of ordering in — 1.6 b
CeCu,Si, seems rather unI_iker. _ _ g 14 AC/T = 0.80 JK2mol
It has been argued that in Ceg3i, heavy-fermion band T 1.2
magnetism may be realizédHowever, the apparent Gauss- 3 o] ACIT =075 JkEmol
ian shape of the magnetic field distribution is not compatible 5 0'8:
with any kind of highly ordered spin structures. An incom- ’ ;
mensurate spin-density-wave-type ordering, as is realized in S e
CeCu,Ge,, is expected to produce a field distributib¢B) 0.405060708091.01112

with a characteristic peak at finit®. This leads to several Tk

oscillations in the time dependence ®{t) before complete
depolarization, in contrast to the observation. .
Another possibility that has not been discussed to date i /Tin (a_) Saf”p'e Nos. 2 gnd 3 ant) Sa“.’?'e Nos. 1 and @?me
the presence of a commensurate antiferromagnetic structureata as in Fig. (] .Th? idealized Spec.'f'c'heat Jumps using the
- . - .~ _entropy balance are indicated. For details, see text.
superposed by a disorder-induced staggering of the spin ar-
rangement. The highly ordered component of the resulting
spin arrangement coul@ccidentally produce canceling in- from the comparison of the temperature dependence of the
ternal magnetic fields at a highly symmetric interstitial site,magnetic volume fractions observed in thSR data with
as is the supposed™ site (0,0,1/2 (see the Appendix for a the corresponding behavior of the specific heat of our four
discussion of theu™-stopping site in CeCsBi,). In that  samplessee Fig. 4
case, thew™ would be sensitive only to the deviations of the ~ As discussed in Sec. lll, the behavior of the specific heat
actual spin arrangements from the ideal structure that main sample No. 4 points to only a very small superconducting
appear as “spin-glass like.” These could arise, for exampleyolume fraction. The specific hefgee Fig. 4a)] is enhanced
from a possible short-range nature of the magnetic stateds compared to the values for good superconducting samples
However, the exact nature of the magnetic state cannot bi@ the temperature range 6@ <1.2 K in sample No. 4.
clarified on the basis of the present results. This additional contribution is independent of magnetic field
An estimate of the size of the disordered staggered comdp to the superconducting upper critical fidd,=2 T2t
ponents of the magnetic moments from the observed widtheflects the broadened magnetic transition observed in the
of AB=11 mT vyields 0.2z [assuming theu™ site (0,0, «SR measurements.
1/2)]. Note that this value is a lower limit for the size of the  In sample No. 1 the paramagnetic volume fraction at
actually frozen magnetic moments. The nonobservation of ., determined byuSR, is about 30%. Here, the specific
magnetic Bragg peat&*® appears to rule out a long-range- heat exhibits an intermediate behavior. At>0.7 K it
ordered magnetic structure with a moment of that size irclosely follows the temperature dependence observed in
CeCu,Siy. sample No. 4, reflecting magnetic ordering in a large volume
The most important result of the present measurements dinaction. The superconducting transition®&=0.7 K is re-
the superconducting samples GgCu,, Si, is the obser- flected in a rather small jump @/T. Here the determination
vation of a spatial separation of magnetic and paramagnetiaf the specific-heat jump &t is difficult due to the magnetic
regions in all samples. We would like to stress that the quaneontribution. By comparison with the behavior of the com-
titative determination of different volume fractions and their pletely magnetic sample, and taking into account the entropy
temperature dependence in CeSi, has only be accom- balance we estimate a value AC/T.=0.40 J/K? mol in
plished by uSR to date. The size of the different regionssample No. 1[see Fig. 8)]. With the values of
cannot be determined hySR. However, it seems reasonable C,(T.)/T.=0.75 J/K? mol andAC/C,=1.48 in an “ideal”
to assume that a given crystallite within the polycrystallinesuperconducting single crystalwe estimate the supercon-
sample behaves homogeneously. In sample Nos. 2 and 3 tldeicting volume fraction in sample No. 1 to be (3%0)%.
crystallite structure could be observed in the EPMA electron In sample Nos. 2 and 3, the paramagnetic volume fraction
backscattering photographs, showing an average crystallitet T, derived from theuSR data, is=80% and=75%,
diameter of about 3Qum. respectively. The temperature dependence of the specific
The presenjuSR data on the temperature dependence oheat is close to that of the “ideal” superconducting single
the magnetic volume fractions strongly suggest that supererystal, although the superconducting transitions appear
conductivity sets in first in the entire paramagnetic volumesomewhat broadened. By comparison with the “ideal” be-
and prevents the development of magnetism in these regionBavior we estimate superconducting volume fractions of
There is no direct proof from the SR data that the magnetic (75+10)% in sample No. 2 and (7010)% in sample No. 3
regions are not superconducting. Evidence for normal contsee Fig. 8)]. Clearly, in all samples the size of the jump
ducting behavior in the magnetic regions, however, stemaC/C, of the specific heat af, scales with the paramag-

FIG. 8. Temperature dependence of the specific heat coefficient



708 R. FEYERHERMet al. 56

netic volume fraction aff; determined in the preseptSR  the observation that in the present, fully magnetic sample
work, suggesting that superconductivity appears only in théNo. 4 the magnetic transition is suppressed by a moderate
paramagnetic regions. pressure of 5 kbar, being replaced by a superconducting tran-
The fact that magnetism and superconductivity occur irsition at 0.6 K™ Similar behavior in single crystaf§ as well
spatially separated volume fractions may be taken as an irés an increase of the superconducting volume in samples
dication that these two phenomena are in competition inwith a small superconducting volume fraction on application
CeCW,Si,. The magnetically ordered state appears always t6f pressuré; has been reported before. Moreover, this be-
be the ground state if the superconducting state is not estabavior is in line with the observation of an unusual increase
lished. No third type of ground state.g., a paramagnetic, Of T with pressure in CeCiBi,,***°as well as the suppres-
nonsuperconducting ohexists in CeCySi,, as argued al- sion of magnetic ordering with pressure in CeGe,,"
ready in Ref. 23. CePdSi,,'! and CeRBSi,.'? Remarkably, in all of these
Strong evidence of a competition of magnetism and sucompounds the onset of superconductivity is observed at the
perconductivity in CeCuSi, is the reduction of the mag- brink of magnetic ordering. Accidentally, Ce¢%i, appears
netic volume fraction belowT. in the superconducting to be close to this magnetic-to-superconducting transition at
samples, which is most pronounced in sample No. 1ambient pressure.
(CeCuw, oSiy). It is interpreted in terms of the suppres-  The overall behavior found in the CeGS8i, system sug-
sion of magnetism by the onset of superconductivity in cergests that magnetism and superconductivity are almost de-
tain regions. At least in the corresponding volume fractiongenerate, and thus competing ground states. Moreover, the

(in sample No. 1 about 40p4magnetism and superconduc- destruction of magnetic order by the onset of superconduc-
tivity exhibit direct competition. tivity in the samples of type AS points to a subtle interrela-

It is important to note that a certain magnetic volumetion between these ground states. It is important to note that

fraction persists down to lowedt in each sample, implying such a behavior has never been observed in any other super-
that superconductivity is completely prevented in the correconductor.
sponding regions. We wish to stress that the temperature The microscopic mechanism for the suppression of mag-
dependence of the superconducting volume fraction maf€etism in the superconducting state is unclear. A possible
contribute to the specific heat beldf and therefore may suppression of the RKKY interaction or a more effective
lead to an unusual temperature dependenc€giT). We Kondo screening in the superconducting state have been dis-
conclude that three kinds of behavior may appear in a certaifussed as possible sources in Ref. 23. However, we wish to
region: “S” T.>T,,, and the region becomes superconduct-note that, assuming the magnetic state in Cg&iyito be of
ing without showing magnetic behavior, “AST.<T,,, and  the heavy-fermion band-magnetism type, a noncoexistence
the region first becomes magnetic but the magnetic order i§f magnetic ordering and superconductivity appears quite
destroyed at the onset of Superconductivity at a loWerhis natural. The coexistence would require a simultaneous Spin
implies that the superconducting state is more stable a®airing of the quasiparticles in the Cooper pairs and a mag-
T—0 than the magnetic one. Finally, “A”T.—0 netic spin alignment of the same quasiparticles.
(T.<T,), and the ground state is magnetic.

Th_e_se findings_are in one-to-one (_:orrespondence Wi_th the VI. CONCLUSION
classification of different polycrystalline samples and single
crystals of CeCuySi, based on their macroscopic  The presentuSR results provide clear evidence for a
properties®® From our EPMA results we conclude that ap- competition between the superconducting state with
parently very small variations of the main phase compositionf,=0.7 K and a magnetically ordered state. Both do not
of less than 2% may alter the behavior dramatically. Thecoexist on a microscopic scale in CegSi,. In polycrystal-
inhomogeneous behavior of the polycrystalline samples unline samples inhomogeneous behavior may be observed. Su-
der investigation shows that even an inhomogeneity less thgmerconductivity takes place in paramagnetic volume frac-
+1% is sufficient to vary the ground state. tions or suppresses magnetic ordering in certain regions.

The source of this sensitivity is unclear. It may just reflectParts of the samples investigated in the present work remain
sample quality; i.e., in the good superconducting samples thaagnetic down to the lowest temperatures. The results
stoichiometry is closer to the ideal 1:2:2 composition than instrongly suggest that experimental data taken on polycrystal-
other samples. In the latter, the superconductivity is prefine samples should always be interpreted taking into ac-
vented by lattice imperfections like vacancies or disorder beeount a possible inhomogeneity.
tween the different types of atonsotably, the occupancy of In the light of the extended Doniach Kondo-lattice model,
the Cu sites may vaff)). the behavior of the above-mentioned cerium based heavy-

Another approach is the idea, based on the extendeférmion superconductors, including Ce£3i, may be taken
Doniach modef;’ that superconductivity requires a minimal as evidence that in these compounds the formatiofoot
strength of the hybridization, corresponding to a minimalleast closeness @ nonmagnetic ground state is a prerequi-
exchange interactiod between the #i and conduction elec- site for appearance of superconductivity. This suggests that
trons. Superconductivity takes place only if a sufficient mo-magnetism and superconductivity arise from competing in-
ment compensation by the Kondo screening is achieved. Aeractions within the same set of quasiparticles forming the
a possible source of a sample dependence, variations of tieavy-fermion state in these compounds. This in contrast to
lattice parameten, determining the #—5d hybridization, the behavior of U-based HFS like URSi, or UPd,AI 3,
have been considerédThe lattice parameters, in turn, may where magnetism and superconductivity coexist on a micro-
be influenced by internal straffi.This idea is supported by scopic level. In UPdAI ;, several experiments suggest the
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presence of two microscopically coexistin§ Subsystems of TABLE Il. Calculated values of the polycrystalline depolariza-
different kind'®* This discrepancy gives rise to the tion rateAfor radial(rad and axial(ax) electric field gradient at
questiont® whether cerium- and uranium-based heavy fer-the Cu nuclei, for different interstitial sites in Ceg3i,. The ex-
mion compounds differ fundamentally in the correspondingPerimental value is\p,=0.135.s*.

4f and 5 electronic states, respectively.

) Anuc,rlad Anuc,i\x
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Table 11, all sites with theoretical values for the depolariza-
tion rate A,,=0.25 us™! are listed. For all of these sites
The ZF depolarization raté ,,, (see Sec. IV Ais fre-  the calculated values differ from the experimentally observed
quently used as a source of information on thevalue by 15% or more, and thus the -stopping site cannot
n*-stopping site. From the large number of interstitial sitesbe identified.
in the ThCr,Si, structure a set of possibje” sites can be In the isostructural compound CeRsi, the 2o site
obtained by comparison of the observed zero-field depolart0,0,1/2 has been identified as the"-stopping site from the
ization rate with theoretical values,, for the effect of the  Knight shift anisotropy measured on a single cry3tatrom
nuclear dipole fields from thé*Cu, %%Cu (1=3/2), and these data, an occupation of the nonaxially symmetric sites
295j (1=1/2) isotopedthe latter is neglected in the follow- 4c and § could be positively excluded. It should also be
ing because of its small abundanc®/e calculated the the- noted that the B site is the carbon site in the structurally
oretical values for the polycrystalline averagedgf,.fortwo  related borocarbide superconductors. We therefore believe
limiting cases. The quantization axis for the Cu nuclei isthat the 2 is the most likelyu™ site in CeCySi,. How-
assumed to be either parallel to the radial direction towardsver, the origin of the enhancement of the experimentally
the muon Q¢ rad OF parallel to thec axis (Apyca). These observed value o\, as compared to the calculated ones
directions are determined by the possible electric field gradifor the site D is unclear. An increased value of the nuclear
ents experienced by the nuclei. For the corresponding theorglipole fields at the muon site could be produced by a lattice
see Ref. 30. The expected actual depolarization rate is sonuistortion in the neighborhood of the*. In that case, one
intermediate value, because only nuclei very close to théas to assume that the neighboring Cu atoms are displaced
muon might experience the radial electric field gradient. Inby more than 15% towards the muon.
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